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“A pessimist sees the difficulty in every opportunity; an optimist sees the opportunity in
every difficulty.”

“Success consists of going from failure to failure without loss of enthusiasm.”

Sir Winston Churchill



Swansea University
Prifysgol Abertawe

Abstract

Doctor of Philosophy

Design of CO, Electrolysers and Electrocatalyst Integration

by Odin J E Bain

The advancement of CO, catalysis has progressed significantly in the last two
decades owing in part to the increased awareness of climate change. CO, capture
and utilisation has become a major area of research for reducing atmospheric CO;
levels. The initial part of this thesis approaches the development of CO; elec-
trolysers from a design perspective whereby the cell was optimised for current
density through modelling and experimental techniques. Cell parameters such as
electrode separation, electrolyte concentration, flow rate and buffering effect, and
electrolyte circulation system configuration were examined alongside the effect of
increased cathode electrochemical surface area. The results showed that proton
transport limitation due to the Nafion membrane was a limiting factor but only
at high applied voltages. Next the effect of additive-modified copper foams was
explored to optimise the faradaic efficiency for C, products. With the inclusion
of a gas diffusion electrode a considerable faradaic efficiency for ethanol was ob-
served, whilst the lysine-modified copper foams showed a hydrogen quenching

effect.
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Chapter 1

Introduction

In 1882 Thomas Edison opened his first power plant at Pearl Street Station in
Manhattan. His design for the electrical system was to have lots of small lo-
cal power stations, providing energy to the surrounding area, however this was
costly and the fossil fuel burning power plants of the time were noisy, dirty and
inefficient. With Nikola Tesla opening his Niagara Falls hydro power plant, in
1895, using AC generators to transport power hundreds of miles to Chicago and
New York the system evolved, utilising fewer, large scale power plants far away

from the consumer [1].

Today, we are starting to re-examine Edison’s distribution philosophy. With fossil
fuels in limited supply, carbon emissions forming a major contributor to global
warming, and continually increasing demand for energy, researchers are looking
to smaller local power generation across the globe [2, 3]. This reflects the in-
creasing number of worldwide Governments creating policies to encourage dis-
tributed generation, such as the United Kingdom'’s Feed-In Tariff scheme[4]. Sim-
ilarly a desire from companies for smaller scale power generation with localised
distribution systems is evident; Examples include SPECIFIC with their Active Of-
fice and active Classroom projects [5], the Pricewaterhouse-Coopers (PwC) Lon-
don headquarters at One Embankment Place and the Co-Operative Group’s One

Angel Square Manchester headquarters.
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More and more the global community is looking for cleaner, small-scale dis-
tributed power generation. Large numbers of renewable energy sources are be-
ing connected to distribution grids which are posing considerable impacts on the
operation and protection of these networks [6—8]. Small scale power systems re-
quire an effective energy storage method [9] that can provide energy when other
sources are unavailable. Carbon Capture and Utilisation (CCU) could offer this if
the scale up barriers can be overcome [10, 11]. Additionally CCU can further re-
duce humanities” emissions causing climate change by reducing the contribution
made by the chemical industry where instead of making carbon-based chemicals

from fossil carbon they can be produced from CO, [12].

1.1 Past and Current Carbon Emissions

In the last two centuries, the primary sources of the global energy supply have
changed. Prior to the Industrial Revolution, base bio-fuels (wood) were used
and this developed into an energy supply dominated by fossil fuels (coal, oil
and natural gas) as demand rapidly increased [13]. This key change occurred
due to the requirement of the industrialised world for more reliable fuels with a
higher combustion temperature and energy density to drive steam engines and
later, generate electricity [14]. The mid 1900s saw the transition to oil, with the
development of the combustion engine replacing the steam engine’s heavier and
bulkier design, leading to the development of many of the technologies we use
today. However, this resulted in the global energy use in 1970 becoming 38 Gboe
(Giga-barrels of o0il equivalent) per year, a figure that has continued to rise, with

85% of the 13.5TW consumed globally in 2001, coming from fossil fuels [15].
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Continued Fossil Fuel Usage

Industrialisation of nations across the globe can be attributed to the discovery
and adoption of fossil fuels which provided a relatively cheap, plentiful and ac-
cessible energy source enabling widespread use of personal transport, heating
and electric generation. Since 1970 the global energy demand has more than dou-
bled (as of 2010) to 86 Gboe per year, driven by increasing populations and rising
global standard of living with more people having access to domestic power and
personal transport plus expecting their governments to provide easy, economical
access to reliable energy. Worldwide energy consumption is predicted to rise by
another 48% by 2040, driven by the rapid development of the highly populated
B.RI.C. (Brazil, Russia, India, China) countries which are currently undergoing

fast economic growth [16, 17].

Since the mid 2000s, there has been an increase in the low carbon energy sources
used globally, with a major shift expected to have occurred as soon as 2050. Those
same communities wanting cheap, available energy are increasing concurrently
concerned about global warming and sustainability. The research required for
the invention of new technologies and the development of existing ones is vital
for this energy transition to take place. In the UK during 2018, 33.4% of electric-
ity was generated from renewable sources, with 17.4% coming from wind, 3.9%
from solar, and 10.7% from bio-energy. The unprecedented roll out of renewable
generation has driven down costs; an electricity comparison showed that onshore
wind was the cheapest form of electricity generation at $ 40 per MWh, and solar
was comparable to natural gas at $51 and $48 per MWh respectively [18]. Off-
shore wind technology shows promise to realise further cost savings in the near
future as recent price auctions in the UK showed that the cost of the technology

dropped by over 50% in the last 5 years [19].
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Fossil Fuel Issues

As the use of fossil fuels increased globally, the issues caused by their utilisation
have become more prominent. Large mining operations have created significant
negative local environmental and ecological effects, locations such as the Tagebau
Garzweiler mine have dramatically changed the local ecology and biosphere as
well as creating large amounts of pollutants from the mining and transportation
of lignite (brown coal). It is now widely accepted that the combustion of these
fossil fuels is a prominent factor in the current changes seen in the global cli-
mate, also causing higher levels of several toxins which are detrimental to human
health. Some gases produced from the combustion of the fossil fuels have con-
tributed to substantial destruction of the natural environment and degradation of
man-made structures. These gases dissolve in water forming acids affecting the
pH of the environment both locally and globally, and heavily trafficked shipping

routes are a particular concern [20].

The emissions from the combustion of these fossil fuels causes harmful air pol-
lution, with particular issues associated with nitrogen dioxide, sulphur dioxide
and carbon monoxide; all causing significant harm to life. This pollution is partic-
ularly severe within densely populated areas and has been linked to over 40,000

deaths per year in the EU [21, 22].

The combustion of fossil fuels releases carbon previously stored as geological
deposits and this has caused an increase in the level of carbon dioxide in the
atmosphere from 280 ppm in 1850 to 404 ppm in 2017 [23] and has reached over
423 ppm as of September 2024 [24]. Carbon dioxide acts as a greenhouse gas,
trapping solar radiation that would have otherwise been reflected back out of
the atmosphere, causing an increase to the temperature of the earth and its lower
atmosphere [25]. If CO; levels increase further, considerable irreversible damage

may be done to the climate and global eco-structure [26-30].
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Fossil Fuel Alternatives

With global energy consumption continuing to increase due to population and
economic growth, providing the required energy without fossil energy resources,
particularly coal, will be difficult. Solar energy is by far the largest exploitable
green resource, with more energy reaching the surface of the earth in 1 hour than
is consumed globally in a year [31]. The indeterminacy and localisation of solar
energy means that if it is to become a primary energy source it must be stored in
a way that can be supplied on demand to the consumer. One approach has been
to store solar-converted energy in the form of chemical bonds, through enhanced
photosynthesis reactions in plant and algae. More recently electrocatalysis is be-
ing explored with schemes aiming to capture and convert solar energy, then stor-
ing that energy in the form of chemical bonds by producing oxygen, from water,
and a reduced fuel such as hydrogen or methane, creating an artificial carbon

neutral cycle [32, 33].

1.2 Basics of Carbon Capture and Utilisation

Carbon capture is expected to play a key role in meeting the global tempera-
ture targets set by the IPCC [34] and at COP21 [35]. Several advancements for
CO; capture have been recently reported including enhanced chemical absorp-
tion techniques to remove CO, from combustion waste streams at commercial-
scale capture facilities such as the SaskPower’s Boundary Dam 3 CCS Facility
(Canada) and Shells” CANSOLV facilities [36, 37]. The Boundary Dam facility
is reported to be able to capture 90% carbon dioxide, 100% sulphur dioxide and
50% of the Nox produced by the Coal power plant, a reported reduction of up
to one million tonnes of carbon dioxide each year. Such progress in CO; capture

techniques highlights the need to determine what to do with the captured CO,.

Carbon capture and storage (CCS) has two possible roots; artificial storage and
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natural storage. Global CCS plans and infrastructure are evident and include re-
forestation schemes where the CO, is captured by the vegetation and stored as
solid carbon. In time it will be released again to the atmosphere either through
combustion or decomposition, forming a natural carbon cycle. Natural storage
is already a considerable factor with Zhu et al.[38] reporting a persistent and
widespread increase of greening over 25% to 50% of the global vegetated area,
whereas less than 4% of the globe shows browning. CO; fertilisation effects were
suggested to explain 70% of the observed greening trend. Alternatively the car-
bon can be stored in large deposits such as depleted oil fields as is currently seen
in the North Sea [39, 40], where the CO; can be used for enhanced oil recovery
from the deposits [41] with Burrows et al et al. showing that CO; can recover

90-100% of the oil deposit [42].

A further option is to use carbon capture and utilisation to create an artificial
carbon cycle through conversion of the captured CO; to fuels, or they can be
sequestered through use as chemical feedstocks before being eventually released
back into natural carbon cycle [43, 44]. The added advantage is that the sale
of these products can be used to offset the cost of CO, capture which is a key

disincentives of adopting current capture techniques.

Figure 1.1 shows the ways that CO, can be utilised once captured from waste

streams.
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FIGURE 1.1: Reproduced from the National Academies of Science Engineering and Medicine
publication [43]: Possible carbon utilisation paths.

COz is already used in some commercial processes, both in its pure form and as

a feedstock in the synthesis of bulk chemicals such as urea.

Direct Use

CO; is used directly in several forms, often offering temporary storage, before
being released into the atmosphere. In the pure form, CO; is used in the food
industry for a wide variety of applications ranging from carbonation of drinks to
accelerated production of greenhouse grown fruit crops [45]. Likewise, bulk CO;
is used as solvents in processes such as dry cleaning of fabric and decaffeination
[46]. as well as other practical direct uses such as fire extinguishers, refrigerants

(such as dry ice).

Mineral Carbonation

The process of mineral carbonisation converts CO; into a more stable form of car-
bon, typically a carbonate, which can be used in construction materials such as
concrete. Mineralization involves reaction of minerals usually calcium or magne-

sium silicates. The reaction to form carbonates is exothermic and does not require
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energy input to sustain the reaction (though cooling may be required to control
it), although significant energy is typically required to generate the requisite feed
minerals. The current bottleneck for viable mineral carbonation processes on an
industrial scale is the reaction rate of carbonation. Additionally, new formula-
tions will require structural testing and material characterisation before being ac-

cepted by users and regulators.

Bio Conversion

Biological conversion of CO; involves using photosynthetic and other metabolic
processes inherent to plants, algae, bacteria and fungi to produce higher value
chemicals. Several factors have expanded the repertoire of biobased products
that can be synthesised directly from CO;, including the large number of CO;-
utlising microorganisms, genetic modification of microorganisms and tailoring
enzymatic/protein properties through protein engineering. Biological utilisation
has a large range of potential uses in the development of commercial products
including various biofuels, chemicals, and fertilisers. However, biological utilisa-

tion rates and scalability remain challenges.

Chemical Conversion

It is possible to use CO; for the production of fuels and chemicals by reacting it
with other molecules and/or providing electrochemical, photochemical or ther-
mal energy, with a catalyst required to overcome kinetic barriers. Because the
carbon in CO; is in its most highly oxidized form, many of the resulting reactions
are reductions, either through the addition of hydrogen or electrons. Catalysts are
critical not only for making the transformation possible, but also for reducing the
energy inputs to (ideally) the minimum amount dictated by the thermodynam-
ics of the transformation. Discovery of appropriate catalysts and development of
energy-efficient processes are the current barriers to rapid expansion and greater

utilisation.
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In modern life, as damaging as they can be to the environment, plastics have be-
come an irreplaceable material. The ability to replace costly and environmentally
damaging fossil fuel base plastics with captured carbon base products would
greatly reduce the global impact, as well as acting as a form of CCS by storing
the carbon in long life plastics. Alternatively there is the ability to create a carbon

neutral fuel source by converting CO; into fuel sources such as methane [47].

As of 2021, pilot-scale carbon dioxide electrochemical reduction is being devel-
oped by several companies including Siemens [48, 49], Dioxide Materials [50,
51], Twelve and GIGKarasek. The process of CO, chemical conversion through

electrocatalysis will be examined in more detail in Chapter 2.

Summary

In terms of scale, building materials and fuels are produced and consumed on
a much larger scale than chemicals [52]. With annual CO; emissions from an-
thropogenic activity in 2017 at around 40 gigatons [53], only approximately 0.35
billion tones of plastics are made each year [54, 55]. Addressing fuels is a much
more promising solution for reducing emissions, with over two thirds of the UK’s

CO; emissions coming from fossil fuel consumption [56].

1.3 Thesis Structure

Chapter 1: Introduction

The opening chapter sets the foundation for this thesis by providing a compre-
hensive introduction to the topic of CO; utilisation. It outlines the background
and motivation behind the study, emphasising the need to address CO, emis-

sions and explore sustainable approaches for CO, utilisation. The objectives of
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the study are stated, highlighting the specific areas of investigation. It also out-
lines the organisation and structure of the thesis, giving an overview of the sub-

sequent chapters and their respective contributions to the field.

Chapter 2: Literature Review

The literature review chapter provides a comprehensive overview of the existing
body of knowledge and research related to CO; electrocatalysis. It serves as a
critical analysis of the current state of the field, highlighting the key findings,

advancements and gaps in the literature.

Chapter 3: Experimental Techniques

Chapter 3 describes the various techniques used in the thesis and details the
equipment and materials. It explains why they were selected and provides addi-

tional information such as the supplier and purity.

Chapter 4: Cell Design and Optimisation

Detailed case studies of existing electrolyser designs and analyses trends in the
designs are presented in Chapter 4. These trends are combined with a design
specification in order to inform cell design and development. It explains how the
chosen design was selected and further developed to create a design optimised
to better suit the needs of later work. Computational fluid dynamics (CFD) mod-

elling is conducted to better understand and optimise flow within the cell.
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Chapter 5: Cell Characterisation and Resistance Optimisation

In Chapter 5, the optimisation of cell for electrical conductivity is explained. This
includes characterisation of key parameters; electrolyte flow rate, electrode sep-
aration and electrolyte concentration. It examines the limiting factors for the de-
signed cell, with the cell supporting system redesigned and saturation gas varied
to examine the cause of pH build up within the cell. The chapter is concluded by

examination of enhancing the electrochemical surface area of the cell.

Chapter 6: Testing Optimisation and Machine Learning

This chapter consists of Adaptive Network-based Fuzzy Inference System (AN-
FIS) and Particle Swarm Optimisation (PSO) machine learning techniques, and
how the can be used to supplement the experientially obtained data thus enhanc-

ing the accuracy of the optimisation.

Chapter 7: Application of Electrolysers in CO, Conversion using

Additive-Modified Copper Electrocatalysts

Chapter 7 presents the work conducted to improve the selectivity of the CO,
products. Options for enhancing metal foams for CO,RR are examined in the lit-
erature with several organic modifiers selected for analysis. The organic modified
foams are examined for product selectivity at different voltages, before long du-
ration testing is conducted to fully characterise their product selectivity through
Nuclear Magnetic Resonance (NMR) analysis. The cell design is adapted for the
inclusion of a gas diffusion electrode on which a selection of the organic modi-
fiers are examined. The chapter concludes with Extended X-Ray Absorption Fine

Structure (EXAFS) analysis of the copper foams.



12 Chapter 1. Introduction

Chapter 8: Conclusion

The final chapter provides the conclusions for the work conducted in the thesis. It
also recommends future works that could be taken forward based on the findings

of this research.

Appendix A: Supplementary Information 1

Additional graphs and program code for Chapter 5 are presented

Appendix B: Supplementary Information 2

Additional graphs, EDX spectra and program code for Chapter 7 are presented

Appendix C: Theory

The fundamental principles of CO; electrochemical reduction are explored in this
Appendix with an overview of the underlying mechanisms and key concepts in-
volved in the electrochemical conversion of CO; into value-added products. The
discussion explores the various pathways and intermediates involved in CO; re-
duction, highlighting the importance of catalyst materials in controlling reaction
selectivity and efficiency. It considers the role of electrode materials, electrolytes,
and reaction conditions in influencing the performance of CO; electrochemical

systems.

1.4 Thesis Aims

The overall objective of this thesis is to develop the designs of CO; electrolysers
and examine ways of integrating electrocatalyst. This objective was divided into

three main aims:
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Firstly to design, develop, and characterise an electrochemical cell which can be
operated for CO; conversion over a range of applied potentials and operating

peramiters.
Secondly to characterise the designed cell, minimising the electrical losses.

Finally, to integrate novel additive-modified copper foams as CO, electrocatalysts

to enhance C; product selectivity.
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Chapter 2

Literature review

2.1 Cell Classification

There are two cell main cell design styles, static (or contained) cells and flow cells.
Static cells have all the electrolyte and system components contained within the

reaction chamber as seen in Figure 2.1 from Billy et al. [57].

gasout
reference
electrode
working _| counter
electrode "electrode
(W)
T
stir bar membrane

FIGURE 2.1: Reproduced with permission form Billy et al. [57]: Schematic drawing of a typical
H-cell.

Conversely the flow cell designs require a supporting system of pumps and reser-

voirs to allow the cell to function, an example of which is shown in Figure 2.2.
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Electrochemical membrane
reactor for CO, valorisation

FIGURE 2.2: Reproduced with permission form Garcia et al. [58]: Schematic drawing of a typical
generalised flow cell.

2.1.1 H-Cells

H - Cells have a much simpler design style than flow cells; all of the electrolyte is
contained within the anodic and cathodic compartments, there can be movement
of the electrolyte through mixing, and gas is usually bubbled directly into the
cathodic compartment of the cell. This makes the cells often cheaper to construct
(or purchase) than flow cells, for the same capacity, although the streamlined

design often makes them un-modifiable.

2.1.2 Flow Cells

Garcia et al. [58] presented comprehensive analysis of electrocatalysis cell, and
their configurations, that have been published in recent literature. Figure 2.2
shows the operating principles of flow cells, with electrolyte circulating through
the anodic and cathodic chambers, regulating the electrolyte as well as maintain-

ing a constant supply of reactants and efficient removal of products.

The main limiting factor in electrocatalytic cells is the mass transport across the
membrane and the reaction medium [59]. In order to improve the mass transport

in the cell, the membrane can be mounted to one or both electrodes forming a
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‘coupled electrode” and a Membrane Electrode Assembly (MEA) respectively, as

seen in Figure 2.3.
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FIGURE 2.3: Reproduced with permission form Garcia et al. [58]: Schematic drawing of a coupled
electrode (a) and a MEA (b) flow cell.

Garcia et al. [58] reported two different porous electrode configurations (Fig-
ure 2.3), classified by the location of the ion exchange membrane, relative to
the porous electrode. Figure 2.3(a) shows a cathodic coupled membrane con-
figuration , whilst (b) shows a MEA, where both electrodes are coupled to the
membrane, minimising the electrode separation. This configuration enhances the

transport of species between the electrodes

However, the electrodes required for these cells are more complex and expensive
to produce, as they need to be porous, allowing reactants through the electrodes,
from the bulk electrolyte to reaction site, and the products to pass through in
the other direction. These porous electrodes have been developed further into
3 phase cells, where the issues of low CO; solubility in water can be avoided
and the effects of the HER can be greatly reduced. Work into GDEs development

converting CO, directly in the gas phase has become much more active recently.

These GDEs can also be configured in different ways within the cell, as seen in

Figure 2.4.
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FIGURE 2.4: Reproduced with permission form Garcia et al. [58]: Schematic drawing of flow cell
configurations with GDEs.

Figure 2.4 a, shows the most basic form of a GDE cell. The GDE is between the
gas stream and the catholyte, separating both phases. Alternatively, the catholyte
can be replaced by a pH-buffer layer (aqueous salt solution), most commonly
between the cathode and the membrane (Figure 2.4 b). This configuration permits
the transport of ionic species (e.g. H+) by using different aqueous salts such as

KHCO;.

Figure 2.4 c and d present cell configurations for the reduction of CO; in gas
phase; c contains a porous cathode coupled to the membrane, with the anolyte

solution between the anode and membrane.

In the second configuration 2.4d, the electrodes are sandwiched together with
the membrane (MEA) facilitating the transport of ionic species, which may be
beneficial for an effective valorisation of CO; into more reduced products such as

CH4 and C2H4.
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2.2 Electrodes

CO; is a stable molecule, meaning that the oxygen atoms require a comparatively
large amount of energy to overcome the bond with the carbon atom. As such
catalysts are required to reduce activation energy for the majority of reactions to
occur. Nitopi et al. [60] reported on works for the selectivity of CO, products
on different metal electrodes with only Cu showing selectivity for C, products.
Due to this unique property, Cu is an important CO, reduction catalyst, with its
utilisation being the only way to reduce CO, for appreciable quantities of carbon

monoxide (CO) and formate [61-63].

Bagger et al. [64] grouped the metals electrodes according to their major product
of CO; electrolysis: Hp, CO, formic acid and beyond CO* (hydrocarbons or alco-
hols). Figure 2.5 shows the different metals and Bagger’s grouping as a plot of hy-
drogen binding energy (AE.,+) versus carbon monoxide binding energy (AEg+).
For the red group CO* is absorbed on the electrodes surface so strongly that it
is unable to react and poisons the electrode for CO, catalysis, however this also
makes these metals highly selective for hydrogen evolution at the electrodes sur-
face, hence the Hy classification. Conversely for the Yellow group of metals so
little H* is bonded to the electrode surface that only formate production is pos-
sible, as there is insufficient H* to form a water molecule. The Blue group of
metals a small amount of H* available and as such CO can be produced at the
electrode surface. Copper sits in its own group, where there is sufficient H* and
CO* bonded to the electrode surface at the right bond strength meaning products
that use CO as a intermediate, such as ethylene, can be generated (as discussed

in section C.2.1).
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FIGURE 2.5: Reproduced with permission from Bagger et al.[64]: CO, reduction classification for
metals by primary product group.

Therefore, the use of Cu as an electrocatalyst for CO; electrocatalysis has been
widely reported on several different electrode surfaces / structures: solid copper
surfaced electrodes [65-67], copper foils [60, 68-70], copper nanoparticles [71-73],
copper nanocrystals [74-77], copper nanowires[78-80] , and copper metal-organic
framework (MOF) [81-83]. These copper electrodes are know to be sensitive to
contaminants in the electrolyte, and Nitopi et al. [60] discussed how this "de-
activation” of the copper electrode can be tribute to three factors; "poisoning by
impurities from the experimental setup, poisoning of the surface with reaction in-
termediates, and/or restructuring of the surface under reaction conditions." The
electrodes often show decay in their selectivity over time, which is attributed to
deposition of metal contaminants from the electrolyte [84-87]. In order to pre-
vent this, extensive purification of both the electrode surface and electrolyte is
required before electrocatalysis can be conducted, greatly increasing the cost and

time required for preparation.

Notably copper foams have shown resistance to contaminants, remaining active
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without electropolishing or scavenging the electrolyte [87, 88]. The deposition of

metal foams has been previously reported and is discussed further in Chapter 7.

2.3 Electrolyte Transport

In order for a fluid to move against gravity a force must be applied to it. Pipes
or tubing is the most effective way of directing the flow of a fluid with pumps
moving fluids from an area of low pressure to an area of high pressure, where the

effect of gravity can be overcome.

Pumps can be classified into two different categories, Dynamic (Centrifugal) and

Displacement as seen in Figure 2.6.
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FIGURE 2.6: Reproduced from Krutzsch et al. [89]: The classification of pumps, Dynamic and

Displacement.
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Dynamic pumps use centrifugal force to generate velocity in the liquid, this is
then converted to pressure. As the kinetic energy decreases the pressure in-
creases. This difference in pressure drives the fluid through the system. A dy-
namic pump contains a rotating impeller which generates a vacuum that moves
the fluid. The impeller’s housing is designed to reduce pressure at the inlet, with
the created velocity driving the fluid to the outside of the pump’s housing, where
the pressure increases generating an output. These are the most common type
of pump that can transfer fluid of low viscosity at a high flow rate. Also, they
are low-pressure installations making them perfect for applications that require
pumps to deal with large volumes. Overall, dynamic pumps have a simple de-
sign and fewer moving parts, which result in lower maintenance requirements

and costs, making them best suited for continuous operation.

In contrast, a positive displacement pump moves a set volume of liquid at a time.
Pressure is created as the fluid is forced through the pump and then discharged,
with displacement pumps converting energy directly into pressure. A volume
within the pump is opened to the low pressure side and fluid flows in, the cham-
ber is then sealed, and then opened to the high pressure side where the fluid is
mechanically forced from the chamber into the high pressure side, completing
the cycle. Positive displacement pumps uses various mechanisms such as; the
reciprocating motion of pistons, plungers, or diaphragms to move the fluid, but
are all based on the same basic principle and suffer from the same drawback of

producing a pulsated flow.

Positive displacement pumps have a complex design and are often selected for
their ability to handle high viscosity fluid at high pressure. They can also handle
relatively low flow rates as their efficiency is not affected by inlet or output pres-
sure. They can therefore operate in conditions or ranges where dynamic pumps
may fail. They can run at any point on their curve and can be used in suction

mode, whilst handling variations in pressure, flow, and viscosity.
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2.3.1 Effect of Gas Bubbles

The effect of electrolytic gas bubbles on the cell performance was investigated
by Zeng and Zhang who modelled the bubble formation on a metal electrode in
a stagnant electrolyte, showing the critical diameter of bubble detachment to be
a function of buoyancy, expansion force and interfacial tension force, and elec-
trolyte concentration to have a key effect [90]. With electrolyte circulation, the
additional forces on the gas bubble cause early detachment of the bubbles, and
Zeng and Zhang demonstrate a small reduction in the cell voltage when flowing
electrolyte is used; attributed to early detachment of the bubbles. The bulk of the
resistance was still present and was attributed to the bubble curtain between the

two electrodes [90].

Bongenaar-Schlenter et al. showed that the electrolyte flow rate reduces the cell
resistance in a finite gap cell, with large reductions in cell voltage reported at
high current densities (> 500 mA-cm~?2), suggesting that the void fraction in the
inter-electrode gap was the key factor, and that the effects from the bubble curtain

suggested by Zhang could be mitigated [91].

24 Technology Gaps

Pletcher et al. [92] shows that the "impact that the change from beaker cells to flow
electrolysis cells could have on the reputation of organic electrosynthesis in the
laboratory." suggesting that flow cells are the future of electro-chemistry. They
also highlighted several key parameters to be examined on each flow cell; "Oper-
ated with suitable control parameters (cell current, flow rate, reactant concentra-
tion, medium), all flow electrolysis offers the possibility of higher selectivity and
productivity than can be achieved with beaker cells." [92] These will need to be

examined on any cell constructed.
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This thesis aims to design a cell that can be utilised to examine the effect of the
control parameters highlighted by Pletcher et al. and refined into a optimised
design which can be used to integrate novel electro-catalysts for C products.
This will act an initial stepping stone, moving from lab based research towards a
practical commercial scale operation, buy examining the difficulties of CO; elec-
trolyser scale-up, not only in electrode size but also in transition form short life

H-Cells to longer duration capable Flow cells.
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Chapter 3

Methods & Materials

3.1 Materials

Cell Construction

Clear acrylic (Polymer Plastics Company LC) in 2 mm, 3 mm and 5 mm thick-
nesses, was used for the construction of the cell. It was chosen as it was trans-
parent and chemically inert to the potassium bicarbonate electrolyte. The sheets
were cut to the required shape, specified by the cell design, by using the tech-

niques listed in section 3.6.

6mm OD Acrylic tubes (The Plastic Shop, UK) were mounted to the acrylic end-
plates using Tensol 12, (Sheet Plastics, UK) to chemically bind the two acrylic

parts, to create the flow port in and out of the cell.

Silicone rubber sheets, 30 Shore, 1 mm thickness (Seals & gaskets LTD), were used

as gaskets between the acrylic sheets in order to prevent leaks.

M6 threaded stainless steel rods were inserted through holes in the plates and
used to align the cell plates and hold them together using washers and wing-
nuts. Wing-nuts were used in regular nut to form a locking nut on one end of the
threaded rods, this made handling during assembly of the cell easier as it only

required one spanner to tighten.
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Electrode Preparation

A 20mm x 10mm rectangle was cut from 2mm Natural Copper Sheet, grade C101
(99.90%, Metaloffcuts, UK) and embedded into the acrylic sheet 'holder” from
the relevant design, with Araldite epoxy resin (Huntsman Advanced Materials,
Switzerland). A 3mm diameter wire was soldered on using lead-free solder with
flux to ensure a clean and conductive connection to the copper plate. The elec-
trode was then mechanically polished utilising alumina slurry up to 0.3 ym, fol-

lowed by rinsing and ultra-sonicating in deionized water for 1 min.

Copper Foam Preparation

The preparation was adapted from previously published work [93]. A copper
foam was electro-deposited onto the copper plate by submerging in 0.2 M of
CuSOy, 1.5 M of HyS0y(,,) and 0.01 M of applicable modifier (See table?.1), then
a fixed cathodic current of 3 A/cm? was applied for 45 seconds. The electro de-
posited foams were submerged in deionized water for 5 mins to remove traces of

electrodeposition solution before being assembled into the cell.

The rinsed foams were then assembled into the MK3 cell without the GDE mod-
ification (Section 4.4.3). The electrolyte solution was prepared by saturating a
0.1 M KHCOg3 solution with CO,, bubbling at 40 mL/min for 20 mins prior to
use with the pH of the solution measured at 6.8. 150 ml of 0.1 M KHCO; was
added to the cathodic and anodic side of the system. The gaseous product were

measured in the syringe and gas trap 1 minute after the end of the electrolysis.

System Assembly

4mm internal-diameter polyurethane piping (item CPUM600251, Air Controls
and Compressors Ltd, UK) was used to connect the pumps and reservoirs to
the cell to the cell. Pipe segments were joined using John Guest Metric Plastic

Push-In Fittings (Air Controls and Compressors Ltd).
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The pump used for this experiment was a purpose-built peristaltic pump sup-
plied by Welco, Model WP10-P1/8JD4-WM4-CP. A peristaltic pump was chosen,

as no parts can contaminate the electrolyte.

The electrolyte reservoirs were constructed from 40 mm OD acrylic tubes (The
Plastic Shop, UK), with a disc laser cut from the 5 mm acrylic sheet, chemi-
cally bonded (Tensol 12) to one end. A hole was drilled into the wall and base
of the reservoir through which John Guest Metric Plastic Push-In Fittings were

mounted using Araldite epoxy to create connectors for the tubing.

Chemicals

The chemicals used in the experiments are listed below and all reagents were

used without further purification.

Potassium bicarbonate (99.5%, Sigma Aldrich).

¢ Sodium hydroxide (99.5%, Sigma Aldrich).

¢ Copper sulphate pentahydrate (99.9%, Sigma Aldrich)

¢ Sulphuric acid (95-98%, Sigma Aldrich).

* Argon gas (99.998%, BOC, Industrial Gases, UK).

¢ Carbon dioxide gas (99.995%, BOC).

¢ L-Lysine Hydrate (Merck Life Science UK Limited(282677-25G)).

¢ D-Lysine (Merck Life Science UK Limited (L8021-1G)).

¢ Poly(acrylic acid sodium salt) (Merck Life Science UK Limited (477013-100G)).
¢ Poly(allylamine) solution (Merck Life Science UK Limited (479136-1G)).
¢ Poly(acrylamide) (Fisher Scientific Ltd (10675432)).

¢ Poly-D-Lysine (Fisher Scientific Ltd (16021412)).
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* Deionized water with 15 M().cm resistance from Merck Elix type 2 water

purification system.

Membranes

10 micron UHMW Polyethylene porous sheet (Scientific Commodities inc, USA),
50 micron UHMW Polyethylene porous sheet (Scientific Commodities inc, USA),
90 MicronPolypropylene/ UHMW Polyethylene blend porous sheet (Scientific

Commodities inc, USA), were prepared as directed.

Nafion 212 (Sigma Aldrich) was prepared by soaking in Di water for 24 hours,
and then KHCO3 for 24h before usage.

3.2 Chronoamperometry

Ivium

Ivium-n-stat was used in a three-electrode setup with a leak-free reference elec-
trode based on Ag/AgClin 3.4 M KCI (+0.210 V vs SHE; Innovative Instruments
Inc., USA), the counter electrode was a platinum mesh electrode (99.9% Good-
tellow, UK). Potentials are converted to the reversible hydrogen electrode (RHE)

scale using Equation 3.1.

ERHE(V) = EAg/AgCl(3.4M) (V) + 0210V + (0059V3CPH) + ZRM (31)

The pH of the catholyte was measured after pre electrolysis bubbling CO, but
before starting electrocatalysis, and was found to be 6.8. For three electrode elec-
trolysis experiments, the cell was filled with potassium bicarbonate electrolyte
then CO; was flowed through the catholyte in the bubbling chamber at a constant

rate of 40 mL/min during electrolysis using a mass flow controller GFCS-010058
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(Cole-Parmer, USA). Gases were collected in the gas trap and injected in to the

GC, (see section 3.4) of which 0.5 mL was analysed.

Tenma

Tenma 72-2930 single channel programmable DC power supply (Farnell, UK)
was used for electrochemical measurements and electrolysis. This digital control
programmable power supply has low noise and ripple with a load regulation of
<=0.01% +2mV (voltage), <=0.1% +5mA (current) and line regulation of <=0.01%
+3mV (voltage), <=0.1% +3mA (current). The setting accuracy (25°C +5°C) is
<=0.5% +20mV (voltage), <=0.5% +10mA (current). A two-electrode setup was

used with a platinum mesh counter electrode.

The pH of the catholyte was measured after pre electrolysis bubbling CO, but
before starting electrocatalysis, and was found to be 6.8 . For two electrode elec-
trolysis experiments, the cell was filled with potassium bicarbonate electrolyte,
CO; was bubbled through the catholyte in the bubbling chamber at a constant
rate of 40 mL/min during electrolysis using a mass flow controller GFCS-010058
(Cole-Parmer, USA). Cathodic product gases were collected in the gas trap and

injected into the GC (see section 3.4), of which 0.25 mL was analysed.

3.3 Electrode Characterisation

SEM Imaging and EDX

A Hitachi TM3030 Plus scanning electron microscope was used to image the ma-

terials with a standard setting of accelerating voltage of 15 kV.

Energy Dispersive X-ray Spectroscopy (EDX) was used for elemental analysis of
samples using an Aztec EDX extension to the Hitachi SEM described above, with

AztecOne software allowing for automatic peak detection.



30 Chapter 3. Methods & Materials

3.4 Product Analysis

Gas Chromatography

Gaseous products were quantified using Agilent 7820A gas chromatograph (GC)
(Agilent Technologies, UK) equipped with a thermal conductivity detector (TCD)
and flame ionization detector (FID) coupled to a methanizer, with argon used as
the carrier gas. The following gaseous products of CO; electrolysis were quanti-
tied: hydrogen, carbon monoxide, methane, ethylene and ethane as well as oxy-
gen, nitrogen and carbon dioxide. The method was also able to quantify propane,
butane, pentane and hexane but these peaks were not present or near the limits of
detection. The GC had two columns; HP-PLOT Q which separates hydrocarbons
and CO,, followed by a HP-PLOT 5A (molecular sieve) column which separates
other permanent gases. The columns were connected by valves which could be

programmed to be run in series or bypass mode.

The sample peak areas were compared to lone pure gases (BOC, UK) for peak
identification. Multiple point calibration was used to quantify product concentra-
tion, where the calibration gas (Calgaz, USA) was diluted into nitrogen at known
ratios providing different known product gas concentrations, which were used to

produce a calibration curve. The results were reported in parts per million (ppm).

It is important to consider the amount of product produced to the amount of
charge used by the system, so as to make the data comparable to that reported
in the literature. As discussed in section C.2.4, FE is the efficiency with which
charge (electrons) is transferred into a given product, as such it is used to compare
CO; electrocatalysis performance. Using the Ideal Gas Law, Equation C.36, the
number of moles of product can be obtained from the ppm (from the GC), the
total volume of product collected (experimental obtained), the temperature of
the collected sample and the ideal gas constant. From the number of moles, FE

can be calculated using Equation C.34.
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NMR Analysis

'"H NMR spectra was recorded on a Bruker Avance IIT 500 MHz instrument, with
water suppression. All chemical shifts are reported in ppm and coupling con-
stants are reported in Hz. A DMSO standard was added to the NMR tube to
make a 0.2 mM concentration. Peak areas of the liquid products were then inte-

grated and compared to the standard to obtain concentrations.

pH Determination

A Lab pH Electrode LE438 was used with a Mettler-Toledo Five Go F2 portable
meter to determine the pH of the electrolyte in the reservoirs. The probe was cal-
ibrated using three standard solutions: 1.68 pH, 7 pH, 10.01 pH (Methler-Toledo)
under standard conditions. For data collection the probe was placed in the centre

of the electrode reservoir, for at least 30 seconds, until the pH reading stabilised.

3.5 Data Analysis and Processing

Matlab
Matlab 2007 was used to write two programs for interpreting collected data:
¢ Code presented in Appendix A used to find average point of ] /V curves.

* Code presented in Appendix B used to find total charged passed during

electrolysis.

3.6 CAD CAM

Autodesk fusion 360 student was utilised for all cell designs, iterations and mod-

ifications. Autodesk CFD package was used for flow modelling.
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Laser Cutting

Both the acrylic and silicone rubber were cut with a Trotec Speedy 3000 laser

cutter, using 2D files created from the Autodesk models.

3.7 High Speed Imagery

A Photron Fastcam 1024-PCI was used to capture high speed imagery of the flow
of the electrolyte in a simulated cathodic compartment. The cathodic plate was
replaced with an end plate to make observation possible. The Nafion membrane
(and supporting plate) was used, with the cathodic plate replacing the anodic
side of the cell, to act as a positional reference for the camera. The anodic side
was filled and then sealed to prevent any flow on the anodic side, and reduce
membrane pulsation. This cell was illuminated by two PhotoSEL LES600 60 watt
spotlights to ensure enough light for the high speed camera which operated with
a 1024 x 1024 pixels resolution at 1000 fps.

The peristaltic pump drew the KHCO3 electrolyte from a beaker and pushed it
through the cell into a waste beaker, through the previously described 4 mm tub-
ing. The cell configuration was an iteration of the MK 2 cell design 4.4.2, with
the Nafion support plate included to prevent damage due to the lack of anodic
circulation. It also provided the additional advantage of visually dividing the cell

into even sections, enhancing the data that could be collected.

Black water-based ink was used to dye the electrolyte. The ink was slowly in-
jected into the tubing between the pump and the cell, just before the cell inlet.
Each of the flow plates was examined at a flow rate of 60mL/min, using distilled
water as the circulated liquid. The recording was started as the pump was acti-
vated with the end point being when the cell was observed to be fully filled with
ink. The pump was activated again, until all the ink in the tube had entered the

cell. At this point the recording and the pump were started and stopped when
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all the ink had left the cell. The footage was analysed frame by frame with the
difference in time calculated from the number of frames in between the start and

end point of each run.

3.8 Flow Rate Calibration

The rate at which the pumps rotate, and therefore pump the electrolyte, is deter-
mined by the voltage supplied to the pump’s motor. In order to obtain a specific

flow rate the pumps needed to be calibrated against applied voltage.

The pump was fed from a large beaker. The temperature of water supplied to the
pump was recorded prior to each test. A short length of polyurethane piping fed
the pump from the large beaker and drained it into a small beaker. The mass of

the small beaker was recorded prior to the test.

A range of voltages were applied as shown in the graph below. At each voltage,
the pump drained into the small beaker until the power supply was stopped. The
duration of drainage and the mass of the filled beaker were recorded. The beaker
was emptied, dried and mass recorded before the test was repeated. Figure 3.1

shows the calibrated values for flow rate for each potential applied to the pump.
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FIGURE 3.1: Flow calibrating graph for the Welco Peristaltic pumps at a given applied voltage.
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3.9 Construction Techniques and Best Practices

From detailed analysis whilst in operation, several manufacturing techniques

were developed to improve the cell design.

* Nafion sheets expand after being hydrated, however they cannot be bonded
to another structure whilst wet. This meant that the Nafion bonded to the
support plate was not stretched tight, but sagged due to expansion during
hydration. To rectify this the Nafion was sandwiched between two gas-
kets rather than chemically bonded to a surface. This required an increased
amount of Nafion, as well as the requirement for bolt holes to be cut into

the Nafion after it had been hydrated.

¢ Laser cutting the acrylic sheets left fine ridges where the melted plastic had
re-solidified on the flat surfaces of the plate. This affected the seal on the
gaskets causing leaks. To solve this, all plates had to be washed in soapy
water and trimmed with a scalpel or a file to produce a chamfered edge
which reduced leaking. Multiple faster passes on the laser cutter, especially
on the thicker 5Smm acrylic sheets, was beneficial as it produced perpendic-

ular edges and reduced burning/scorch marks on the surface of the acrylic.

¢ Use of a threaded bar enables undoing the bolt from either end making cell
modification and disassembly easier. By counter tightening the two nuts,
they act as stopper to each other, which can be easily removed and reused,

unlike other products such as Nyloc nuts or welding a nut to the threading.

® Perry [94] stated that thumb screws and bolts fixed to the end plate were
the best method of cell compression, with "tools’ rarely found in labs. Using
a Torque wrench, despite the relatively low pressure applications, ensures
even force distribution across all bolts, so that the gasket compression is

equal reducing leaks. This force distribution increases the life of the bolts as
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they are evenly loaded and deform equally over time, improving the life of

the cell. These tools are relatively cheap and easy to procure.

¢ Removing corners and replacing with profiled edges, one curved the other
chamfered, improved the ergonomics of the cell. It was much easier to ma-
nipulate by hand and prevents the cell being assembled in the wrong orien-

tation when using directional components.
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Chapter 4

Cell Design and Component

Optimisation

4.1 Evaluation of Current Designs

To successfully design a working electrochemical cell, the cells reported in the
literature need to be examined to evaluate their strengths and weaknesses in-
forming the final design choices. This section considers several different cell de-
signs progressing from a series of CO; electrolysis and water splitting cells that
were physically available in the laboratory. This was accompanied by a review
of the literature to establish the current state of the field of CO; electrocatalysis
to further inform design and optimisation decisions and provide a point of com-
parison. A summary of all the cells is presented with the identified benefits and
limitations of each. Where possible each cell is referred to by its commercial name
and where this is not possible, the cell is named according to the lead author re-

porting its design.
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41.1 Cells Examined in Practice

The best way to evaluate the strengths and weaknesses of a design is by physi-
cally working with it, allowing identification of which characteristics and limita-
tions are more significant and which features are most needed. The cells listed in
this section, are those that were physically available and in development within

the laboratory, on which physical examination was feasible to undertake.

Syringe Cell (H-Cell)

The cells used by Ahn et al. [95] and Rudd et al. [93] were custom made H-cells,
produced from medical 10 ml syringes with a 1 cm? Nafion window affixed with
epoxy resin and 4 mL of 0.1 M KHCO3 solution was used as the catholyte. The
polypropylene body with a 1.6 cm diameter was cut to a 7 cm length, resulting
in an internal cell volume of 10.2 cm® with a 6.2 mL headspace. A schematic
drawing of which is seen in Figure 4.1 (WE; Working electrode, RE; Reference

electrode, CE; Counter electrode).

WE RE
Gas in — f_ Gas out
CE
/
]
\ ;\“i Nafion window

\ 4

FIGURE 4.1: Schematic drawing of the custom built cell used Ahn et al. [95].

The top of the cell was sealed using a suba seal, through which the CO, was sup-

plied by a needle positioned to bubble the CO; over the surface of the electrode.
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The gas collection needle and the electrodes were also passed through this seal.
This resulted in a crowded suba seal that was subject to increased gas leakage
and occasional short circuits. The syringe was placed in a beaker containing 40
ml of anolyte where the counter electrode was positioned inline with the Nafion
window. A silver/silver chloride reference electrode was used with a platinum
mesh counter electrode and copper disk working electrode. This cell was rela-
tively easy to set up and the inexpensive components used meant that it was cost
effective to produce. As a consequence even though the cell’s life was not very

long, it could be easily repaired or replaced.

This benefit has to be balanced by four main challenges. Firstly, the electrode ge-
ometric surface area to catholyte solution volume ratio is comparatively high at
1.77 cm? /mL, especially when considering that this is not a flow cell design and
so the catholyte is not being replenished or circulated. This high value means that
the liquid products are concentrated more easily, but the catholyte is depleted
much faster. These factors meant that the cell life was approximately 2 hours
which is insufficient for practical applications outside of finite lab testing. This
time could be extended slightly by introducing stirring into the cell via a mag-
netic stirrer. Stirring the electrolyte means the bulk concentration is more evenly
distributed throughout the cell, reducing the diffusion distance to the electrode
surface. However, such stirring proved difficult to achieve due to the geometry
of the bottom of the syringe causing the stirrer to often become dislodged. Ad-
ditionally it also caused components such as the carefully positioned needle and
electrode to move within the cell affecting its performance, as the CO, would no

longer bubble consistently onto the electrode.

A further challenge was that the position and orientation of the electrodes were
not fixed, meaning Electrochemical Impedance Spectroscopy (EIS) had to be con-
ducted to compensate for the variation in electrode separation for each individual

run of the experiment to produce comparable data. Whilst the EIS can effectively



40 Chapter 4. Cell Design and Component Optimisation

measure the electrical resistance within the cell at a given point in time, the elec-
trode was able to move during the experiments, especially when stirring was
used. Both these factors meant that experimental preparation took much longer

than anticipated and created experimental error.

The third issue was that the Nafion window often allowed the electrolyte to flow
from one side to the other, after a couple of uses. Medical syringes are most
commonly made from polypropylene, which is not recommended to be bonded
by Araldite due to its inability to effectively bond with the surface of the polymer.
The production of organic solvents within the catholyte during electrocatalysis,

turther reduces the strength of the Araldite’s bond.

Finally this design suffers from dilution of the gaseous products produced dur-
ing CO, reduction reactions. As the CO; was bubbled directly into the cathodic
chamber, any gaseous products produced were greatly diluted in the flow of un-
reacted CO; collected by the exhaust needle within the cell. In a lab environment
this dilution meant any product was harder to detect impacting the accuracy of
results. The considerable air head, both in the syringe cell and the gaseous sample
collection equipment, required large amounts of CO; to pure the system before
each experimental run, further impacting product analysis. Overall, this cell was
cost effective and easy to construct, but had several drawbacks as a result of the
relative size of the components, poor product purity and instability rendering it

less feasible for larger scale use.

Pine Research Cell (H-Cell)

Another H-cell that was physically examined for its ability to be utilised for CO;
electrocatalysis is Pine Research’s Low Volume Separated Cell. Esrafilzadeh et
al. [96] used this cell to investigate the onset potential of the CO;RR on a liquid
metal electrocatalyst containing cerium nanoparticles. It is based on the classical

H - Cell design with two glass cylinders connected through a horizontal tube
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containing a salt bridge. The key variation in their design was the removal of the
salt bridge leaving two separate L shaped cylinders, which were combined by
sandwiching a membrane using a pinch clamp to hold the two halves together as

shown in Figure 4.2.

FIGURE 4.2: Photograph of the Pine Research Low Volume Separated Cell [97].

The use of the mechanical bonding method (the metal clamp, seen in Figure 4.2)
to hold the cell together, and hold the membrane in place, avoids the problem
of chemical bond degradation and allows for components to be adjusted or re-
placed more easily. Ceramics, such as glass, are known for their high chemical
resistance, low thermal and electrical conductivity, and high durability, making
them an excellent material choice for electrocatalytic cells. Additionally the in-
crease in neck width and increased half cell volume, up to 50 mL, allows for a
larger electrode to be used of 6 mm diameter. This increased electrode size and
electrolyte volume changes the geometric surface area to electrolyte volume ratio
to 0.9 cm?/mL, with much more electrolyte per cm? than the syringe cell. Ex-

perimentation again highlighted a number of challenges with this cell. Similar
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to the Syringe cell, there is no electrolyte mixing mechanism or replenishment,
however there is a much larger volume of electrolyte in the cell. The supporting
feet on the bottom of the cell made magnetic stirring of the electrolyte difficult;
stirring from the top was feasible but would result in losing a large amount of

space in the already crowded gas tight seal and probably increase gas leaks.

Secondly, whilst glass is a strong durable material, it is not easily modifiable with-
out specialist training and tools. The large electrode separation (6 cm) which
increases the electrical resistance of the cell is difficult to adjust with limited op-
tions. It is also challenging to consistently position the plate electrodes, as they
are suspended by their connecting wire from the seal. This cell is designed for
cylinder electrodes that snugly fit through the supplied Low Volume Cap as seen

in Figure 4.2.

The seal around the Nafion membrane is another weakness of this design as it
often leaks because the electrolyte can be transported perpendicular to the main
axis of the cell, through the membrane. Additionally the supplied clamp does not
apply an evenly distributed force, allowing traditional leaks to also occur, on the
open side of the clamp. This is due to the design of the clamp. Using a pinching
mechanism to apply the force, means that it is applied in a "V’ Shape, where the
clamp makes contact with the glass in an off centre position, tightly sealing the
side at the point of the "V’, but applying much less force to the open side, where

small leaks can occur, due to the decreased compression force.

Common with the syringe cell, an air head is formed when the cell is sealed.
Whilst this can be removed through the Low Volume Cap using the supplied
Purge Kit, it is difficult to do without changing the set electrolyte volume in each
of the compartments. The sealing has to be done to one half of the cell and then
the other, causing a pressure differential across the Nafion membrane, often de-
forming it and moving the electrodes. Also similar to the syringe cell, CO, has

to be bubbled directly into the cathodic half cell, once again diluting the gaseous
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products of the CO;RR.

Whilst this cell improves on some aspects of the syringe cell discussed in section
4.1.1 such as the reliability and durability of the cell, there are several considerable

negatives including the large electrode separation and limited variability.

Water Splitting Cells

Although water splitting cells are not specifically designed for CO, reduction,
the practical analysis and examination of their development and refinement of
the design over time is valuable, as well as begin the only flow cells that could
be physically examined. The cells used by Phillips et al. [98] and Rearden et al.
[99] are both developed from that used by Passas [100], so Passas’s cell will be
discussed in detail and the key modifications made in each subsequent stage are

explored.

Passas’ Flow Cell

The cell used by Passas [100] was made from acrylic sheets with outer dimensions
of 100 mm x 100 mm and interior dimensions of 60 mm x 60 mm, or a 3600 mm?
active electrode surface area (assuming perfectly smooth electrodes). A gas trap
plate reduced the active surface area within the cell to 3300 mm?. The electrodes
were made from 0.9 mm thick medical grade stainless steel sheets, cut to the
outer dimensions of the cell, with an additional 40 mm? square for connecting

the electrode wires on the outside of the plate. Passas’ cell can be seen in Figure

4.3.
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Gas out Gas out

FIGURE 4.3: Reproduced from Passas et al. [100]: Components of the Passas cell design.

This design utilises multiple acrylic plates to vary the inside geometry of the cell,
with 0.75 mm thick silicone rubber sheets used as gaskets to prevent leaks. Sim-
ilar to the Pine Research cell, Passas’ cell uses mechanical fastening to hold the
cell together. These bolts are fastened through the outer walls of the cell, instead

of a spherical clamp, providing a more evenly distributed clamping force.

Passas discussed the issue of a gas head building up within the cell which was
released when it reached a critical mass. This created pressure differentials, re-
ducing the cell’s efficiency. Redesign of the plate in that particular section with a

slope, effectively channelled the gas out of the cell.

Another feature of this design is the incorporation of expansion tanks outside of
the cell. This removes the requirement to purge any gas head, forming in the cell,

as they are displaced by the electrolyte held above the cell in the expansion tanks.

Phillips” Flow Cell

Phillips et al. [98] developed upon the cell used in Passas” work, reducing the
resistance across the cell to the lowest possible value. The key design change

was the conversion to a zero gap design, which reduced the electrode spacing



4.1. Evaluation of Current Designs 45

to the smallest distance possible, with only the membrane separating the elec-
trodes. The electrodes were changed from metal plates to meshes inside the cell.
These meshes allowed the produced bubbles to move through the electrode into
the flow field plates, then flow out of the cell, whilst being replaced with fresh
electrolyte. Additionally the Nylon bolts were replaced with steel, as they were
unable to maintain the pressure required to seal the cell, causing leaks. Due to the
electrodes and flow field plates being metal and electrically connected, the bolts

had to be insulated to avoid shorting the cell.

Rearden’s Flow Cell

Rearden et al. [99] investigated the cell’s scalability towards a commercial prod-
uct, also reducing the electrode spacing. Through modification of the electrolyte
and bubble flow paths, cells could be stacked much closer together. As seen in
Figure 4.5 the removal of the radial ports, in favour of axial ports, removes the
minimum width restriction on the anodic and cathode chambers, maintaining as
much of Phillips’ zero gap work as possible. Figure 4.4 shows how multiple chan-
nels can be offset to prevent contamination whilst maintaining flow to all sections

of the stack, and reducing leaks as much as possible.

FIGURE 4.4: Reproduced from Rearden et al. [99](CC BY 4.0): Exploded view of Rearden’s 2 mm
cell.
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FIGURE 4.5: Reproduced from Rearden et al. [99](CC BY 4.0): Comparison of Rearden’s six cell
stacks (Right), with a 2 mm cells (left).

These water splitting cells are more modular than the cells previously used, util-
ising laser cut acrylic plates which are easy, quick and cheap to manufacture,
making design refinement more cost effective. Additionally the redesigns result
in alternate ways of supplying reactants and removing products, without issues

such as creation of a gas head within the cell.

4.1.2 Cells Examined in the Literature

Although the best way to examine the functionality of a cell is through physical
use of the cell, design considerations can be identified by examining the cells used
in published works. Cell design choices detailed in papers by different authors
from a range of institutes, show successful features that can be utilised as detailed

below.

Billy’s Flow Cell

Billy et al. [57] designed a cell to examine the effect of CO, supply into the cell.
This varied the flow rate and concentration of the saturated electrolyte as well as
varying the amount and size of the CO; bubbled into the cell. Similarly to the

cells examined in section 4.1.1, they used an acrylic plate flow cell design, with
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a Selemion anion exchange membrane and KHCO3 electrolyte as represented in

Figure 4.6.
CO, purge
tube
electrolyte out Selemion® electrolyte
gasto GCI membrane I out
> i /
working reference electrolyte in counter
electrode electrode port  co2sat0.1M KHCO, electrode

FIGURE 4.6: Reproduced with permission from Billy et al. [57]: Schematic of the electrochemical
flow cell used by Billy in their CO; electroreduction experiments.

The electrode geometric surface area is reported as 26 cm?, with the cathodic
compartment containing either 27.9 ml or 48.7 ml, depending on the flow plate
used (either 1 cm or 1.75 cm) giving an electrode separation of either 2.4 cm or
3.2 cm. A 7 mm diameter glass gas-dispersion tube is used inside the cathodic
compartment which limits the minimum electrode separation, however it does

provide sufficient room for a reference electrode port in the plate.

Billy et al. [57] uses Viton rubber gaskets, which is a fluoroelastomer. This mate-
rial is not suited for use with organic acids, as the reduction of CO; can produce

carboxylic acid meaning these gaskets will perish with prolonged usage.

Jeanty’s Flow Cell

Jeanty et al. [101] work explored the conversion of CO; to CO on silver gas diffu-

sion electrode (GDE) as shown in Figure 4.7. This image demonstrates the Flow
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By GDE cell design, where the CO; is introduced into the cell in gaseous form

contra flowing with the electrolyte on the opposite side of the GDE.

catholyte + Hy - T —— — anolyte + 0,

i|7 . separator

Hy+ CO+CO; -
catholyte

~ [ — anolyte

cathode anode
WE CE

FIGURE 4.7: Reproduced with permission from Jeanty et al. [101]: Cross-sectional drawing of the
cell used by Jeanty, Highlighting the "Flow By’ design.

This design is much larger than the previously examined CO; catalysis cells, with
the active electrode surface area being 7.67 cm?. It has two membrane pumps
to circulate the electrolyte through the cell and supporting containment. A gas
separation tank is utilised on the output from the cathodic compartment to collect

the gaseous products.

A key difference to other designs is that the anolyte and catholyte are not held
separately, as seen in Figure 4.8. CO; is bubbled through the combined electrolyte
reservoir to saturate both the catholyte and the anolyte before it is pumped back
into the cell. The anodic product gases are also separated from the anolyte at this
stage and removed from the system along with the excess CO,. This design is ori-
entated towards commercial continuous operation, where the focus is achieving
a stable galvanostatic operation, preferred by industrial applications, rather than
focusing on the potential at the working electrode, as such there is no reference

electrode in this design, which reduces set up and operating costs. Continuous
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galvanostatic operation is preferred at the commercial scale as it greatly simpli-
fies the system, which reduces down time and maintenance costs along with and

overall improvement in efficiency.
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FIGURE 4.8: Reproduced with permission from Jeanty et al. [101]: Schematic of the flow cell and
external system used by Jeanty, highlighting the combined reservoir design.

Jeanty et al. [101] also investigated the effects of turbulent and laminar flow by
varying the geometry of the flow plate. The turbulent flow improved circulation
and mixing in the cell whilst the laminar flow more efficiently removed bubbles
from the cell, as shown in Figure 4.9. They developed several different flow field
designs to change the turbulence in the flowing electrolyte: a promotes turbulent

flow whilst b and ¢ show various levels of lamella flow.
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e &® (e

FIGURE 4.9: Reproduced with permission from Jeanty et al. [101]: Compartments of the cell
used by Jeanty et al. showing the three flow plates: standard (a), modified (b) and modified with
additional structures(c).

They identified a key issue with utilising GDEs was that droplets of electrolyte
form on the gas side of the GDE, reducing the areas of the GDE that is exposed to
the CO,, decreasing cell efficiency. Eventually these droplets collect and can flood
the gas compartment of the cell so sufficient drainage needs to be considered
with currently available GDEs or development of a GDE that is not susceptible to

wetting.

Wu’s Flow Cell

The third cell presented in this section, is the one utilised by Wu et al. [102] for CO
production as outlined in Figure 4.10. This design utilises a gas diffusion layer
(GDL) and a half catalyst-coated membrane (CCM), Pt/C spray coated Nafion,
which were hot pressed together forming the anode with tin sprayed onto the

outside of the GDL.

The use of the Sn GDL as the cathode in this cell removes the need for the aqueous
catholyte to transport the CO, into the cell, greatly increasing the amount of CO;
available at the electrode surface. As such, their design uses a very small amount

of catholyte, 10 ml (circulated at 5ml/min), relative to the 4 cm? active surface
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area of the cathode, with the cell run for 30 mins at a time. This circulating liquid-
phase electrolyte buffer layer, between the Nafion membrane and Sn GDE, was
found to significantly shift the selectivity toward formate formation. The low
over-potentials reported were attributed to this feature of the cell, as the GDEs
has a large number of triple-phase boundaries where CO; reduction can occur at

lower over-potentials.

Wu et al.’s work shows that the continuous circulation of the electrolyte pro-
vided convective mixing which maintained adequate pH near the cathode sur-
face, whilst the recirculation of the electrolyte was shown to be "a cost-effective

method for the accumulation of liquid products" [102].
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FIGURE 4.10: Reproduced with permission from Wu et al. [102]: An exploded drawing of the
Wu electrochemical cell featuring a buffer layer of circulating liquid-phase electrolyte.

Figure 4.10 shows a schematic of the cell used in their works. It has a similar
design to that seen in section 4.1.1, with the cell consisting of multiple plates,
sandwiched between two thick end plates held together through the use of bolts.
They also use graphite plates with serpentine channels to direct the flow of the
CO; through the cathodic chamber of the cell, behind which gold-plated metal

sheets acted as current collectors.
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4.1.3 Cells Commercially Available

In this section two of the most reported commercially available cells are exam-

ined.

ICI FM01-LC (Flow Cell)

In the 1980s, a number of commercially available flow cells, using rectangular
flow channels, were introduced for laboratory use. The most widely used cell
was the FMO01-LC electrolyser (FMO01) [103] shown in Figure 4.11. The ICI (ICI-
Chemicals and Polymers Ltd (now INEOS Chlor-Chemicals)) FMO1 cell has been
examined and utilised in several academic studies [92, 104-110]. Its 64 cm? elec-
trode area cell is based on the FM 21-SP (21 dm?), a 2100 cm? cell used in the

chlor-alkali industry, also developed by ICL

Rivera et al. [105, 106] conducted detailed reviews of the flow cell and its ver-
satility for multiple different usage scenarios including organic and inorganic
electrosynthesis, metal ion removal, energy storage, environmental remediation
and drinking water treatment. They highlight the avoidance of O ring seals, and
the cell’s ability to utilise different electrodes, separators (or ion exchange mem-
branes) and turbulence electrodes in a chemically resistant package suitable for a

wide range of electrolyte compositions and a wide temperature range.

Griffiths et al. [107] showed how the increase in electrolyte flow rate affected the
current density in the FM01-LC cell. They examined the effect of the turbulence
promoters in the cell on the pressure drop across the cell. Brown et al. [111] also
investigated the effect of the turbulence promoters, but explored its effect on the
current distribution across the electrode surface. More recently, computational

flow modelling was used to rationalise this behaviour by Vazquez et al. [112].

Vazquez et al. [109, 113], as well as several others [114, 115], conducted CFD

modelling on the FMO1 cell. Analysis of the flow dispersion in the channel was
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conducted through a mass transport study [109], with [113] including the effect

of the manifolds.
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FIGURE 4.11: Reproduced with permission from Griffiths et al. [107]: Schematic drawing of the
FMO1-LC cell.

Figure 4.11 shows a schematic diagram of the FMO01-LC cell [107]. The design
is similar to those seen earlier with several plates and gaskets sandwiched be-
tween two end plates utilising bolts to apply an even compressive force. A key
difference in this design is the turbulence promoting meshes in the flow plates.
Once again the sandwiched plate design is shown to be highly modular and easy
to modify, with the FMO01-LC cell allowing for multiple electrode stacks to be
utilised within the cell. One key consideration is the long rectangular profile of
the cell; whilst this provides an even flow distribution, the electrolyte has a rela-
tivity large distance between entering and leaving the cell, meaning a high flow

rate is required to maintain a low cell refresh time.

C-Flow Cell

A more recently developed cell is the C-Flow Lab 5x5 laboratory-scale flow cell
(C-Flow cell) lab which has been analysed in several works [94, 116-119]. Perry et
al. [94] highlighted the practical features of the cell; the thumb screws were found
to be convenient and easy to use, along with the threaded section attached to one

of the end plates as highlighted in Figure 4.12.
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The cell is relatively heavy at 5.5 Kg [119] as a result of the 304 Stainless steel
End plates, rather than the acrylic ones previously used. The cell has a projected
electrode area of 25 cm?, using a 62 mm x 62 mm electrode for an active geometric
area of 50 mm x 50 mm, with the outer 6 mm being used to mount the electrode
into the cell through compressive force applied to the electrodes through the brass
current collectors by the end plates. Unlike the FM01-LC cell, the electrolyte ports
are mounted radially to the flow distributions frames (see 5 in Figure 4.12), rather

than axially through the end plates.

1. Rear plate assembly

2. Current collector 6. Flow distributors

3. Electrodes 7. Membrane gaskets
4. Electrode gaskets 8. Membrane/separator
5. Flow distribution frames 9. Front plate assembly

FIGURE 4.12: The C-Flow Lab 5x5 laboratory-scale flow cell [117].

In this cell the electrode separation is fixed due to the thickness of the flow distri-
bution frames, along with the electrode geometry as it has to fill the 62 mm x 62

mm in the flow distribution frames.
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4.1.4 Analysis of Reviewed Cells and Design Limitations

The cells examined vary in multiple ways, with each one designed for a specific
task or factor. In all cases, the working electrode remains constant (copper), as
well as the counter electrode (platinum). Copper has been shown to be the op-
timum material for C, products and allows further utilisation of the previously

investigated copper foams.

Variation in the type of electrolyte used would make the cell difficult to compare
with previous designs, however different concentrations should be explored with

the Nafion membrane retained.

A key limitation on the size of the cell is the j requirements for copper foam de-
position, which requires 3 A/cm?. This limits the maximum possible size of the
electrode to 1 cm? with the available equipment (Ivium and CHI used by Rudd et
al. [93]). Multiple electrodes could be utilised as long as an area less than 13 cm?
can be grown at a given time. Additionally the copper foams’ growth means com-
plex surfaces for flow paths, such as those seen in Figure 8 of Perry et al. [94] and
Figures 3 and 4 of Jeanty et al. [101], are not possible as the foams would either
block the paths, or be broken off from the electrode surface, by the concentrated

electrolyte flow.

Several of the cells examined used ceramic materials such as glass. Whilst this is
a durable material with great chemical resistance, it is not easily manufactured or
modified, without specialist training and tools. As a result, the changes required
to optimise the electrode would be difficult and expensive to conduct, making
ceramics an unsuitable material to use during development though conversely,
the high chemical and electrical resistance may make it an effective material for a

fully developed end product.

The most common form of cell analysed in the literature for intermediate scale

usage is flow style designs. They can be relatively easily scaled to work with any
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size electrode and electrolyte volume. Additionally, the sections of the cell can
be easily split into individual plates, which are comparatively easy and cheap
to make. A further advantage is that this design has been shown to effectively

regulate temperature, pH and mass transport inside the cell.

The syringe cell (4.1.1) and the pine research cell (4.1.1) were both H-cells, which
both had significant limitations on the operating conditions, mainly their limited
operating life time due fixed to the volume of static electrolyte. However the
physically examined water splitting cells (section 4.1.1) could potentially operate

indefinitely.

From the reviewed literature, the best design style is a zero gap cell configuration,
as it reduces the electrode separation in the cell, therefore reducing the ohmic re-
sistance within the cell. Unfortunately, zero gap cells are not suitable for use
with the examined metal foams, as they are relatively unstable and would de-
form under hot pressing, although a partial zero gap cell or a half catalyst-coated

membrane (CCM) could be used as an anode, as seen in Wu et al. [102].

Radially mounted electrolyte ports are quite common in the examined cells, how-
ever this dictates the minimum width a plate can be due to port sizing and re-
quired support. This means that their large plates form large compartments or
complex plate interiors that are slower, more complex and expensive to man-
ufacture, making them inappropriate for this stage in the design, despite their
advantage of a simplified flow path. Additionally, as highlighted by Wu et al.
[116] radial ports, especially those with manifolds, do not provide an even flow

as the pressure gradient of the electrolyte changes across the linear manifold.

Product purity is also a key issue as many of the examined cells bubble CO;
directly into the cell, which dilutes the concentration of the gaseous products in
the cathodic compartment. Some designs have adapted GDEs in order to create

a plentiful supply of CO, at the electrode surface whilst maintaining product

purity.
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Summary

In summary the best design style for further development is the Flow cell design,
due to its longer operating lifetime. There is a clear trend in Flow cell deign,
where multiple plates are used to build up the relatively complex internal geom-

etry required for cell operation.

The most piratical design would use the acrylic plates from the examined water
splitting cells (4.1.1) along with the end mounted electrolyte ports, seen in the
designs used by Jeanty (4.1.2), Wu (4.1.2) and the FM01-LC (4.1.3). The C-Flow
lab (4.1.3) cell presents a relativity simple starting configuration and geometry

with which to start the design iterations.

4.2 Design Parameters and Specification

As observed by other researchers [120, 121], a wide range of conditions have an
impact on the electrochemical reduction of CO,, making it difficult to compare
data and determine the most practical cell design for each application. In order
to develop an effective cell it is necessary to identify the key functionality and

parameters for the operation of the cell.

This project is based on work of Sunyhik and Rudd [95] [93], with the aim of
developing a higher capacity electrolysis cell. Therefore, there is a need to keep
certain conditions constant; electrode materials and electrolyte used, which re-
sults in limitations in the cell and systems’ design. Additionally, Walsh et al. [110]

discuss several criteria for cell design:

¢ Cost effective capital and running costs - utilise components, applied cell
potential difference and cell resistance in a manner that make running the

cell financially viable.
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Convenience and reliability of design - making installation, operation and

maintenance as simple as possible.

Supporting equipment for controlling and monitoring of the cell - such as

power supply, electrolyte refreshment and storage.

Simple but versatile design - applicable to, and usable by, multiple users on

multiple projects.

Modular design - can be easily scaled up, in either size or number of cells,

in the reactor.

There are seven parameters that need to be examined in the cell and considered

during the design phase to ensure the cell is suitable for the desired testing. The

cell should:

Be easily modifiable, so that components can be modified easily and cost

effectively.

Maintain a constant volume of unreacted electrolyte.

Be easy to install.

Be suitable for ‘foams’ to be used, limited at 3 A/cm?.

Produce as pure product as possible, minimising CO; in the product stream.
Have a high electrical conductivity.

Allow an electrode size between 2 cm? and 16 cm?

As well as considering the cell requirements, a supporting system is required to

contain the products and reactants, as well as transporting them to and from the

cell. This system needs to be able to:

* Hold up 150 mL of electrolyte per half cell.

¢ Provide uncontaminated gaseous product collection.
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¢ Circulate the electrolyte, enabling the cell to operate for long durations.

4.3 Custom System Design

As identified above, a flow cell requires an external system to operate. This sec-
tion highlights the design and components used for that system. Several minor
changes were made to the supporting system over the course of cell design itera-
tions. The final custom designed support system used for all experiments, unless

specified otherwise, is presented in Figure 4.13.

Cell
Ty Yy
A A A
Anolyte Catholyte
Flow Flow

Anodic Cathodic

reservoir reservoir
- -

’ Cco,

i

Peristaltic Pump Peristaltic Pump

FIGURE 4.13: Schematic drawing of the custom designed system, not including gas capture.

4.3.1 Electrolyte Circulation

To keep the prevent reactants entering the product stream CO; is not introduced
directly into the cell. Therefore the electrolyte needs to be saturated outside of
the cell then circulated into the cell. Additionally the depleted electrolyte inside
the cell and the CO,RR products needs to be removed. The justification for the

selection of a CO, supply is discussed in the next section.
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To allow the CO; to interact with as much electrolyte as possible, the bubbler (ca-
thodic reservoir with CO, bubbles) should be as narrow and as tall as possible,
whilst maintaining an even electrolyte flow. This also minimises the amount of
electrolyte exposed to the atmosphere, reducing off gassing. It was therefore de-
cided to use 36 mm inner diameter (ID) acrylic tubing, cut to 20 cm to allow for
up to 180 mL to be stored in the reservoirs. For the base of the reservoir a 5 mm
acrylic disk was chemically bonded to the tube, with an outlet fitting in the cen-
tre. All components were connected using 4 mm ID tubing as shown in Figure

4.13, with push fittings used to make the components easily interchangeable.

To circulate the potassium bicarbonate electrolyte through this system it is nec-
essary to use pumps. The works of Wu et al et al. [102], previously examined in
section 4.1, identified the benefits of electrolyte circulation, however the optimum

rate varies with cell design.

As previously discussed, in section 2.3, there are two classifications of pump;
Dynamic and Displacement pumps. Jeanty et al. [101] used membrane pumps
at 500mL/min; these displacement pumps are effective and consistent at various
flow rates, but cause significant pulsation in the electrolyte which is a known

issue for GDEs.

The physically examined water splitting cells, examined in section 4.1.1, used
submersion pumps to circulate their electrolyte, which are dynamic pumps. A
key issue with dynamic pumps is that they cause cavitation in the electrolyte.
This means that CO, bubbles could form in the pump under high loads reducing
the amount that reaches the electrode and would also pollute the product stream.
An additional requirement is that immersion pumps have to be water tight in-

cluding their electrical components, all of which are submerged.

After taking advice from an industry specialist, (Welco) WP10-P1/8IF4-WMé6-CP
peristaltic pumps were selected with a brush-less DC motor which enables a wide

variety of flow rates over a long duration (up to 6 hours). These displacement
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pumps produce as little pulsation as possible, whilst maintaining a consistent
flow rate irrespective of pressure differential, with a minimal ramp up to or down
from a given flow rate. A separate pump was used to circulate the catholyte and
the anolyte. These pumps were powered by a Tenma 72-10495, dual output DC
Power Supply(Farnell), with a voltage range of 0 V to 30V, at 5A, resulting in flow

rates up to 200 mL/min, with individual control over each pump.

4.3.2 CO; Supply

Many of the cells in the literature bubble CO, directly into the cell, however this
dilutes the gaseous product in the cathodic compartment. The most common
way to overcome this issue is through the use of a GDE, however this difficult to
implement. The main challenge with GDE implementation is the pressure imbal-
ance between the liquid and gaseous phases on either side of the GDE [122]. If
the gas pressure become sufficient to overcome the surface tension of the liquid
phase, then the gas phase enters the liquid phase diluting gaseous products. Con-
versely if the gas pressure is too low, then electrode wetting occurs, as highlighted
by Jeanty et al. [101]; the electrolyte enters the gaseous side of the electrode, flood-
ing the gas chamber and reducing the area of the electrode that is in contact with

the CO».

A more simplistic way to prevent the product dilution is to saturate the electrolyte
with CO; outside of the cell, and then circulate the electrolyte into the cell. The
main drawback is that the amount of CO5 is then limited to how much can be

dissolved in the electrolyte (as detailed in section C.3.1).

For this work, the initial decision was made to saturate the electrolyte with CO;
outside of the cell, before it became necessary to implement a GDE to improve FE

as detailed in Chapter 7.

Several of the examined cells used a needle to introduce the CO, into the elec-

trolyte. Billy et al. [57] showed the importance of using small bubbles to saturate
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the CO, quickly, as well as the effect of flow rate on the electrolyte saturation
speed. Needles tend to produce a single large bubble, whereas fritted glass pro-
duces many more, smaller bubbles over a larger area. It was decided to modify
the cathodic reservoir to have a fritted glass bottom, connected to a CO; supply.
With the outlet to the pump moved to the side wall 10 mm above the frit, this out-
let was also profiled to prevent CO; bubbles from entering, instead of deflecting

them around, the outlet.

4.3.3 Product Separation

The membrane that divides the cell is a crucial part that prevents anodic and
cathodic products mixing inside the cell, especially hydrogen and oxygen. The
oxyhydrogen mixture is known to ignite with sparks of 20 microjoules, at stan-
dard temperature and pressure, when it is between about 4% and 95% hydrogen
by volume [123]. The oxygen, from the anode, can also combust with some of
the CO2RR making it essential to keep the gaseous product separated. Therefore
separate cathodic and anodic reservoirs were used to keep the electrolytes and

products distinct.

For the anodic side the output from the cell flows directly into the anodic reser-
voir, where it enters above the waterline allowing for the evolved oxygen to be

easily vented into the atmosphere.

For the cathodic side it was necessary to collect the gaseous products for analysis,
so this outlet could not be vented like the anodic side. Several techniques were
trialled to remove as much of the gaseous products from the cathodic outflow
as possible, however the limitations explained in Chapter 7 meant that the only
effective choice was a liquid displacement gas trap design as shown in Figure
4.14. The electrolyte and gases from the cathodic compartment of the cell enter
through a fitting in the bottom of an acrylic container (acrylic sheet chemically

bonded to a reservoir cylinder off-cut). The gases are then trapped, in the gas
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head, by an inverted disposable syringe, however the electrolyte can freely flow
around the gas trap and be returned to the electrolyte reservoir. The top of the
syringe was sealed with epoxy resin, with two needles inside the syringe; the first
allows for gas collection, whilst the second is used to flood the head space at the
start of each experiment, preventing contamination.

Gas Collection

Syringe

Product Gas
Head

° Catholyte to
o the bubbler

Catholyte and
gasses from cell

FIGURE 4.14: Schematic drawing of the gas trap used in the designed system.

4.3.4 Power Supply

Would et al. found that "two electrode cell systems are desirable for the real appli-
cations not only for the enhanced performance but also for the simplified systems
and reduced cost" [124]. Additionally they found that solar cells could easily re-
place the DC power supplies in the two electrode cell system, as they provide
almost the same performance. However they only use a single compartment cell

and expected some difference in two-compartment reactors.

With limited available funds and the current equipment limited to 5 V and 3 A,
a Tenma 72-2930 single channel programmable DC power supply was selected

for this study. The 10 A capacity, allows for growth of copper foams on electrode
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up to 3 cm?, whilst also being able to be utilised for CO, electrocatalysis. Im-
portantly its digital output enables real-time monitoring, programmable output
(testing profiles) and data logging software, whilst remaining within an afford-
able price. Jeanty et al. [101] also do not use a reference electrode, highlighting
that focus is on stable galvanostatic operation for long-term electrolysis, rather

than examining the exact process on the working electrode surface .

4.4 Cell Design Iterations

Several initial designs were produced and compared to the design specification,
the most promising of which was taken forward. In this section the cell design
was developed further, using the design specification to further refine and im-

prove the cell.

4.4.1 Designed Cell: MK 1

The initial cell design was heavily influenced by the cells examined, summarised
in section 4.1.4. The designed cell is rectangular, measured 80 mm in length,
50 mm in width and was approximately 35 mm in thickness when assembled.
The cell can support electrodes up to 16 cm?, with a 2 cm? electrode plate and
flow plates dictate the flow of the electrolyte through the cell from left to right as
shown in Figure 4.16. The cell had four bolt holes, one in each corner, through
which a M6 stainless steel threaded bar was used to compress the cell. Silicone
rubber sheets were used as gaskets in the design due to their relatively low cost
whilst having suitable resistance to all compounds in the system. The horizon-
tal operating profile came from the FMO01-LC cell (4.1.3), utilising the assembly
configuration of the four bolts, one in each corner seen in in the designs of the
C-Flow Cell (4.1.3) and Passas’ (4.1.1), and the acrylic plates from the physically
examined water splitting cells (4.1.1). The C-Flow Cell (4.1.3) also influenced the

anodic mounting method, as can be seen in Figure 4.16 component 5 (Anode
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Holder), where the platinum mesh was held within a recess in the plate, with

another small recess for electrical connection.

Whilst this cell met the design specification there were several issues. The bolt
holes proved too loose for the threaded bar that passed through them. Whilst
making assembly easier, quickly aligning the cell, the thin walls of the cell are not
aligned well causing leaks. Only having bolts at the ends seals the cell effectively,
however under electrolyte flow, pressure is applied to the cell, causing leaks to
occur in the centre section where the compression is weakest. Wu et al [102] used
an 8 bolt octagonal distribution which would mean substantial geometric change
to the cell and was utilised in the MK 2 iteration to combat this issue. Another
difficulty was that the cell would drop rapidly in current density, with the end
gaskets obstructing the view of the cell; it was difficult to identify the cause of

this drop, which is further discussed in Chapter 5.

Multiple Electrode Plates

A key limitation on the cell is the restriction on the size of the electrode on which
a foam can be grown. As the foam deposition requires 3 A/cm?, the 10 A limita-
tion in the available equipment means that the maximum electrode size is 3 cm?.
A way to combat this is to use multiple electrode plates, where the foams can
be grown on each plate individually before conducting CO,RR on all the plates
simultaneously. Using 3 cm? electrodes its is not possible to fill a 4x4 cm square;
the simplest plates that could be used, are 10 mm x 30 mm or 17.3 mm x 17.3
mm. However a 2 cm? electrode is much easier to incorporate into the 40 mm x
40 mm space. Multiple cathodic holder plates were designed using 2 cm? elec-
trodes, with up to 8 electrodes being able to be theoretically fit into the 40 mm
x 40 mm area. Due to the cell being transport limited (Chapter 7), the multiple
electrode plates were never used, as they were superseded by the development

of a GDE.
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Figure 4.15 shows the CAD drawings for the 1, 2 and 4 cathode plates. In these
designs various numbers of 2 cm? electrode plates are mounted in the 40 mm x
40 mm electrochemical area, with the anodic and membrane geometric surface

areas being the same size and position in the cell.

FIGURE 4.15: Top down drawing of 1, 2 and 4 cathode plates for the MK 1 cell design.
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MK 1 Iteration (Design)

Figure 4.16 shows an exploded view of the MK1 design, with Table 4.1 being the

associated table of parts.

FIGURE 4.16: Exploded, Schematic Drawing of the MK 1 cell design.

Item Part Thickness Material
1 End Plate 5 mm Acrylic
2 End Gasket 1mm | Silicone Rubber
3 Flow Plate 3 mm Acrylic
4 Square gasket 1mm | Silicone Rubber
5 Anode Holder 3mm Acrylic
6 Flow Gasket 1mm | Silicone Rubber
7 | Membrane Support Plate | 3mm Acrylic
8 Cathode Holder 3 mm Acrylic

TABLE 4.1: Parts table for MK 1 design.
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4.4.2 Designed Cell: MK 2

Having conducted initial testing on the MK 1 cell, the limitations of the design
prevented evaluative testing for cell properties. As such, the cell underwent sub-

stantial redesign, generating a second iteration of the cell design.

Key Changes from MK 1 cell

The key changes made between the MK 1 and MK 2 cell are:

* The centre section (where it was only in contact with the acrylic end plate) of
the end gaskets were removed to allow visual observation of the cell inside
of the cell during testing, making it much easier to detect gas build up in

the cell.

¢ Cathodic end plate was removed as it was made redundant by increasing
the thickness of the cathode holder to 5 mm to act as end plate, no need for

cable routing channel that caused leaks.

¢ The cell orientation changed from a horizontal to a vertical design to im-
prove flow in the cell by preventing gas heads from building up in the cell
during set up and testing, which reduced the active surface area of the elec-

trodes.

¢ The exterior profile was changed to an octagonal geometry to accommodate
the additional bolts and to have them more evenly distributed for better
compression, reducing the number of leaks in the cell. This also resulted
in less stress on the cell especially around the bolt holes, so that the cell no

longer showed stress marks and fractures from tightening of the bolts.

* Washers were added to both ends of the bolts, distributing the compressive
force more evenly to the acrylic End Plates. This reduced ware to the end
plates, prevented cracking, and provided more evenly distributed compres-

sive force, reducing leaks.
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* The bolt hole diameter was reduced, which improved the cell alignment
during assembly, although it was harder to hold the cell together and insert

the bolts.

* The flow profile was updated as per the flow modelling, discussed in sec-

tion 4.5, which refined the geometry of the flow plate and gaskets.

* The anodic holder plate was removed as it did not consistently support the
platinum mesh. Instead the mesh was sandwiched between two square

gaskets with the compressive force, from the bolts, holding it in place.

Preventing Gas Build-up

By removing the cathodic end plate and end gasket, from the MK 1 design, as
well as changing the anodic end gasket to a square gasket, the interior of the cell
could be observed during CO, electrocatalysis. This showed that the rapid drop
in current density seen in the MK 1 design was due to the build up of gases in the
cell. The first change made in the MK 2 design was to rotate the flow direction of
from horizontal to vertical. This modification meant that the bubbles that would
produce an airhead in the top of the cell and instead naturally move towards the

cell output rather than collect within the cell.

The second discovered reason for bubble build up (after the cell orientation was
changed) was attributed to gas pockets forming in the membrane support plate,
reducing the active surface area of the Nafion membrane. The decision was made
to remove the support plate even though there would be increased pulsation

within the cell.

The final source of bubble build up was found to be on the anode, as can be
seen in Figure 4.17, which shows a later version of the MK 2 cell during CO,

electrocatalysis. The anodic square gasket has been replaced with a flow gasket
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to better examine the issue of gas build up behind the anode. This issue was

addressed through flow modelling as discussed in detail in section 4.5.

up.

FIGURE 4.18: Photo showing the inclusion of a reference electrode on the MK 2 cell.

Reference Electrode Inclusion

During initial testing it was necessary to be able to compare the cell to that of a

3 electrode variant. With the cathodic compartment being too thin for a radial
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mounting method and the cathodic plate now exposed and increased to 5mm
thickness, it was possible to mount a reference electrode. By chemically bonding
an acrylic inlet tube to a 6mm hole cut into the cathodic holder plate, 5mm above
the single cathode holder in the centre of the cell, a reference electrode could be
inserted and sealed with PTFE tape, as shown in Figure 4.18. The requirement for
a GDE prevented this modification being taken further, due to the requirements
for a 3 phase boundary, with a liquid phase on one side and a gas phase on the
other. It was not possible to effectively seal the reference electrode access tube

inside the gas chamber for the GDE.

A potentiostat can be used as a two electrode setup by combining the reference
electrode and working electrode, making the reference electrode circuit measure
no different to the potential of the working electrode. This combined with the
knowledge that the current is measured between the working and counter elec-
trodes [125], meant that a rough comparison could be obtained to guide the range
of potential as examined in Chapter 7. By applying the optimum potential for the
FE of ethylene at the working electrode as reported by Rudd et al. [93] as 1.4V,
the charge across the cell could be recorded. Then a potential across the cell is
applied, in a two electrode configuration, and slowly increased until the same
current across the cell is seen, with that applied potential being 3.98 V across the

cell.

Nafion Membrane Alternatives

Several membrane alternatives were examined: 10 micron UHMW polyethy-
lene porous sheet, 50 micron UHMW polyethylene porous sheet plus 90 Micron
polypropylene/ UHMW polyethylene blend porous sheet trialled in Chapter 5.
A pressure imbalance was caused by being unable to perfectly synchronise the
pumps so that the pressure waves and the gravitational potential energy on each

side of the membrane was equal. This meant that electrolyte flowed between the
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cathodic and anodic chambers, so that one of the reservoirs would be severely

depleted whilst the other was overflowing, after a short period of time.

MK 2 Iteration (Design)

The resultant MK 2 cell is shown in Figure 4.19, with Table 4.2 detailing the asso-

ciated parts.

FIGURE 4.19: Exploded, Schematic Drawing of the MK 2 cell design.

Number Part Thickness | Material
1 End Plate 5mm | Acrylic
2 square gasket 1mm | Silicone
3 Flow plate 3mm | Acrylic
4 Flow gasket 1mm | Silicone
5 Membrane support | 3mm | Acrylic
6 Cathode Holder 5mm | Acrylic

TABLE 4.2: Parts table for MK 2 design.
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4.4.3 Designed Cell: MK 3

A third iteration of the cell was finalised after completion of the work discussed
in Chapter 5, when the focus moved from the physical features of the cell to the
properties of the cathode. The results of these experiments highlighted several

changes were required to further improve the functionality of the cell.

Key Changes

As discovered in testing of the MK 2 design, the membrane support plate, which
could now be observed through the window cut into the anodic rear gasket,
caused significant bubble build up as the produced oxygen became trapped. This
‘air gap’ restricts the overall conductive area of the membrane, reducing cell elec-
trical conductivity. Additionally the testing reported in Chapter 5 showed the
importance of electrode spacing; the support plate was too thick to remain in the
design and instead the membrane size was increased from 50 mm x 50 mm to the
full cell geometry, and sandwiched between the two silicone flow gaskets (see
item 4 in Table 4.3 and Figure 4.20). This ensured a tight seal between the an-
odic and cathodic compartment. Several other plates were removed to facilitate

optimum electrode separation and flow rate.

With the addition of the anodic blocked flow plate, discussed further in section
4.5.2, the plates of the cell had to be assembled in a certain orientation (the cell was
not mirrored). Filleting the external geometry at the top of the cell, whilst leav-
ing the bottom of the cell chamfered, ensured that the cell was assembled with
each plate in the incorrect orientation. With this change in external geometry, a
further reduction in the diameter of the bolt holes was made, further improving
the alignment of the cell. Along with this reduction in size, the bolt holes were
moved further away from the internal geometry of the cell, increasing the sealing

area of the gaskets, preventing leaks from occurring through the bolt holes. This
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was most noticeable in the results of the high speed imagery work, where black

ink was found in the bolt holes when the highly obstructed plates were examined.

The diameter of the holes for the electrode ports was increased, which meant
that the connector tubes could be axially bonded to the plate, rather than sur-
face mounted. This greatly improved the strength of the part and reduced the

instances of them being snapped off.

The later iterations of the cell versions utilise fewer individual parts. The MK 2
cell had 6 different components and a total of 12 parts. In the MK 3 version there
are 5 components and 7 parts (not including GDE adaption). This made assembly

simpler, quicker and easier.

GDE Inclusion

Throughout Chapter 7 it became clear that the key factor limiting the product dis-
tribution was the amount of CO, reaching the electrode surface. The cell needed
to be optimised for conductivity (in Chapter 5) and mass transport (flow mod-
elling). The best way to improve the amount of CO; reaching the cathode was by
converting the cell to a GDE configuration. The addition of two more connection
points, to the cathodic end plate, provided a gas supply into the cell. These ports
were placed between the side bolt holes, with the gas flow horizontal across the

cell.

MK 3 Iteration (Design)

The resultant MK 3 cell is shown in Figure 4.20, with Table 4.3 detailing the asso-

ciated parts.
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FIGURE 4.20: Exploded schematic drawing of the MK 3 cell design with GDE adaptation.

Item Part Thickness Material
1 End plate 5mm Acrylic
2 | Anodic half-flow plate 2mm Acrylic
3 Square gasket 1mm | Silicon rubber
4 | Membrane flow gaskets | 1mm | Silicon rubber
5 Cathode Holder 3 mm Acrylic
6 Gas phase gasket 1 mm | Silicon rubber
7 Gas phase plate 3mm Acrylic
8 3 phase end Plate 5mm Acrylic

TABLE 4.3: Parts table for MK 3 design.
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4.5 Flow Modelling

Computer modelling was conducted to examine the flow path of the electrolyte
within the cell at several stages of the designs. Two aspects of the cell were ex-
amined; the anodic flow to reduce bubble build up and the effect of the profile of
the flow plate on the electrolyte flow and dispersion through the cell. The data
presented in this section are from the final iteration of the MK 2 design and were

used to produce the MK 3 design.

For this analysis the interior geometry of the cell is divided into five sections: the
Inlet, Inlet Feeder, Exposed electrode area, Outlet feeder and Outlet as shown in
Figure 4.21. For all the images containing simulations, the cell is displayed on its

side, with the electrolyte flowing from left to right.

Exposed

Electrode Area

FIGURE 4.21: Schematic of cell sections.

4.5.1 Mesh Refinement

The meshes used in the simulations were automatically generated by the CFD
software, with the mesh resolution factor being adjusted to produce different
mesh levels. The number of elements and nodes generated at each resolution

factor is shown in 4.4. A suitable Mesh Resolution Factor (MRF) was chosen
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by comparing simulation flow results with experimental results. Different MRF

changed the predictions made by the model as shown in Figure 4.22.

The flow trajectories in the cell chamber changed considerably as the meshing
(number of nodes / elements) was increased (decrease in MRF), as well as the
definition of the simulation. The flow traces covered much more of the cell com-
partment in Figure 4.22 a and b compared to a lower meshing level, as seen in
Figure 4.22 f and g, where the flow traces do not enter the corners towards the
right hand side of the image. Additionally the higher meshed simulations show
much more evenly distributed flow, with a higher flow rate data presented (blue-

red colour gradient).

Mesh Resolution | Number of | Number of
Mesh

Factor Nodes Elements
a 0.1 98071 316132
b 0.5 25576 73361
C 1 8634 23125
d 1.5 4582 10610
e 2 3131 6777
f 2.5 2724 5802
g 3 2728 5808

TABLE 4.4: Mesh resolution factor and resulting number of nodes / elements.
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FIGURE 4.22: Flow traces, for each of the simulated mesh resolution factors, shown in Table 4.4.

Figure 4.23 shows the effect of the MRF on the distribution of the nodes within
the cell. Image a has a MRF of 0.1, b is 1.5 and c is 3. The difference between
the concentration and number of nodes can easily be seen, especially in the areas
around the input and output. The MRF was chosen as the independent variable
as this concentrates the nodes in the areas most likely to have an effect on the tur-
bulence and therefore flow through the cell. A MRF of 0.5 was chosen for future
simulations, as it provides a high level of accuracy whilst keeping the simulation

time to a reasonable length.

FIGURE 4.23: Node maps for 3 of the simulated mesh resolution factors: ais 0.1, b is 1.5 and c is
3.
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4.5.2 Bubble dispersion

During initial testing of the MK 2 cell design, it was found that bubbles were
becoming trapped in the platinum mesh anode, reducing the wet surface area
of the electrode and negatively impacting the efficiency of the cell, as discussed
in section 4.4.2. In order to solve this, several design variations were examined
using simulation of the cell to adequately visualise the flow of the electrolyte
through the anodic compartment. The effect of these bubbles is further discussed

in section 5.2.1.

The most effective way to prevent this bubble build up was to change the flow
plate behind the anode, so that the inlet feeder section is sealed. This change
increased the flow at the inlet feeder in front of the anode, producing low pressure
behind the anode where the cross sectional area of the outlet feeder is much larger
than that of the plate in front of the anode. This caused the majority of the flow to
pass through the anode removing the trapped bubbles. The outlet feeder was left
open in front of the anode to prevent gas build up. Figure 4.24 shows the original
and modified flow plate, whilst Figure 4.25 shows the original and modified flow

paths.

FIGURE 4.24: Designs of the anodic flow plate: a. original plate for the dual flow design, b. new
single entry point design.
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FIGURE 4.25: Simulated flow paths for anodic chamber: a. original dual inlet design, b. new
single inlet design.

In Figure 4.25 the flow is from left to right. The anode (platinum mesh), al-
though not modelled, is situated between the two flow plates indicated by the
areas where the flow enters the anodic compartment(on the left) and leaves (on
the right). By removing the bottom inlet from Figure 4.25 a, the flow into the cell
is concentrated through the top inlet. Retaining the wider outlet behind the an-
ode (bottom right), means the preferential flow passes through the anodic mesh,
with this flow dislodging bubbles building up in the mesh. This flow can be seen
in the increased number of traces moving from top to bottom in 4.25 comparing

b to a.

4.5.3 Flow Path

The CFD modelling was also used to examine the electrolyte flow through dif-
ferent internal cell geometries, with five different aspects being examined: the

feeder profile, inlet and outlet profile, cell restrictions and cell obstructions.

Several flow plates were examined with the most interesting shown in Figure
4.26. The characteristics examined included: tapered feeds and collectors, rounded
feeds and collectors, obstructions across the cell, and restrictions in the cell. The

flow rate at the inlet of the cell is equivalent to 60 mL/min, with the thickness of
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all plates being 3 mm and a gaskets thickness of 1 mm giving 5 mm total thick-
ness. The results of the flow simulations are shown in Figure 4.27 where each
of the plates has been rotated 90°clockwise from Figure 4.26, so that the flow is
modelled from left to right in Figure 4.27 of each of the plates. The lines observ-
able in the figure displays the path of a 'seed” particle through the cell, with the
colour scale showing their velocity in cm/s at a given point. It is key to note that
the cell restrictions are the full width of the acrylic plate, but are not included in

the accompanying gaskets.

Plate a was deemed to be the optimum flow plate profile for use in the cell; the
restriction at the inlet causes relatively high pressure in that area as seen by the
increased velocity of the seeds in the inlet area. This causes a comparatively even
spread of flow across the full width of the inlet feeder area, which quickly settles
into comparatively laminar flow trajectories over the centre of the exposed elec-
trode area. Electrolyte that initially travels around the outside of the cell is rein-
troduced to the second half of the exposed electrode area increasing the amount

of fresh electrolyte that reaches the electrode.



FIGURE 4.26: Designs of the flow plate: a. optimised plate, b. vectored unrestricted plate, c. cir-
cular unrestricted plate, d. circular unrestricted plate with obstruction, e. vectored unrestricted
plate with obstruction, f. double obstructed plate, g. high restriction inlet plate, h. multiple equal
restriction plate.

FIGURE 4.27: Top down view of the simulated flow paths for each of the flow plate designs
presented in Figure 4.26, the colour scale shows velocity magnitude (cm/s).

Plate b has the delta shaped feeder profile of plate a, but the removal of the inlet

restriction greatly reduces the velocity of the ‘seed” at the inlet, as the electrolyte
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is able to flow in the opposite direction to the outlet (moves to the left of the inlet
rather than the right). This low flow rate, in the centre of the cell, causes the trace
particles in this region to take a more indirect route through the cell with several
stagnant areas being created in the centre of the cell (shown by the lack of traced
particles in a given area). Most of the flow travels around the outside of the cell
as a result of the reversed direction of flow at the inlet being forced against the
flow plate’s walls, meaning that the majority of the flow through the cell is pathed

around the edge of the cell.

This effect was also seen in the hemispherical designs (plate c) with the smoother
profile of the flow plate directing the flow at the edges in a more laminar way, also
producing a relatively stagnant central region. Additionally some eddy currents
were observed in the hemispherical designs. Both plates b and c showed low flow
through the centre of the cell with large stagnant regions forming, increasing the

diffusion distance from the fresh electrolyte to the electrode surface.

The presence of a single cell obstruction in the centre of the electrode exposed
area, as seen in plates d and e (compared to c and b respectively), shows an im-
provement in flow distribution in the second half of the flow plate, with a much
more laminar like flow over the second half of the exposed electrode area and into
the outlet feeder. However the first half of the flow plate shows much more tur-
bulence, with the "seeds’ changing direction more and in a smaller area. Whilst
this increased turbulence in the first half, did not completely remove the stag-
nant areas, it did show a reduction in re-circulation (eddy currents). Additionally
in the second half, after the cell obstruction, the flow distribution is more lami-
nar in the horizontal plane than before the obstruction. In contrast, the vertical
flow is almost non existent, with the majority of the flow only in a thin layer that
very slowly disperses towards the outlet creating a large stagnant area in the top
(from the perspective of the rotated figures) of the cell. Later practical trials (sec-

tion 4.28) would show that these slight performance increases have significant
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costs for piratical implementation.

Placing the cell obstruction later in the cell did not improve the flow distribution
across the exposed electrode area. Earlier placement of the obstruction, between
the inlet feeder and the exposed electrode area, did provide some improvement to
evenness of the flow across the exposed electrode area, but was not as effective as
the restriction at the inlet (plate a). Secondary obstructions (plate f), did improve
the cell distribution of the flow, across the exposed electrode area. However the
flow was reduced to an even thinner horizontal layer, than seen with a single
obstruction, with significant stagnant area between the obstructions. Once again
later practical trials (section 4.28) showed the difficulties of implementing this

design practically.

With plate a showing considerable improvement from inlet restriction, the restric-
tion was expanded further, producing plate g. This flow plate profile directs the
majority of the flow over the centre of the exposed electrode area. However this
focused flow is at a considerable velocity which may interfere with materials de-
posited on the electrode surface. Also, this flow is so focused that it creates signif-
icant stagnant areas on either side of the main flow, with considerable eddy cur-
rents forming around them, potentially recirculating depleted electrolyte. Mov-
ing the restriction further into the cell creates a high turbulence area before the
restriction as the flow is concentrated in the central section, seen in Figure 4.27 h).
The addition of restrictions later in the cell removes the eddy currents with the

troughs between the restrictions becoming stagnant.

4.5.4 High Speed Imagery

The computational flow modelling was confirmed by analysing the data captured
on a high speed camera as per section 3.7. The flow plates from Figure 4.26 were
examined using the HSI with the frames from plates a, b and c seen in Figure 4.28.

The flow rate was set to 60mL/min, the same as in section 4.5.3 with the images
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in Figure 4.28 all being the frames taken one second after the ink entered the cell.

The full method is described in section 3.7.

FIGURE 4.28: Images captured from HSI for flow plates a, b and c.

By comparing the CFD models for each plate (Figure 4.26) to the HSI, the accuracy
of the CFD modelling can be observed, with Figure 4.28 showing the frame 1
second after the frame where the ink first enters the cell. Plate a has a relatively
even spread of ink across the cell, with the ink strands flowing approximately the
same distance within the 1 second, roughly as predicted by the CFD model. In
plate b the ink moved much further around the outside of the cell than through
the centre, within the 1 second, as the CFD model for Plate predicted proving that
the lack of restriction at the inlet reduces the amount of flow through the centre of
the cell. The lines of ink show turbulence in the cell as they often change direction
and are quite dissipated. A similar effect was seen in plate ¢ where the ink also
travels around the outside of the cell. However the flow is much more laminar
in the top of the cell, with the flow lines being much more defined than those of

plate b and running in a much more parallel way.

The flow plates with the inclusion of the obstruction across the cell (d, e, f) proved
impractical for usage within the cell as they caused considerable leaks to occur

and as such are not presented in Figure 4.28 as the results proved too inconsistent.
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The footage showed that the area before the restriction filled quickly, with the fol-
lowing sections taking much longer to be filled with ink, often with the recording
terminating before the cell was filled with ink due to the exposure time available.
The inclusion of a second cell obstruction resulted in more leaks in the cell mak-
ing testing impossible. Plates g and h were not tested as they were deemed to be

impractical designs for use in the cell.

Flow simulations become less accurate at lower flow speeds with the random
movement of the individual molecules of the liquid becoming a larger factor de-
termining their velocity. The HSI showed stronger mixing in the stagnant regions
of the CFD modelling than predicted. A key limitation in the level of CFD used
is that it cannot model diffusion mixing, as a result the CFD modelling is not

entirely accurate, but can still be used to optimise cell designs effectively.

Cell Refresh Rate

By examining the time taken for the ink to fill or empty from the cell, the num-
ber of cell volumes required to fully refresh the cell can be determined. This
value gives a comparable indication to the distribution of flow through each of
the plates, highlighting the effects of any stagnate areas. A higher value will have
lower flow distribution requiring more mixing to clear the cell, therefore requir-
ing a larger amount of fluid to refresh the entire volume. Experimental results
were quantified by recording the time taken for the cell to fill and, separately,
empty with ink. The time taken for each cell is not comparable due to their differ-
ent internal volumes, hence the need for Number of Cell Volumes for each flow

plate, shown in Table 4.5.
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Flow | Internal Volume Time for a Number of Cell
Plate (mm3) Single Refresh (s) | Volumes to Refresh
A 31645.20 31.645 3.43
B 31940.45 31.994 4.04
C 34387.89 34.388 4.53
D 33747.89 33.748 5.56
E 31366.56 31.367 6.14

TABLE 4.5: Internal Volume, Volumetric refresh rates and the Number of Cell Volumes required
for examined flow plates.

Plate A, clearly, has the lowest number of volumes required to empty the cell,
making it the best design for refreshing the CO; saturated electrolyte. Although
the ink is not completely comparable to the performance of the electrolyte, it still
gives a rough indication of time each flow plate requires to completely refresh the
cell. The key limitation of this method is that the ink behaves slightly differently
to CO; saturated KHCO3 in the cell, although the ink’s progress is much easier to
track through the cell. Additionally the exact point when the ink fills or empties

the cell had some variation due to subjective error.

4.5.5 Proposed Cell Design

Having completed all testing, a cell design can be proposed for further develop-
ment in future works. The modifications between the initial design and the MK
3 version make the cell stackable, where the anodic and cathodic channels have
been offset, allowing for multiple compartments to be supplied from the same
feed. This means that the cell could be used in stack as is possible in the FM01-
LC cell (section 4.1.3) and as used by Rearden et al. in section 4.1.1, as well as in

certain designs in the literature [125-127].

The key modification in this design is the setting of the anodic and cathodic elec-

trolyte channels which allows for additional cells to be fed off the same supply,
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as seen in Figure 4.29 where the connecting end plate hold the ports for both the
anodic and cathodic electrolyte. A consequence of this change is that the pro-
file of the flow gasket has been altered and will require additional modelling to

optimise the flow path.

Membrane
support window

TN
(5)
Cathode N

FIGURE 4.29: Exploded schematic drawing of the Proposed Cell Design.
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Item Part Thickness Material
1 Stoppered End Plate | 5 mm Acrylic
2 Anodic Gasket 1mm | Silicone Rubber
3 Square gasket 1mm | Silicone Rubber
4 Anodic Flow gasket 1mm | Silicone Rubber
5 | Cathodic Flow gasket | 1 mm | Silicone Rubber
6 Cathode plate 3 mm Acrylic
7 CO; supply plate 5 mm Acrylic
8 | Connecting end plate | 5mm Acrylic

TABLE 4.6: Parts table for the proposed cell design.

Figure 4.29 shows the exploded schematic drawing for the proposed cell design,
with Table 4.6 detailing the associated parts. A 50 mm x 50 mm Nafion membrane
should be mounted to a square gasket forming the membrane support window.
The anode is again sandwiched between two square gaskets and a GDE can be
utilised as the cathode in the cathode plate, using the CO, supply plate to intro-

duce the CO; into the cell.

4.5.6 Conclusion

Improving the supply of CO; to the electrode and removal of subsequent prod-
ucts can be done by increasing the pump speed (examined further in section
5.2.1). However, this incurs three greater costs on the system: mechanically, the
system must withstand a greater pressure; longevity, the parts will be more sub-
ject to wear; and; financially, cost of more power needed to run the pumps for the
same amount of time. Improved flow profiles can effectively reduce the diffusion
distance of the bulk electrolyte to the electrode surface, with little cost and may

reduce pumping requirements.
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In summary, inlet restriction has been shown to effectively reduce the amount of
electrolyte that passes around the outside of the cell, with more even flow across
the exposed electrode area. The internal geometry of the flow plates is also im-
portant with the harsher angles providing better flow distribution. Obstructions
across the cell are effective at improving horizontal flow distribution, but greatly
reduce vertical flow, whilst width restrictions improve vertical flow distribution,
with reduced horizontal flow. Both obstructions and width restrictions produce
significant stagnant areas, with possible eddy currents recirculating used elec-

trolyte.

Works by Jeanty et al. [101] have shown that texturing the electrode surface can
improve turbulence within the cell. This should be examined in future works

once the size and configuration of the electrodes has been finalised.

Modelling provides a rapid and relatively cheap method of testing cell designs
before they are manufactured, as well as providing more detailed insight into
characteristics that are difficult to examine physically within the cell; quantify-
ing velocity fields, pressure fields and flow profiles. Full-system modelling could
examine fluid flow and apply these results to the wider system, finding the pres-
sure acting on the cell walls to optimise cell geometry and be used to optimise

the system’s configuration.

Future studies should examine enhanced tapered feeders, more complex 3D con-
tigurations or larger alterations to cell geometry and re-positioning of the inlet

and outlet.

4.6 Chapter Summary

In this chapter a review of the currently available electrochemical cells has been

conducted, resulting in the design and refinement of an electrochemical flow cell
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for CO, catalysis on an electrode up to 16 cm?. CFD modelling has been con-
ducted to optimise the electrolyte flow through the cell, with HSI used to confirm

the accuracy of the modelling.

4.6.1 Cell and System Evaluation and Limitations

Despite several cell design refinements there are still a few issue to be resolved in
the cell’s design. A small amount of the gaseous products could be seen collecting
in the cell and were therefore not included in the product analysis. Although this
was deemed to have reached a steady state, with a consistent amount of product
trapped in the cell, additional work should be conducted to further improve the

internal geometry of the cell.

The limitation incurred by requiring the smallest amount of electrolyte possible
to concentrate liquid products, consequently in-depth gas-liquid separation tech-
niques could not be used. As the gaseous cathodic products are soluble in water,
not all of the produced amount will be collected in the gas trap, with some being

lost into the atmosphere through de-gasification in the bubbler.

4.6.2 Future Design Outlook

A key way to improve the cost of manufacturing the designed cell is to reduce the
amount of Nafion used in its design. Alternate methods of sealing and mounting
the membrane should be examined in order to use a smaller quantity. The current
design uses a full profile Nafion cut out, having originally used a bonded acrylic
plate, and then a gasket sandwich design. An improved sandwich design, where
the gaskets better seal the edges of the membrane, or where the membrane is
chemically attached to a gasket using a silicone based adhesive, would allow for
a smaller amount of Nafion to be used reducing material costs. This is especially

important due to the considerable increase in price of Nafion over the course of
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this project, not to mention the environmental costs associated with its produc-
tion and destruction. This could also be considered alongside the adaption of a
MEA design, for the anodic side. By removing the need for electrolyte, the op-
erating cost of the cell is reduced as well as the capital cost, as an anodic pump
would no longer be needed. However the effect of this on the product efficiency

and selectivity would need to be fully examined.

Whilst this cell has an 28x to 228x increase in electrode area, compared to that
used by Rudd et al [93], it is still not suitable for commercial use, which utilise at
least 1 m? electrodes. Further scale up is required for CO, electrolysers to become
an efficient and effective use of captured carbon, with additional factors such as
preventing GDE wetting and electrode durability (maintained FE selectivity over

time), to be explored further.

More in depth flow modelling should be conducted, using advanced software
such as Ansys Fluent. This would produce much greater detail on the fluid mod-
els and allow for the simulation of gas bubbles being produced on the electrode

surface.

With the known issue of pulsation affecting the wetting of the GDE and flooding
of the gas chamber, electrolyte pressure regulation needs to be further developed.
Inclusion of pressure relief valves and / or accumulators could overcome the
problem. Alternatively, multiple pumps could be synchronised to dampen the
pulsation effect. The inclusion of digital pressure sensors in the GDE gas cham-
ber, combined with digital flow valves, would allow for instantaneous pressure
regulation in the GDE gas chamber, ensuring a regulated and continuous supply
of CO; to the electrodes surface. This is especially necessary for the proposed

tinal design as each GDE gas chamber needs to be regulated independently.
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Chapter 5

Cell Characterisation and

Performance Optimisation

5.1 Introduction

Having designed and built the electrochemical cell, it needed to be characterised
for its electrical and physical properties in order to establish the operational range
of the cell and identify the variables for later test of its carbon dioxide conversion
FE. As this study has stemmed from the research conducted by Ahn [95], and
more recently Rudd [93], the starting operating parameters were as close to their
works as possible, using 0.1 Molar potassium bicarbonate as the electrolyte and a
212 Nafion membrane. Detailed testing was conducted on several parameters to

optimise the cell.

As discussed previously in section C.1.3, the resistance of the cell can be at-
tributed to several factors including electrolyte concentration and electrode sep-
aration. Six parameters were selected for investigation in this chapter: electrolyte
flow rate, electrode separation, electrolyte concentration, supplied gas, system

configuration and electrode surface morphology.
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5.1.1 Testing Profile

To produce an I-V curve, it is necessary to record the current at several different
potentials. As the designed cell, only uses a two electrode setup, all potentials are
measured across the cell not at the working electrode. The first profile consisted
of applied potentials from 0 V to 10 V with a 0.5 V step. Each step lasted 10 mins
to check for current stability in the cell, making sure the current had plateaued
for consistent results. Preliminary testing showed no flow of electric current for

cell potentials below 3.5 V.

In order to collect broader data beyond the Ohmic range of the cell, the testing
profile adapted was started at 2 V. The intent was to explore cell optimisations
that enable activity at lower potentials, up to 22 V, with a 0.5 V step. The cell was
held at the given potential for 6 mins and then given a 2 min "cool down’ period
as this was found to allow the cell to stabilise, removing any bubbles that had
built up and replacing the electrolyte, from the previous step. The 6 min run at
each step plus the 2 min cool required over 6 hours for multiple runs for each
variable examined, not including time for cell assembly and experimental setup.
This was deemed to be an inefficient use of the available time, so the potential
step was increased to 1 V. From this improved profile the same detail could be
observed, but in a shorter time period. The testing profile was refined again; 2 V
to 22 V with a1V step between 2-4 V and 19-22 V with a 1.5 V step between 4-19
V. This greatly reduced the time per experimental run, without losing accuracy in

the data obtained.

For this chapter, unless specified otherwise, the MK 2 cell was used without the
membrane support plate. A 2 cm? copper plate was the cathode and the anode
was a 50 x 50 mm platinum mesh, with a Nafion 212 membrane dividing the cell.
The volume of KHCOj; electrolyte in each half of the cell (and supporting system)

was 150 mL. Results with error bars are presented in Appendix A
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5.2 Results and Discussion

5.2.1 Effect of Flow Rate

The flow of the electrolyte was not considered in the cells used by Ahn [95] and
Rudd [93], however it is a common factor seen in several published works as
outlined below and commonly found throughout similar processes at the indus-
trial level. Hara et al. [128] found that the pressure of the system, and stirring
the electrolyte, directly affected the FE for CO,RR of the cell with the partial cur-
rent density of their cell being only 375 mA/cm? although this was at 30 atm
pressure. Their FE peaks in the lower pressure region with stirring compared to
without stirring, determined that the thickness of the diffusion layer on the elec-
trode surface is decreased by stirring, resulting in an increase in the flux of CO;

at the electrode surface.

Billy et al. [57] showed that the rate of electrolyte flow has a key role in the cell
efficiency. They had the CO, bubbling directly into the cell, so the electrolyte was
not used to transport the CO; into the cell, unlike the design used in this chap-
ter. Increasing the electrolyte flow rate from 1.5ml/min to 3.2ml/min increased

HCOO™ formation from 10% to 20% and the CO, consumption rate.

Wu et al. [102] found that electrolyte circulation improved cell efficiency for
CO,RR, when compared to other stationary electrodes. Therefore it is necessary
to examine this property in optimising the cell, as it is suspected to impact several
factors, such as local temperature, electrolyte depletion and gas bubble formation.

Wu et al.’s cell design is examined in more detail on section 4.1.2.

Griftiths et al. [107] also showed how the increase in electrolyte flow rate affected

the current density in the FM01-LC cell discussed in section 4.11.
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Effect of Gas Bubbles

Zhang and Zeng [90] investigated the effect of gas bubbles on cell performance.
They modelled the formation of bubbles on a metal electrode in stagnant elec-
trolyte. Their work shows that for detachment to occur, the critical diameter of a
bubble is a function of its buoyancy, expansion force and inter facial tension force.
They also found that electrolyte concentration, investigated in section 5.2.3, has a
considerable impact. With the addition of electrolyte circulation, the gas bubbles
detach earlier from the metal surface, due to the additional forces acting on the
bubbles. Notably, they demonstrated a small decrease in the cell voltage when
flowing electrolyte was used. Bongenaar-Schlenter et al. [91] showed that pres-
ence of an electrolyte flow reduces the cell resistance. This suggested that the
volume of the cell that is occupied by bubbles, in the inter-electrode gap is a key
factor and that the effects from the bubble curtain, proposed by Zhang, could be

overcome.

For the variation in flow rate through the cell, the MK 2 cell, section 4.4.2, was
used without the the membrane support plate. The voltage applied to the pumps
shown in section 4.13 was varied at three different voltage in order to supply the
electrolyte at various flow rates. This was calculated by using the flow calibra-
tion, as done previously, in Figure 3.1. The catholyte and anolyte were not mixed
and pumped by separate pumps, at the specified applied voltage. 0 V acted as
the control, with no electrolyte flow in the cell. 5 V was the minimum voltage
required for the pumps to function, with a flow rate of 17 mL/min (0.3 mL/s).
The maximum applicable voltage was 20 V, which had a flow rate of 122 mL/min

(2 mL/s). A range of voltages was selected between these two end points.

Results & Discussion

Each pump voltage was tested three times with the average reading being pre-

sented in Figure 5.1. The optimum flow rate was found to be 50 mL/min (0.82
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FIGURE 5.1: Plot of current density vs applied potential for varied electrolyte flow rates.

mL/s) which had one of the highest current densities at lower voltages and also
peaked at the highest current density of 0.356 A/cm? at 13 V. Both 17 mL/min
and 50 mL/min caused the cell performance to be equal until the 10 V mark
where the performance of the 17 mL/min flow rate dropped off. The 50 mL/min

continued to perform well up until 13 V, where it peaked at 0.35 A /cm?.

A flow rate of 122 mL /min was suspected to cause excessive interference between
the two electrodes as the bicarbonate was moving at too great a speed increasing
the distance between the electrodes. Whilst 17 mL/min caused stagnation of the
cell from depletion of the electrolyte, 0 mL/min had one of the highest j at the
start, up until the 5.5 V mark, where the electrolyte becomes depleted, causing
the plateau and then drop in conductivity. 66 mL/min flow rate has a similar
performance profile as the 50 mL/min flow rate, also peaking at 13 V, however
it has a consistently lower j than the 50 mL/min flow rate and peaks at only 0.33
A/Cm?. The 84 mL/min flow rate performs even worse that the 66 mL/min flow

rate, until 17.5 where it surpasses the performance of 66 mL/min and then has the
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second highest j. Interestingly, the 84 mL/min flow rate peaks at approximately
the same j as the 17 mL/min flow rate, although this is at 16 V versus the 17

mL/min flow rate’s 14.5 V.

It is important to highlight that the flow rate of CO, was not increased with the
rise in flow rate of the electrolyte. This meant that the electrolyte spent less time
in the bubbler, with the same amount of CO», so saturation of CO, will be lower
at higher electrolyte flow rates. The fall in CO, saturation reduces the ability
of the electrolyte to act as a buffer, contributing to the reduction in j. Having
established that the 50 mL/min flow rate was optimum it was then used for all
turther testing. The drop in j, rather than a plateau, is attributed to pH build up

within the cell which examined later in sections 5.2.4 and 5.2.5.

5.2.2 Effect of Electrode Separation

The distance between the electrodes was deemed to be an important factor by
Nagai et al. [129] who showed that it had an effect on hydrogen production in
the water splitting reaction. Both Passas [100] and Phillips et al. [98] showed this
in their works, examined in section 4.1.1. It therefore stands that similar effects
would be seen in the CO; reduction reaction (CO;RR). The results can also be
predicted using the equations examined in section C.1.3, which suggested the
increase to the electrode spacing would increase the resistance of the cell, as per

Ohm'’s law, section C.1.3.

By changing the thickness of the flow plates and gaskets (parts 3 and 4 in Fig-
ure 4.19) on the cathodic side of the membrane, the distance between the two
electrodes could be varied. For these experiments the thickness of the anodic
compartment remained constant at 2 mm to the Nafion from the platinum mesh,
whilst the cathodic compartment was varied between the 4 different distances: 1

mm, 4 mm, 7 mm and 11 mm thicknesses. These distances were chosen due to
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the available material thicknesses to produce a range of variables and their corre-

sponding volumes are displayed in Table 5.1. The flow rate, optimised in section

5.2.1, was set at 50 mL/min.

Results and Discussion

Whilst Figure 5.2 shows little difference in current density for three of the dis-

tances, the 6 mm total separation has the optimum cell performance with the

highest current density. Trend analysis shows that the closer the electrodes are,

the more efficient the cell becomes.
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FIGURE 5.2: Plot of current density vs applied potential for different total separation distances

between the two electrodes.

Total separation (mm) | Cathodic Distance (mm) | Cathodic Volume (mm?)
3 1 2265.14
6 4 9060.56
9 7 15855.98
13 11 24916.54

TABLE 5.1: Electrode separations and resulting cathodic volumes.
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In contrast, the 3 mm separation does not perform as expected.The graph demon-
strates that the 3 mm separation (2 mm anodic, 1 mm cathodic) performs better up
to the 11.5 V mark, where it starts to peak and then becomes the worst perform-
ing separation. The most likely limiting factor is the reduced internal cathodic
volume as only 2.27 mL of electrolyte is directly in between the cathode and the
membrane. This 227 mm? volume does not allow much space for bubbles that
are formed during the CO,RR and therefore reduces the active surface are of the
electrode, which could result in the reduced current density seen. There is also
a case where the active surface area remains unchanged but the amount of elec-
trolyte in the cell drops due to the bubbles and correspondingly there is less ion

conductor (electrolyte) in the compartment causing a drop in current density.

As previously discussed in section C.1.3, current density is dependent upon Ryjectroryte
which is affected by the distance between the electrodes. As the separation in-
creases the resistance also increases, decreasing the current density at at a given
voltage. Additional distance between the electrodes means that there is more
electrolyte between the electrodes. Although the resistance of the electrolyte, is
relatively small there is still an increase in resistance and therefore a reduction in
current density that passes through the cell. Equation C.4 shows that the increase

in REjectrolyte Will increase the specific resistance of the cell.
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FIGURE 5.3: Plot of current density vs applied potential for different total separation distances
of the electrodes between 3 mm and 6 mm.

A secondary experiment looked at additional separations between 3 mm and 6
mm, as shown in Figure 5.3. The 6 mm total spacing achieves the best peak cur-
rent density, however this is at 15 V which is much higher than the cell would be
expected to operate. On examination of the lower voltages, in Figure 5.4, the 3
mm total separation consistently out performs the other distances up to the 11.5
V mark where it becomes the worst performing cell, for reasons previously dis-
cussed. Therefore it was determined that the 3 mm was the optimum electrode
separation to proceed to the product analysis stage with. However, if there is a
considerable increase in bubbles generated due to another variable in the cell or
refinement during FE testing, the total spacing will need to increase to 4 mm or 5

mm.

Once again the drop current density (above 15v), rather than a plateau, is at-

tributed to pH build up within the cell which examined later in sections 5.2.4 and
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5.2.5. More detailed Figures can be found in Appendix A

Total separation (mm) | Cathodic Distance (mm) | Cathodic Volume (mm?)
3 1 2265
4 2 4530
5 3 6795
6 4 9060

TABLE 5.2: revised electrode separations and resulting cathodic volumes.
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FIGURE 5.4: Plot of current density vs applied potential for total electrode separations between
3 mm and 6 mm, for applied potentials from 2.5 V i 12.5 V.

5.2.3 Effect of Electrolyte Concentration

High FE for methane and ethylene were observed by Hori and collaborators
when 0.1-0.5 M HCO3™ solutions were used [67, 130, 131]. They suggested that
when a weak acid such as HCO3™~ was the supporting electrolyte, the pH near

the electrode surface could be maintained lower than if a non-acid was used.
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This higher [H] concentration increased the yield of hydrocarbons in the reduc-
tion of CO,. Different electrolyte concentrations were examined: the 0.1 M value
was taken from the works by Ahn [95] and more recently, Rudd [93] (the cell ex-
amined in section 4.1.1). The 0.01 M and 1.0 M variables were extrapolated from
this value, with the remaining values selected during a second phase of testing in

order to have sufficient data for machine learning optimisation.

For the variation in electrolyte concentration flowing through the cell, the cell
was used as per section 4.5.5 with no physical changes being made. The flow
rate, optimised in section 5.2.1, was set at 50 mL/min. The electrode spacing,

optimised in section 5.2.2, was set at 3 mm total separation.

Results and Discussion

As expected, and shown in Figure 5.5, the 2.0 M electrolyte performed the best
with the highest current density of the examined concentrations. However, liquid
droplets were observed on several components of the system whilst examining
the higher concentrations of KHCOj3. A thermometer was used to measure the
temperature of the cathodic electrolyte after each electrolysis. The temperature
for 2 M peaked at 76 °C, a considerable increase from the starting temerature
of 19.5 °C. This heating effect was subsequently examined on the lower concen-
trations where the 0.2 M showed a thermal increase of only 5 °C, with lower

concentrations not showing any significant change in temperature.

High FEs for C, products (as reported in current literature) are not seen at the
high voltages used in these experiments, so temperature should not be a prob-
lem in later testing. It will have an effect on the conductivity of the electrolyte
as rising temperature increases mobility of the dissolved ion [132]. Therefore
the temperature increase will have affected the current density recorded for the

higher molarities where the temperature increase was observed.
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FIGURE 5.5: Plot of current density vs applied potential for different electrolyte concentrations.

Bicarbonate crystal growth was observed on several parts of the system whilst
testing the 1.0 M and 2.0 M concentrations, suggesting that despite the highest
current density, they may not be suitable for long durations. It is proposed that

this increase in conductivity is attributed to the number of ions in the electrolyte.

Figure 5.5 shows that 0.2 M KHCOs; has the highest current density. Kas et al.
[72] saw the highest FE for ethylene at 0.1 M KHCO3 suggesting this is the best
concentration to use, although they also showed a higher CO FE which is not
seen at higher concentrations. Varela et al. [133] also found that although current
density is greater at higher molarities of KHCOj3, the optimum concentration for

ethylene FE is 0.1 M.

As the current focus of this project is the enhancement of ethylene it was decided
to focus on the 0.1 M KHCO3, despite larger concentrations having higher peak

current density (j).

Once again each parameter showed a drop in j after reaching a peak, rather than a
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plateau, is attributed to pH build up within the cell which is examined in sections

5.2.4 and 5.2.5.

5.2.4 Effect of Supplied Gas

After the thermal observations in the previous section, it was decided to investi-
gate the pH changes in the electrolyte. The experiments from section 5.2.3 were
repeated for 0.01 M, 0.1 M and 1 M concentrations. It was found that for both the
0.1 M and the 1.0 M KHCOj3 had considerable pH changes. The cause and effects
of this variation required further examination as they could have a considerable

impact on the long term performance of the cell.

To examine the effects of the dissolved CO,, experiments were conducted at 0.1
M and 1 M KHCO3; with CO; or N being bubbled into the cathodic reservoir.
Both gases were bubbled for 10 mins through the bubbler before the potentials
were applied. For the variation in supplied gas to the electrolyte bubbler the cell
was used as per section 4.5.5 with no physical changes being made. The flow rate,
optimised in section 5.2.1, was set at 50 mL/min and the Electrode spacing (see
section 5.2.2), at 3 mm total separation. The pH was measured using a digital pH
probe as per section 3.4, in the anodic and cathodic reservoirs after every applied

potential (before the two minute gap).

Results

Figure 5.6 shows current density versus voltage applied to the cell with 0.1M
KHCO3, which was saturated with either CO, or Ny, supplied to the bubbler at
48 mL/min. Figures 5.7 and 5.10 show the pH after each potential step for the
COy and N electrolytes respectively. Figure 5.9 shows an identical setup but
with 1.0M KHCOj3, with Figures 5.8 and 5.11 again showing the pH after each

potential step for the CO, and N, saturated electrolytes. The higher electrolyte
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concentration was included despite the operating difficulties previously identi-
tied to show that the cell was not limited by the electrical conductivity of the

electrolyte.
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FIGURE 5.6: Plot of average current density vs applied potential for carbon dioxide and nitrogen
at 0.1 M KHCOg3 circulated at 50 mL/min in dual reservoir system.

For the 0.1 M KHCO3, Figure 5.6, the CO, saturated KHCO3 reached a peak cur-
rent density (j) of 0.279 A/cm? at 14.5 V, with the N saturated KHCOj3 only reach-
ing 0.23 A/cm? also peaking at 14.5 V after which the j begins to drop producing a
bell shaped graph. Figure 5.7, shows the pH of the anodic and cathodic reservoirs
for the CO; saturated 0.1 M KHCO3, where the pH of both reservoirs remains rel-
atively constant up to 13 V where the anodic reservoir begins to drop in pH down
to 5.1 whilst the anodic reservoir remains relatively constant. For Figure 5.8, the
Ny saturated 0.1 M KHCO;3, the pH for both start around 8.6 but after 4 V they
show significant variation with the anodic pH steadily decreasing to 4.2 at 22 V

whilst the Cathodic pH increased to 11.2.
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FIGURE 5.7: Plot of average pH of the electrolyte vs applied potential for carbon dioxide bubbled
0.1 M KHCO:s circulated at 50 mL/min in a dual reservoir system.
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FIGURE 5.8: Plot of average pH of the electrolyte vs applied potential for nitrogen bubbled 0.1
M KHCOj circulated at 50 m/min in a dual reservoir system.
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FIGURE 5.9: Plot of average current density vs applied potential for carbon dioxide and nitrogen
at 1.0 M KHCOj3 circulated at 50 mL/min in dual reservoir system.

For the 1 M KHCO;3, Figure 5.9, the CO; saturated KHCO3 reached a peak current
density of 4.05 A/ cm? at 19 V, with the N, saturated KHCO; only reaching 3.52
A/cm? also peaking at 19 V after which the j begins to drop. Figure 5.10, shows
the pH of the anodic and cathodic reservoirs for the CO; saturated 1 M KHCO;3,
where the pH of both reservoirs remains relatively constant up to 4 V with the ca-
thodic pH around 7.6 and anodic around 8.3, after which the anodic pH decreases
to around 7.5 between 8.5 V and 13 V before further decreasing to 5.4 pH. After
4V the cathodic pH steadily increases before reaming relatively constant around
8.8 pH mark. For Figure 5.11, the N saturated 1 M KHCO3, the Anodic pH starts
a 8.3 and steadily drops 6.5, at 17.5 V, before decreasing more rapidly to 5.4 at
22 V. The cathodic pH starts at 8.9 and increases steadily to 10.1 at 14.5 V before

increasing more rapidly to 13.5 at 22 V.
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FIGURE 5.10: Plot of average pH of the electrolyte vs applied potential for carbon dioxide bub-
bled 1.0 M KHCOj circulated at 50 mL/min in a dual reservoir system.
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FIGURE 5.11: Plot of average pH of the electrolyte vs applied potential for nitrogen bubbled 1.0
M KHCOj circulated at 50 mL/min in a dual reservoir system.
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Discussion

Under the nitrogen saturated conditions there is a clear pH change within the
cell as seen when comparing Figure 5.7 with 5.8 and Figure 5.10 with 5.11. This
shows that the cell can build up a considerable pH differential (Figure 5.8 versus
5.11), which can be clearly measured in the electrolyte reservoirs. This effect on
the pH is not seen in the electrolyte reservoirs of the CO, saturated electrolyte

(Figure 5.7 vs 5.10), due to the buffer effect of CO, in KHCOs.

Examining Figure 5.6 whilst considering Figures 5.7 and 5.8, it can be observed
that the CO; bubbled experiment obtains a higher current density whilst main-
tain a relatively constant pH. The same can be seen at 1.0 M KHCOg3, for Figure
5.9 utilising Figures 5.10 and 5.11 although there is a considerable difference be-
tween the endpoints of the 0.1 M KHCOj3 pH plots and the 1.0 M KHCO3 pH

plots.

As presented in Section C.3.1 the Electrolyte is a equilibrium of COz(aq), HCO3~
and CO32~, as seen in Figure C.3 a change in pH must be due to an change or
imbalance in this equilibrium. As the drop in performance is not due to the elec-
trolyte concentration or the amount of CO; present, the most likely cause of this
is a mass transport issue caused by the membrane being unable to transport the

OH™ ions fast enough.

5.2.5 Effect of System Configuration

With the pH changes observed in the previous section it was necessary to inves-
tigate their causes and potential ways in which they could be mitigated. The first
consideration was the single reservoir system used by Jeanty et al (considered
in section 4.1.2) whilst examining the continuous operation of an electrochemical

cell converting CO» to CO [101]. The dual reservoir system, Figure 4.13 has been
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shown to produce significant pH changes in the electrolyte and a change to a sin-
gle reservoir system could have a significant effect on the pH of the catholyte and
anolyte, improving current density. By mixing the acidic anolyte and the basic
catholyte, the pH of the electrolyte could neutralise each other, producing a more

stable system for CO;RRs.

This change in system design would also allow for the testing of Nafion mem-
brane alternatives, previously tried in section 4.4.2, as the build up of electrolyte
on one side of the cell would been automatically re-balanced between the two

halves of the cell.

The third consideration was re-routing the tubing connecting the cell to the reser-
voirs, seen in Figure 4.13 to allow the catholyte and anolyte to mix. The associated

schematic is shown in Figure 5.12.

Cell

Anolyte Catholyte
Anodic Flow Flow Cathodic

eI reservoir

Peristaltic Pump Peristaltic Pump

Mixing

reservoir

FIGURE 5.12: Schematic drawing of the designed system, modified for electrolyte mixing.

The cell was tested with the outputs from both electrolyte chambers being passed

into a single, joint reservoir creating a Single Reservoir (SR) System. This was
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compared against the Dual Reservoir (DR) System, where the anolyte and catholyte

were kept separate.

For the variation in system configuration, the cell was used as per section 4.5.5
with no physical changes being made to the cell. The flow rate, optimised in sec-
tion 5.2.1, was set at 0.054 mL/m (10v supplied to pumps). The electrode spacing,
detailed in section 5.2.2, was set at 3mm total separation where the supplied gas
was CO». The pH was measured using a digital pH probe as per section 3.4, in the

anodic and cathodic reservoirs after every applied potential(before the 2 minute

gap).

Results

Figure 5.13 shows that the SR system outperformed the DR configuration at 0.1 M
KHCO:;, for current density at all applied voltages, with the highest current den-
sity at 0.75 A/ cm? at 22 V, with no drop in current density. Unlike, as previously
seen, the DR system which peaks at 0.279 A/cm? at 14.5 V before steadily de-
creasing to zero, in a bell curve shape. Figure 5.14 shows that the corresponding
pH measured, in the combined reservoir of the SR system configuration, reamins

realtivly constant at around 6.9 pH, for 0.1 M KHCOs.

Figure 5.15 shows that for 1 M concentration, the SR configuration again has a
higher j than the DR one, at all applied cell voltages, reaching a maximum value
of 6.01 A/cm?, at 22 V, compared to the 4.05 A/cm? at 19 V on the DR configu-
ration, which then drops in j. Figure 5.16 shows the 1 M KHCO3’s associated pH

for the single reservoir system, which remains constant 7.8 pH mark.
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FIGURE 5.13: Plot of current density vs applied potential for combined and separate reservoirs
at 0.1 M KHCO:s.
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FIGURE 5.14: Plot of pH vs applied potential for carbon dioxide bubbled 0.1 M KHCOj3 in a
single reservoir system.
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FIGURE 5.15: Plot of current density vs applied potential for combined and separate reservoirs
at 1.0 M KHCO:s.
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FIGURE 5.16: Plot of pH vs applied potential for carbon dioxide bubbled 1.0 M KHCOj3 in a
single reservoir system.
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Discussion

The key factor in Figures 5.13 and 5.15 is that the SR system configurations do
not show a peak in j, unlike the DR system configuration as has been observed
in previous experiments. From this, the drop in j for the DR systems can be at-
tributed to proton distribution within the cell. The drop in j comes from the lack
of protons in the cathodic side of the cell and the build up of protons in the anodic
side of the cell, due to the proton transport limitations of the Nafion membrane.
This causes an increase in resistance within the cell which reduces the amount of
current that can be passed. The SR system configuration provides a way of pre-
venting the proton differential by directly mixing the anolyte and catholyte after

it leaves the cell.

A key issue is that the pH cannot be measured in the cell, due to the size of
the available probe, and could only be effectively be monitored in the electrolyte
reservoirs. The volume of the cell takes 2.8 seconds to be refreshed at a flow rate
of 50mL/min. The approximately 14 mL volume of the cell is then diluted in a
1:8 ratio as it enters the reservoir, with approximately 25 mL being in the rest of
the system. This means that the measured pH is much more neutralised than the

pH at the electrode surface inside the cell.

With the limiting factor mechanism detailed, the profile of the DR system at 1 M
(Figure 5.15) can be discussed. The DR at 1 M performs differently to the bell
curve seen at 0.1 M which can be attributed to the increase in temperature, seen
in section 5.2.3, for concentrations greater than 0.2 M KHCOj3. As temperature
increases the mobility of the ions in solution rises which means that the protons
have more mobility and can pass through the Nafion membrane at a greater rate,
lowering the pH imbalance and increasing the charge passed. However this in-
creased current flow means that less heat is generated from the reduced resistance
within the cell. This temperature increase does not increase linearly with the in-

crease in applied potential across the cell meaning there is still a peak in j as the
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ion mobility increase in insufficient to prevent the proton differential from occur-

ring.

5.2.6 Effect of Electrode Surface Morphology

With the literature detailing several different nano materials for CO;RR, section
2.2 it was important to investigate their effect on the j of the cell. Current density
is the units of charge per unit of Surface Area (SA) but there are multiple ways of
measuring the surface area. The cell is designed to hold an electrode of a specific
Geometric Surface Area (SA¢) which cannot be increased without increasing the
dimensions of the entire cell. However, it is possible to increase the Electrochem-

ical Surface Area (SA..) without changing the geometrical surface area.

Method

The copper foam was electro-depositioned, using scaled method from previous
works [93, 95] for a 2 cm? electrode (SAg). The foam and its properties are dis-
cussed in greater detail in Chapter 7, which concentrates on how the foams can

be modified for product selectivity.

For the variation in electrode surface morphology, the cell design was used as in
section 4.4.2 without the membrane support plate and with an additional gasket
to increase the distance between the cathode and the membrane, allowing for the
extra space occupied by the foam, creating a 4 mm total separation. The flow
rate, optimised in section 5.2.1 above, was set at 50 mL/min, flowing through the
DR system configuration. 0.1 M M KHCO3; was used, with CO, bubbled into the

catholyte.

5.2.7 Foam Scaling

The foams were prepared as per section 3.1, with 0.01 M of applicable modifier

in the electrolysis bath, on a 2 cm? copper plate. The foams that Rudd et al. [93]
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deposited from a 15 seconds electrodeposition on their 7 mm? electrode were
visually much thicker that the foam on the 2 cm? electrodes used in this works
within the same deposition time, as shown in Figure 5.17. Consequently, the time
was extended to obtain a foam of the same thickness, as per the works of Shin et
al. [134]. 45 seconds was deemed suitable as it generated a similar foam to those
presented in Rudd et al. [93], whilst allowing for the applied modifiers to have an
effect on the rate of deposition. Faraday’s law (C.39) was used to confirm that the
same amount of deposition per electrode surface had occurred by ensuring that
the charge passed per electrode surface area was the same for the 2 cm? electrode

as the 7 mm?.

X300 x300  300Hm

x300  300um

FIGURE 5.17: SEM images of a Plain foam after 15, 30 and 45 seconds of deposition.

Rudd et al. [93] deposited foams for 15 seconds and a much thicker foam was
produced on that 7 mm? electrode than was evident on the 2 cm? electrodes used
in this works within the same deposition time, as shown in Figure 5.17. Conse-

quently, the time was extended to obtain a foam of the same thickness, as per the
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works of Shin et al. [134]. 45 seconds was deemed suitable as it generated a sim-
ilar foam to those presented in Rudd et al. [93], whilst allowing for the applied

modifiers to have an effect on the rate of deposition.

Results and Discussion
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FIGURE 5.18: Plot of current density vs applied voltage for a Cu foam and a plain electrode,
utilising 0.1 M KHCOs.

From Figure 5.18 it is clear to see that the foam considerably increases the con-
ductivity of the cell, with the foam electrode reaching 0.43 A/cm? at 16 V versus
the plate electrode only 0.28 A/cm? at 14.5 V. Whilst the geometric surface area
of the electrode remains the same, the electrochemical surface area is greatly in-
creased by the presence of the foam, allowing for much more interaction with
the electrolyte, resulting in a higher current density. As presented in section C.2,
electrical conductivity is highly dependent upon the electrochemical surface area,
the foam allows for this to be increased with out increasing the geometric surface

area.
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Although the foams had been examined previously, by Ahn et al. and Rudd et al.
[93, 95] the foams had not been examined at this scale, shown by the difficulties
in adapting the method. This section showed that the foams could successfully

be grown on a larger electrodes, producing a similar performance increase.

5.3 Chapter Summary

In this chapter, the designed and built electrochemical cell, has been characterised
for its electrical and physical properties. From this an optimum operating config-
uration has been established on which electrochemical testing can be conducted.

These cell operating parameters are:
¢ Flow rate of 50 mL/min.

* 3 mm total separation, (1 mm cathodic 2 mm anodic)- to be increase to 4

mm total separation (2 mm cathodic) Cu foam inclusion.

¢ CO; saturating the electrolyte is vital for the operating stability of the cell,
stabilising the pH.

* DR system configuration.

¢ Electrochemical surface area enhancement.

The limiting factor of the cell has been established as the proton transport across
the Nafion membrane. The results from this chapter show that up to 10 V applied
across the cell, pH imbalance is not seen and that operating the cell in a DR system

configuration effectively separates the CO,RR products, without pH limitation.

It should be noted that this optimisation gives no consideration to the products
of the electrocatalysis, which will explored in Chapter 7. The parameters for opti-

mised current, providing the minimum resistance in the cell, are far outside those



120 Chapter 5. Cell Characterisation and Performance Optimisation

reported for high ethylene selectivity. Although no chemical analysis was per-
formed, it was necessary to examine and optimise the cell physically and electri-

cally before examining how the performed chemically under CO;RR conditions.

5.4 Outlook and Future Work

In future more investigation could be conducted into further parameters, such
as the effects of temperature, gas saturation approach, electrode surface area and
cell configuration. More parameters could be optimised for conductivity, further
reducing the over potential in the cell, however it is a priority to concentrate on

product efficiency and selectivity if this technology is to progress.

In this chapter, two parameters were identified, that have not been investigated
fully; the operating temperature of the cell and the geometric surface area of the

cell and as such should be investigated in future works.

Temperature

As electrolytic conductivity is measured at a fixed temperature, as seen in section
C.20, the conductivity will change with temperature. Miller ef al. [132] discussed
how the conductivity of the electrolyte increases as temperature increases due to
the enhanced mobility of the ions in solution. Hayashi et al. [135] showed that the
electrical conductivity, of saline water, varies with temperature, in a "slightly non-
linear’, way, between 0 — 30°C, with Cardona et al. [136] showing that KHCO3
behaves similarly. As such the current density of the designed cell should be in-
vestigated at different temperatures as this would allow for further refinement
of the data collected in this chapter, during the collection of which temperature

variation was observed.



5.4. Outlook and Future Work 121

Effect of Electrode Surface Area

Section 5.2.6 showed that an increase in electrochemical surface area improved
current density. This SA increase was done through the utilisation of a copper
foam and did not increase geometric SA. The cell was designed to be able to
operate with an active electrode SA of 16 cm? (4 x 4 cm), however due to the limi-
tation on the maximum geometric SA for foam deposition this increase electrode

area was not investigated. By using the multiple electrode plates (section 4.4.1).
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Chapter 6

Testing Optimisation and Machine

Learning

6.1 Introduction

With the global COVID-19 pandemic, the way that research was able to be con-
ducted greatly changed for a prolonged period of time. With the traditional trial
and error (and subsequent refinement) approach constrained due to lack of ac-
cess to lab facilities, a new optimisation method was required. Recent advances
in Machine Learning (ML), and their increased use in materials science [137] has
lead to the rapid growth of materials databases, the gradual spread of ML toolk-
its and the further development of algorithms. Recently ML has been applied to
several CO;RR electrocatalysis cells and cell components, as well as optimising a
Microbial Fuel Cell for voltage output in a two-electrode cell, with multiple mem-
branes [138]. ML was used in the design and screening of new electrocatalysts by
Zhong et al. [139] and Zang et al. [140]. Wu et al. [141] used ML to screen 289

adsorbates for improving the efficiency of copper electrodes for CO,RR.

In typical ML process, computers are trained on the provided data, using a given
learning model. ML software can automatically learn from empirical data (train-

ing data) and then determine the linear or nonlinear relationships between the
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data sets. Unlike traditional hard-coded approaches, where the algorithm is pre-
programmed by a human expert, ML approaches learn directly from the data set,
analysing the rules dominating the data set and build a model to make predic-
tions. A trained ML model needs to make predictions to evaluate model accuracy
for validation and further optimization. The valuation model should be verified
to ensure the reliability of the prediction results. Usually, 80% of the samples are
randomly selected as the training set and the remaining 20% of samples as the test
set. This random running of the test set from samples is called cross-validation
[142]. In addition to failing to make predictions accurately, an unsuccessful model
will have a high bias (underfitting) if it finds insufficient data for applicable rules,
or the algorithm is not flexible enough to reflect the relationship between input
and output data. High variance (overfitting) occurs if the model is too complex
and has too many parameters [140]. Feature engineering, extraction and selection
is the critical next step to extract inputs to train a ML model from data, which is
fundamental to ensure the applicability and feasibility of ML models. Then the
ML algorithms are selected to build a model and learn from the data before the

model can be finally, evaluated and optimised.

6.2 Method

Method selection

Several different algorithms have been proposed over the last decade to pro-
vide solutions for processing data [143]. The selection of the most appropri-
ate ML model is key, as it significantly affects the ML performance [144]. ML
methods can be divided into supervised [143], semi-supervised [145] and un-
supervised [146] learning mainly determined by the amount of features (input
data) and corresponding labels (output data) available. Due to the compara-

tively small data set produced by CO,RR experiments, unsupervised learning
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and semi-supervised learning algorithms for electrocatalyst are rarely reported.
As such supervised learning will be used in this model, so that the relationship
between input and output can be used to predict the output value when giving a

specific input value.

Adaptive Network-based Fuzzy Inference System (ANFIS)

One of the most common techniques is Fuzzy Logic (FL) which enables effective
data handling with uncertainty. This uncertainty arising from errors in the mea-
surement instruments or the data is superimposed with noise. Another merit
of using FL is the efficiency in modelling complex systems even if it has non-
linearity in the input-output relationship, with FL successfully modelled data in

several engineering applications [147-149].

FL can be thought as an extension to the tradition Boolean Logic (BL): a fuzzy set
is an extension to the traditional binary set that contains only two elements (0,
1). BL deals with only two digits in the sense that a mapping of an element x to
a group A is defined as either x is a member (x € A) or not a member (x ¢ A)
of a group A; if it is a member it is mapped with 1 otherwise it is mapped with
0. However, FL changes this idea to accept multi-valued mappings in the range

(0-1). With this new prospective, partial degree of membership is applicable.

The first process in the fuzzy modelling is to fuzzify the input variables through
membership functions (MFs) to obtain their corresponding fuzzy values. Any MF
that satisfies the two features of convexity and normality can be nominated as a
ME. The triangular and gaussian shapes are very popular MFs due to their math-
ematical simplicity in the learning process. Unlike mathematical equations that
describe the relation between the inputs and the output, fuzzy systems formu-
late this relationship as an IF (antecedent) - THEN (consequence) rules. Usually,

these rules are built either by experts or from the measured data. There are two
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methods to obtain the rules from the data: Grid-Partitioning and Subtractive-
Clustering. The latter is recommended because it ends up with the minimum

number of rules.

Fuzzy rules are classified according to the rule’s form which fall into two types:
Mamdani-type and Sugeno-type. In both types, the antecedent represents a log-
ical combination of the inputs and their fuzzy mapping. On the other hand, the
consequence, which represents the output, is either a fuzzy mapping or a func-
tion of the inputs. Fortunately, to handle very complex systems, this function can
be linear or non-linear. Examples of the two types of rules are shown in Equations

6.1 and 6.2, respectively:

It a = MFa1 and ap = MFQQ then b = MFb (61)

If ay = MFaq and a) = MFa, then b = /(al,az) (6.2)

Where: MFa; and MFa; are two inputs membership functions; MF, is the out-

put’s membership function; [ (a1, a2) is a function of the two inputs.

The choice of the rule’s type is application dependent. Usually, Mamdani-type
is recommended in control applications while Sugeno-type is recommended in
modelling applications. As soon as each rule has produced its output, they are
aggregated together to produce a one final fuzzy output. Then, it is defuzzified
to produce its corresponding crisp value. The defuzzification method is selected
according to the rule’s type. In case of Mamdani-type, the Centre of Area is the

best nomination while the Weighted Average is recommended in case of Sugeno-
type.

In 1993, Jang [150] proposed an integration between Adaptive Neural Networks
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and FL to produce the Adaptive Network-based Fuzzy Inference System (AN-
FIS), which utilises the Sugeno-type fuzzy rules. The model is taught by a hybrid
method of Least Square Estimator and Back Propagation, and is one of the most
effective and efficient choice to model systems with non linearity. Accordingly, it

has been applied in the current work to build the model of the electrolysis cell.

Optimisation method

Particle Swarm Optimisation (PSO) was developed from Metaheuristic Algorithms,
with the main advantage, that it is a gradient-free technique. The goal of the op-
timiser is to find out the best set of values of the controlling parameters that min-
imise/maximise the controlled parameter. The optimisation process is consid-
ered either minimisation or maximisation depending upon the application. Most
swarm optimisation technique are inspired by the natural behaviour of creatures
such as birds as in PSO, ants as in Ant Colony Optimisation, bees as in Artificial
Bee Colony, etc. They all share the same steps to reach the minimum/maximum
location within the search space. Traditionally, they start by proposing a num-
ber of random solutions as an initial set of solutions, but each technique differs
in the way it updates the position of the nodes. The critical challenge is to bal-
ance the exploration and exploitation phases, avoiding premature convergence,
whilst still running efficiently. The solutions” positions are iteratively updated
until the maximum number of iterations or a stopping criterion is reached. The
comparison between one optimiser and another is usually based on the efficiency

of reaching the optimal solution accurately and as fast as possible.

For this study PSO is utilised. In the PSO method the solution is produced when a
set of particles forms a group. On each iteration, personal best (pbest) and global
best (gbest) for each particle are compared and the particle moves to find the best

solution in the search field.
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As a swarm concept, PSO modelling concludes when a set of particles forms a
group with a clear majority of the particles. Both pbest and gbest values are
utilised by each particle and swarm (set of particles) when it moves to find the
best solution, each iteration. Then updates its velocity v(k 4 1) and position p(k +

1) from the previous velocity v(k) and position p(k).

The position and velocity for each particle is shown in Equations 6.3 and 6.4:
p(k+1)=pk)+ok+1) (6.3)
v(k+1) =wxv(k)+cq %7y * (pbest — p) + ca x 1p x (gbest — p) (6.4)

Where: c; is the local weight experienced and c, represent the global weight ex-
perienced. The default values of ¢; & ¢ was 2, while 7, and r; are the random
variables changes from 0 to 1 and w is the weight of inertia, as shown in Equation

6.5.
Wmax — Wmin (6 5)

w=w —tx
max ( Iter prax

Where: w;,.x and w,,;,, are the maximum and minimum weight of inertia, with
the default values at 0.8 and 0.2 respectively. The maximum number of iterations
was set to 100. PSO optimizer is easy and effective, it is applied in this study to
obtain the optimum operating conditions, i.e. minimal electrode separation and

applied voltage, with maximum current density.

6.3 Results and Discussion

ML has a minimum required sample data size to run accurately, as such it was
not possible to conduct ML for all of the experiments conducted in this chapter,
due to governmental regulations restricting access to the lab. Only the data from

the Effect of Flow Rate (section 5.2.1), the Effect of Electrode separation (section
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5.2.2) and the Effect of Electrolyte Concentration (section 5.2.3) proved to be of

sufficient size.

Modelling Phase

The ANFIS model is built using the experimental data points, from three differ-
ent cell parameters as examined previously; electrolyte flow rate: section 5.2.1,
electrode separation section 5.2.2 and electrolyte concentration section 5.2.3. The
inputs include time, electric voltage, electrical charge passed and specific experi-

mental parameters.

The accuracy of the modelling is examined by training the experimental data until
the minimum error of test data is obtained, with the training-to-testing ratio set
at 80:20 (with 80% to and 20% used to validate the model). In addition, the mean
squared error (MSE) and the root mean square error (RMSE) of the modelling,
in relation to the dataset, is shown in Table 6.1. The lower the MSE and RMSE,
the better a model fits a dataset. R? shows the proportion of the variance in the
response variable of a regression model, which can be explained by the predictor
variables. R? has a range of 0 to 1, with the higher the value, the better a model

fits a dataset.

MSE RMSE Coefficient of determination (R5)
Train Test All Train Test Al Train Test Al
2.042e-02 0.0109 00175 0.1429 01042 01324 0.9902 0.9961 09924

TABLE 6.1: Statistical evaluation of the fuzzy-based model for electrode separation.

In Table 6.1, the lowest MSE and RMSE values from training and testing, as well
as the R-squared values are shown. The model has high accuracy based on the
low MSE and RMSE, and high coefficient of determination. Additionally the high
correlation of the training and modelled data, shown in Figure 6.1, highlights the
reliability and accuracy of the ANFIS modelling, with the training data shown as

blue diamonds, with the modelled data as red asterisks.
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FIGURE 6.1: Fuzzy system validation plot showing fuzzy model fit for electrode separation.

MFs are used in the fuzzification and defuzzification steps, mapping the non-

fuzzy input values to fuzzy linguistic terms and vice versa. Figure 6.2 displays

the Gaussian-shaped MFs of the system inputs FL MFs. These MFs have a rel-

atively consistent distribution, implying that the measured data was generated

using uniformly distributed input values. This distribution enables the ANFIS

model to accurately select the input—output relationship.
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FIGURE 6.2: Membership Functions of the inputs of the ANFIS model of the electrode separation

experiment.
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FIGURE 6.3: 3D plot of ML model for electrode separation.

Examining the input—-output relationship caused by the investigated system helps
in comprehending the influence of the inputs on the output. Figure 6.3 depicts a
3D surfaces plot of one of the models using the electrode separation data. This
data has been discussed previously (section 5.2.2), a key difference shown here
is the peak in current density, at 5.3 mm separation and 15 V applied voltage,
which has been predicted by the modelling. Additionally, the gaps in-between

the experientially obtained data sets are also available for analysis.

Optimisation Phase

PSO is a metaheuristic optimisation algorithm; the optimization procedure must
be carried out repeatedly to avoid finding the false optimisation points. There-

fore, the PSO technique was repeated 30 times.

Figure 6.4 shows the comprehensive outcomes of the PSO optimisation process
for the electrode separation experiment. It shows that the data is fully converged
at 70 iterations. For PSO it is much easier to operate with numbers of equal scale,

the easiest way to do this was to increase the current density values to whole
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numbers, rather than decimals. The current density values were converted to

‘cost” values, this was done by multiplying each value by 20, as such "best cost’

directly relates to optimum current density.

Best cost found over the 30 Runs
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FIGURE 6.4: Cost estimate and particle convergence curves for electrode separation

30 runs (of 100 iterations) were completed with the optimum cost function pre-

sented in Figure 6.5. Table 6.2 shows the difference between the experimental

and model results where the experimentally obtained optimum in section 5.2.2

was an electrode separation of 6 mm and an applied voltage of 14.5 V. However

the ML optimisation found a new optimum with a current density at 0.44 A/cm?

with a separation of 5.3 mm and applied voltage of 159 V.
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Method Applied Voltage | Electrode Separation Power
Experimental 145V 6 mm 0.35 A/cm?
Machine Learning 159V 5.3 mm 0.42 A/cm?

TABLE 6.2: Machine Learning results for electrode separation.
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FIGURE 6.5: Results of 30 optimisation runs, with average cost function plotted.

Table 6.3 shows the ML optimum parameters found for each of the three exper-
imental parameters examined, along with the experimentally obtained highest
current density. For electrode separation the experimentally obtained optimum
current density was found at 13 V, 6 mm total separation, through the ML tech-
nique a new optimum of 0.42 A /cm? was found at 15.9 V 5.3 mm total separation.
The optimum flow rate was deemed to be 50mL/Min in section 5.2.1, with the
ANFIS and PSO finding a higher optimum current density of 0.39 A/cm? at 56
mL/min. For the electrolyte concentration data explained in section 5.2.3, the op-
timum concentration remains at 2 M KHCO3. As this was one of the experimental
limits, although the ANFIS model can predict performance outside of experimen-

tal parameter, the MSE and RMSE are much higher making the data much less
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reliable. However the ML still produced an improved optimum current density,

411 A/cm? at17.7 V compared to 3.73 A/cm? at17.5 V.

) Testing Parameter | Applied Voltage | Current Density | Current Density
Experiment
ML ML ML Experimental
Electrod
Feee 5.3 mm 159V 0.42 A/em? | 0.35 A/cm?
Separation
Fl
o 56 mL/min 128V 0.39 A/em? | 0.36 A/cm?
Rate
Electrolyte 2 ’
2 M KHCO; 177V 411 A/cm 3.73 A/cm
Concentration

TABLE 6.3: Machine Learning results.

6.4 Conclusion

ML is an effective tool for optimising the cell, especial when lab availability is
limited. The combination of Figures 6.3 and 6.1 demonstrates the potential of us-
ing an ANFIS models to efficiently predict intermediate data from experimental
results, with PSO to find the optimum cell operating parameters from these mod-
els. The produced models had high accuracy and high correlation based on the
minimal error between the modelled data and the coefficient of determination as

shown in Table 6.1.

Three of the cell parameters, examined in the previous chapter, were optimized
to increase current density in the cell: Electrode Separation, Electrolyte Flow Rate
and Electrolyte Concentration, with notable increases in current density found for
each examined parameter. These results were used to improve the MK 2 (Section

4.4.2) design into the MK 3 design (Section 4.4.3).
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6.5 Contributions

Dr Hegazy, Dr Abdelkareem, Dr Waqgas Tanveer contributed to the initial devel-
opment of the ML works, section 6 with Dr Fabio Caraffini providing further

expertise and developing the code used.
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Chapter 7

Cell and CO3 Electrocatalysts

Integration

7.1 Introduction

In the previous chapter the cell was optimised for current density, however most
of the applied potentials used are known to produce low FE for C, products.
As such it is necessary to explore how the cell could be modified to improve FE

selectivity towards C; products and away from hydrogen evolution.

Metal foams have been examined by several works [62, 134, 151-154], Shin et al.
[134] were the first to report "self-supported nanoramified (dendritic) deposits"
(foams) utilising the hydrogen evolution reaction. They used the production of
hydrogen bubbles as a dynamic negative template for the metal crystal to form
around, resulting in 3D free-standing metal foams. The highly porous dendritic
walls greatly increased the cathodic electrochemical surface area without increas-

ing the geometric area, and only slightly increasing the geometric volume.

Figure 7.1 shows a simplified schematic of the formation process for the metal
foams. Where there are hydrogen bubbles deposition cannot occur because there

are no metal ions available to generate the porous structured deposits. The pore
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size of the foam increases as substrate distance increases, as the hydrogen bubbles
coalesces.
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{ Libbfated Bybubbles i
ey e -"l-.-., ]

¥ N
o Y

£ R R e
( 0 cusupbsome |

= Cu or Sn deposit

-» Increasing time

FIGURE 7.1: Reproduced with permission from Shin et al.[134]: Simplified description of the
formation process of the metal foams. A series of gas bubbles, evolve on the substrate and then
act as a dynamic negative template during the metal deposition, as the metal deposits between
gas bubbles forming the foam structure. The pore size of the foam increases with the distance
away from the substrate because of the coalescence of hydrogen bubbles.

Shin et al.[151] further refined their control of the foams by examining the effects
of adjusting the deposition conditions. They reduced pore size by adding bub-
ble stabilizers (e.g. acetic acid) which suppressed the coalescence of bubbles and
reduced the wall thickness of the pores by adding HCl, with the catalytic effect
of chloride ions impacting the copper deposition reaction. Kim et al.[152] exam-
ined the effects of several other additives to the deposition bath on the growth
and structure of the foams. Additives such as Cl~, polyethylene glycol and 3-
mercapto-1-propane sulphonic acid were found to change the morphology of
foam. Additionally they found that 3 A cm~2 was the optimum for potential
foam growth as higher voltages proved too unstable for the foam structure to
grow properly, resulting in collapse. This was attributed to the deposition so-
lution being agitated excessively by hydrogen bubbles being evolved too vigor-

ously.

Dutta et al. [154] further developed Shin’s work, investigating the effects of time

on the deposition of the foam before examining the copper foams in a CO;RR.
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They used 30 mL per compartment of CO,-saturated 0.5 M NaHCO3 electrolyte
in a custom-built, airtight, glass H-cell with a Nafion 117 membrane. A 1 cm? Cu
cathode was used with a bright Pt foil (15 mm x 5 mm) serving as the counter elec-
trode and a Ag/AgCl reference electrode. The foam electrode showed enhanced
production rates for hydrogen, ethylene, ethane, formate and carbon monoxide,
with a notable reduction in methane production when compared to a copper elec-
trode without a foam. Dutta et al. [62] then examined the effect of other metal
foams finding that Ag also shows enhanced performance by the use of a metal

foam.

Previous work by Rudd [93] examined ways of altering the electrodeposition bath
to improve the selectivity of electrocatalysis products. This study tested the ef-
fects of HCl concentration and urea in the electrodeposition bath. Other research
found that the presence of nitrogen containing moieties can modify the prop-
erties of the copper catalyst, adjusting product selectivity and current densities,

promote C-C bond formation and lead to greater product selectivity [155, 156].

Several papers have discussed ways to improve (FE) for specific products. Song
et al. [157] highlighted some effective molecular motifs for the construction of
organic/inorganic hybrids for CO, reduction. They noted the effectiveness of
poly(acrylamide) for ethylene selectivity, as previously established by Ahn et al
[95]. The most effective motif for ethylene selectivity is poly-N-(6-aminohexy])
acrylamide, found at 87% FE by Chen et al. [158]. Buckley et al.’s [159] work
on polyallylamine was also identified by Song et al.’s review as showing a FE

selectivity for Cp products.

As seen above in section 5.2.6, foams have been shown to improve the perfor-
mance of the cell. It was decided to examine the effects of the foams, and sub-
sequent modified foams, on the FE of the products of the cell from CO,RR. The
works of Chen, Ahn and Buckley [95, 158, 159] all showed good FEs, with two

having used amines, as highlighted in Song et al.’s [157] review. Other potential
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amino acid were examined by Xie et al. [155] who found that the intermediate
CHO was stabilized by interacting with the -NHJ of the adsorbed glycine. This
improved the hydrocarbon generation, regardless of the morphology of the cop-
per electrodes. Xie examined several amino acids including glycine, DL-alanine,
DL-leucine, DL-tryptophan, DL-tyrosine and DL-arginine but lysine was not con-
sidered. L-Lysine was examined by Wei et al. [160] for formate production in a
thermo-catalytic system on a Ru complex catalist. Other amino acids were exam-
ined all with lower yields. It appeared that lysine had not been used as a metal

foam modifier for CO; electrocatalysis.

The literature review suggested a knowledge gap in the research, presenting the
opportunity to examine the effects that different amides and amines have on
product selectivity of the designed cell. The organic modifiers selected were:
poly acrylamide (PA), (poly) sodium acrylate (PSA), D-lysine (DL), L-lysine (LL),
pollyallyamine (PAA) & poly-D-lysine (PDL), all shown in Figure 7.1. Addition-
ally, a foam with no modifier (Plain), and an electrode with no Cu foam (Plate),

were also examined.

Each modifier was selected for a specific reason. PAA is a primary amine polymer
with a single carbon in the amine branch. It was highlighted in previous works
providing a baseline for subsequent experiments. In contrast, PA is a polymer
with a primary amide branch and PSA is a polymer with carboxyl groups. These
can be used to show the difference between the three groups: amine, amide and

carboxyl, on the deposition of the foam.

Chen et al.’s [158] work found the highest reported FE for ethylene, using a 6 car-
bon primary amine with an amino acid in a polymer chain. He did not examine
the effects of lysine which has a similar structure, lacking the tertiary carbon that
forms the polymer chain. Lysine has two primary amides and a carbonyl group.

The presence of the carbonyl and a primary amide is similar in composition to
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the amide group of PA but with an additional carbon, whilst also having a sec-
ond primary amine at the end of the carbon chain resulting in the same active
group as PAA. The two primary amines also mean that lysine can polymerise in
two different ways; e-poly and a-poly, as seen in Table 7.1. LL and DL are lysine

monomers, with LL as the enantiomer of the DL.

If only the a-poly lysine is formed then it would have a similar, ordered branched,
structure to that of Chen’s work, whereas an e-poly lysine would produce an un-
branched polymer. It is difficult to select a single form of polymerisation and
as such PDL forms a dendrimer structure as seen in Figure 7.2 from Hedge et
al. [161]. Due to limited availability and time, PDL was supplied in a Phosphate-
Buffered Saline solution, containing HCI, which, as previously discussed, is known
to affect the morphology of metal foams. Table 7.1 summarises the selected foam

modifiers, which were prepared following the method detailed in section 3.1.

FIGURE 7.2: Reproduced with permission from Hedge et al. [161]: Structure of 5.0 G poly(l-
lysine) dendrimer.
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Molecular Molecul
Mod | Full Name Structural Formula Weight Pgrf;llilir
(g/mol)
Poly _
PA Acrylamide 5M-6M (C3H5NO),
(Poly)Sodium )
PSA Acrylate 5100 (C3H40z Na)n
DL D-Lysine 146.19 CgH14N2O7
L-Lysine
LL hydrate 164.19 CeH14N>O> .H>O
PAA | Pollyallyamine 15,000 (CsH7N),
PDL | Poly-D-Lysine 50K -150 K (CeH12N20),,

TABLE 7.1: Selected foam modifiers.




7.2. Material Characterisation 143

7.2 Material Characterisation

721 SEM

SEM analysis was used to examine the structure of the Cu foams. Figures 7.3
and 7.4 show SEM images of the Cu foams at 120x and 500x magnification re-
spectively. Table 7.2 summarises the analyses of Figures 7.3 and 7.4, showing
the average pore diameter and wall thicknesses of the Cu foams, as well as their

respective standard deviations.

Foam | Pore diameter | stdev | Wall thickness | stdev
Plain 535 102.59 320 33.16
PA 374 110.11 157 33.02
PSA 182 33.11 99 26.5
DL 439 88.88 245 40.28
LL 344 61.03 230 40.4
PAA 273 51.23 238 48.06
PDL 447 171.46 206 124.57

TABLE 7.2: Average pore diameter and wall thickness for each Cu foam in pm.
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Plain 500HM  Poly Acrylamide 500 UM

Sodium Acrylate (Poly) 500Um  D-Lysine 500 Um

L-lysine Hydrate 500Um  Pollyallyamine 500 MM

"Polly-D-Lysine 500 Hm

FIGURE 7.3: SEM images of the Plain and modified foams before electrocatalysis at 120x magni-
fication.
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Plain 200 pm ~ Poly Acrylamide 200 km

Sodium Acrylate (Poly) 200 MM D-Lysine 200 pm

L-lysine Hydrate 200 UM Ppollyallyamine 200 pm

“Polly-D-Lysine 200 Um

FIGURE 7.4: SEM images of the Plain and modified foams before electrocatalysis at 500x magni-
fication.
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7.2.2 EDX

Energy Dispersive X-ray Spectroscopy (EDX) analysis was conducted as per the
method in section 3.3 for each of the Cu foams. The individual EDX spectra for
each foam are presented in Appendix B, with the results summarised in Table
7.3. Carbon was excluded from the analysis as it is a known adventitious con-
taminant. The map spectra and associated SEM images are presented in Figure

7.5.

Foam | Cu O S Cl

Plain | 81.17 | 17.39 | 1.44 -
PA | 83.04 | 1592 | 1.04 -
PSA |90.28 | 893 | 0.78 -
DL |9547 | 439 |0.15 -
LL 85.7 | 12.55 | 1.76 -
PAA | 94.16 | 536 | 0.48 -
PDL | 56.73 | 20.29 | 1.64 | 21.33

TABLE 7.3: Atomic % of Cu, O, S and Cl for each of the foams.

7.2.3 Discussion

All the modified foams have a smaller average pore size and wall thickness than
the Plain foam. PDL and DL are the next closest in average pore diameter size. PA
and LL have relativity similar pore diameters, but the standard deviation for PA
is much higher. Additionally PA has a smaller wall thickness than LL suggesting
the reason for the variation in pore diameter. PAA has a smaller average pore

diameter than PA and LL at 273 um, plus a smaller standard deviation at 51 pm.
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Cu Lal 2

Cu Lal 2

Cu Lal 2

Cu Lal 2
Cu Lal 2

5 —

S0um
S0pm

25um 25um

FIGURE 7.5: EDX map spectra for each of the Cu foams, and cosponsoring SEM images.
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PSA has notably smaller pore size and wall thickness, (evident in Figures 7.3 and
7.4) as well as the much smaller wall thickness at 182 pm. It also has the smallest
standard deviation in wall thickness observed in Table 7.2. This suggests that the
PSA has a similar effect on the growth of the Cu foam as the acetic acid used
by Shin et al. [151] as a hydrogen bubble stabilizer. They also saw reduced wall

thickness and pore diameter with increase in acetic acid concentration.

Figures 7.3 and 7.4 show the clear effect of HCI on the morphology of the foam
as discussed in Rudd et al.[93]. The foam appears very differently with a distinct
dendritic structure compared to the other foams. Whilst it has a comparable av-
erage pore size, PDL’s standard deviation is much higher at 171 pm than DL’s 89
pm. The same is true for wall thickness: PDL’s average is relatively comparable

at 206 pm, but has by far the largest standard deviation at 125 yum.

All the foams are more than 80 % (atomic weight) copper apart from the PDL
foam which has the considerable addition of chlorine. They all contain copper
oxide, as shown by the oxygen presence in the foams map spectra, in Figure 7.5,
as well as sulphur inclusion in the metal foam. The sulphur and oxide in the map
spectra follows the shape of the Cu foam quite closely. Figure 7.5 shows that the
Cu foam has both sulphur inclusions from the sulphuric acid in the deposition

bath and copper oxide in its structure.

7.3 Affect of Applied Voltage on CO, Electrolysis us-
ing Organic Modified Cu Foams

The effect of each of the Cu foams was examined under CO,RR conditions at
different applied voltages. The foams were characterised by their FE for each
product at 3V, 4V and 5V, selected around the purposed optimum at 4 V (sec-
tion 4.4.2). Due to low liquid product concentrations, preliminary NMR was not

viable so it was decided to focus on gaseous products at this stage. The foams
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were prepared as per section 3.1, with 0.01 M of applicable modifier in the elec-
trolysis bath, on a 2 cm? copper plate. CO,RR was conducted in the MK 3 cell
without the GDE adaption. Each electrolysis lasted 15 mins, with the last of the

products collected one minute after the applied voltage was stopped.

7.3.1 Results
Copper Plate

Figure 7.6 shows the FE of the collected product gases for the copper plate (Plate)

electrode.
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FIGURE 7.6: CO electrolysis FE for all detected gaseous product for copper plate electrodes, in
CO; saturated 0.1M KHCOg3 electrolyte, at three different applied voltages.

For the Plain copper plate (no foam) methane is the highest FE of the desired
products present at 13.1% at 5 V, CO is the next highest product at 5.4%, with
ethylene at 1.5%. Methane is almost non existent at 3 V however it greatly in-

creases at higher voltages up to 11% at 4 V and 13% at 5 V. Ethylene is low at
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0.1% for 3V, peaks at 1.5% for 4 V and drops again to 0.5% for 5 V. CO is rel-
atively constant around 5% from 3 V and 4 V, but then drops to 1.5% for 5 V.
Ethane is found in trace amounts throughout and does not change considerably.
Hydrogen is the dominant product of the copper plate electrode, at 45% at 3 V

steadily increasing to 70% at 5 V.

Plain Copper Foam

Figure 7.7 shows the FE of the collected product gases, for the un-modified foam

(Plain) electrode.
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FIGURE 7.7: CO; electrolysis FE for all detected gaseous product for the unmodified copper
foams on copper plate electrodes, in CO, saturated 0.1M KHCOj electrolyte, at three different
applied voltages.

For the Plain copper foam, CO is the highest desired product at 5.2% at 3 'V, ethy-
lene is the second highest product at 3.9% at 5 V. Ethylene starts very low at 0.2%
then increases and levels out at around 3.8% after 4 V applied voltage. CO starts

high, at 5.2% but steadily drops with applied voltage to 2% at 5 V. Methane has
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a slight increase in FE % with increase in applied voltage from trace amounts to
0.5%. Ethane fluctuates very slightly in trace amounts. Hydrogen starts low at
38% at 3 V and then increases to 50% at 4 V and then further increases to 63.5% at

5V.

Poly Acrylamide

Figure 7.8 shows the FE % of the collected product gases, for the Poly Acrylamide

modified foam (PA) electrode.
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FIGURE 7.8: CO; electrolysis FE for all detected gaseous product for Poly Acrylamide modified
copper foams on copper plate electrodes, in CO; saturated 0.1M KHCOj; electrolyte, at three
different applied voltages

For the PAA modified Cu foam, ethylene is the highest desired product detected
at2.9% at 4V, followed by ethane at 1.6% also at 4 V, most notably no C; products
were detected. Ethylene starts low at 1.9% at 3 V then peaks at 2.9% at 4 V before
dropping again to 2.5% at 5 V. Ethane follows a similar trend to ethylene, starting
low at 1% for 3 V then peaking at 1.5% for 4 V and drops back down to 0.9% at 5
V. At 3V, hydrogen is low at 34% at 3 V before it doubles to 75% at4 V and 5 V.

(Poly) Sodium Acrylate

Figure 7.9 shows the FE of the collected product gases, for the Sodium Acrylate
(Poly) modified foam (PSA) electrode.
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FIGURE 7.9: CO; electrolysis FE for all detected gaseous product for Sodium Acrylate (Poly)
modified copper foams on copper plate electrodes, in CO; saturated 0.1M KHCOj5 electrolyte, at
three different applied voltages.

For the PSA modified Cu foam, ethylene is the highest desired product detected
at 4.5% at 4 V, followed by ethane at 2%. CO was the next highest at 0.6% at
3V, with trace amounts of methane found. Ethylene starts at 2.5% at 3 V then
increases to approximately 4.5% at 4 V and 5 V. Ethane starts at around 2% for 3
Vand 4 V and drops down to 0.4% at 5 V. CO is relatively constant at 3V and 4 V
at 0.65% and 0.61% respectively, before dropping to 0.28% at 5 V. Trace amounts
of methane are found, at 0.02% at 3 V and 4 V increasing to 0.1% at 5 V. Hydrogen

is at 45% at 3 V increases to 54% at 4 V then to 74% at 5 V.

D-Lysine

Figure 7.10 shows the FE of the collected product gases for the D-Lysine modified

foam (DL) electrode.



7.3. Affect of Applied Voltage on CO, Electrolysis using Organic Modified Cu

Foams
— Eiyiene
1.4+
30 1.2 s
114 A /&
/
/ 124 /
2.5 o 10 / N\ Y4 \
1 / N\ 1.14 g \

. / __ 09 / N\ = \\
g 2.0 / S s / \\ * 104
w / w / N\ w )
w y w / w 1 / \

15 / 07 / \ 09

/ / \ \
// 06 / \\ 0.8 \
A
07 // 05| ]/ + 0.7 \
/
05 4 0.4 06
03 05

——CO

v
Applied Voltage

4‘\, 3Iv
Applied Voltage
—— Methane ‘7 Hydrogen

45

0.144 / — \{
35
0.12 /
/
010 30 /
9 y g /
008 /
w /,/ o5 /
006 / /
0.04 g 209 /
/ /
/'/
002 y 15
0.00 R

T T
4v 5v

Applied Voltage

T T
av 5v

Applied Voltage

FIGURE 7.10: CO; electrolysis FE for all detected gaseous product for D-Lysine modified copper
foams on copper plate electrodes, in CO, saturated 0.1M KHCOj electrolyte, at three different
applied voltages.

For the DL modified copper foam, ethylene was the highest desired product de-
tected, at 2.5% at 5 V, with the next highest product being CO at 1.2% at 4 V,
closely followed by ethane at 1.1% at 4 V with trace amounts of methane. Ethy-
lene starts at 0.6% at 3 V then increases to approximately 2.4% at4 V and 5 V. CO
starts low at 0.85% at 3v then peaks at 1.2% at 4v, before dropping at 0.6% at 5 V.
Ethane follows a similar trend to CO, starting low at 0.5% at 3 V, peaking at 1.1%
at 4V then drops to 0.5% at 5 V. Trace amounts of methane were detected, with a
considerable increased at 5 V. Hydrogen is 15% at 3 V then peaks with 40% FE at
4V before declining slightly to 36.5% at 5 V.

L-lysine Hydrate

Figure 7.11 shows the FE of the collected product gases, for the L-Lysine modified

foam (LL) electrode.
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FIGURE 7.11: CO; electrolysis FE for all detected gaseous product for L-Lysine modified copper
foams on copper plate electrodes, in CO, saturated 0.1M KHCOj electrolyte, at three different
applied voltages.

For the LL modified copper foam, ethylene is the highest desired detected prod-
uct at 3.8% at 4V, followed by ethane at approximately 1.5% at 3 Vand 4 V. CO is
at 0.78% at 4 V, with trace amounts of methane. Ethylene starts at 1.7% at 3 V and
increases to 3.7% at 4 V before dropping to 2.9% at 5 V. Ethane remains relatively
constant at 1.5% and 1.7% at 3 V and 4 V respectively, with a notable decrease to
0.65% at 5 V. COis 0.57% at 3V, increases to 0.79% at 4 V and drops again to 0.4%
at 5 V. Methane is found in trace amounts. Hydrogen is at 34% at 3 V with an

increase to 43% at 4 V, with a further increase to 49% at5 V.

Pollyallyamine

Figure 7.12 shows the FE of the collected product gases, for the Pollyallyamine
modified foam (PAA) electrode.
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FIGURE 7.12: CO; electrolysis FE for all detected gaseous product for Pollyallyamine modified
copper foams on copper plate electrodes, in CO; saturated 0.1M KHCOj3 electrolyte, at three
different applied voltages.

For the PAA modified copper foam, ethylene is highest of the desired products
at 1.1% at 3 V followed at CO as the next highest gaseous product at 1% at 3 'V,
and ethane at 0.6% at 4 V with trace amounts of methane. Ethylene FE starts
low at 0.2% at 3 V, increases at 1.1% at 4 V and then plateaus between 4 V and
5 V around 1%. Ethane FE is 0.19% at 3 V then increases, peaking at 0.63% at 4
V before falling to 0.46% at 5 V. CO FE is highest 0.99% at 3 V and then drops
steadily to 0.54% at 4 V and further to 0.23% at 5 V. Methane FE is at trace levels
at all applied voltages. Hydrogen FE is 39% at 3 V before steadily rising to 58%

at 4V and then rising further to 71% at 5 V.

T
5v
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Poly-D-Lysine

Figure 7.13 shows the FE of the collected product gases, for the Poly-D-Lysine
modified foam (PDL) electrode.
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FIGURE 7.13: CO; electrolysis FE for all detected gaseous product for Poly-D-Lysine modified
copper foams on copper plate electrodes, in CO, saturated 0.1M KHCOj electrolyte, at three
different applied voltages.

For the PDL modified copper foam, ethylene is highest of the desired products at
2.4% at 3 V and 4 V followed at CO next highest at 2.3% at 3 V and then ethane
at 1.9% at 4 V with trace amounts of methane. Ethylene FE starts at 0.3% at 3 V
and rises to 2.4% at 4 V where it levels off at around 2.4% at 5 V. Ethane FE is at
1.2% at 3 'V, reaches 1.9% at 4 V, before dropping to 1.4% at 5 V. CO FE is highest
at 2.3% at 3 V, but then falls, with increased applied voltage, to 1.1% at 4 V where
it remains relatively constant with 1.0% FE at 5 V. Once again methane is at trace
levels at all applied voltages. Hydrogen FE starts at 23% at 3 V, then increases to

48% at 4 V, then shows a slight decrease to 44% at 5 V.
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Comparison of Foam Modifiers at Set Voltages

To select the best modified foams for further testing, Figures 7.14, 7.15 and 7.16,
were produced, showing the ethylene, ethane, carbon monoxide and hydrogen
FE for each modifier at the applied voltages. Methane levels are not presented as

they were only detected in trace amounts apart from on the Plate electrode.

25
I Ethylene 3v I Ethane 3v

I Hydrogen 3v

FIGURE 7.14: Bar charts for the FE of ethylene, ethane and hydrogen at 3 V for each of the
different cathodes.

The bar charts at Figure 7.14 show that PSA has the highest ethylene FE at 3
V, at 2.6%. PA has the 2nd highest at 1.9% followed by LL at 1.7% with all other
cathodes performing at less than 0.75%. For ethane at 3 V, PSA is again the highest
at 2%, followed by LL at 1.5% and then PDL 1.2%. PA is the 4th highest at 1%,
with all other being less than 0.5%. The Plain and Plate electrodes clearly have a
much higher FE for CO at 3 V; 5.2% and 4.9% FE respectively. PDL shows a 2.3%
FE at 3 V with PAA at 1%. All other electrodes are less than 1% FE for CO at 3
V, notably with no CO detected for PA. For hydrogen at 3 V, PSA is the highest
at 45.4% very closely followed by the Plate at 45.3% with PAA and Plain being
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the next two highest at 39% and 38.4% respectively. PA and LL are very close at
34.2% and 34%. Notably, PDL is lower at 23.2% and DL is even lower at 15.6%.

5-
I Ethylene 4v I Ethane 4v

80
I Hydrogen 4v
I CO 4v]

Plate Plain PA PSA DL LL PAA PDL

Plate Plain PA PSA DL LL PAA PDL

FIGURE 7.15: Bar charts for the FE of ethylene, ethane and hydrogen at 4 V for each of the
different cathodes.

Figure 7.15 shows that at 4 V PSA has the highest FE for ethylene at 4.5%, with
LL and Plain as the next highest at 3.8% and 3.7% respectively. PA is the next
highest at 2.9% with DL and PDL both at 2.4%. PAA has a lower ethylene FE
than Plate, 1.1% compared to 1.5%. PSA and PDL have the highest FE for ethane
at 1.9%, with PSA being very slightly higher. LL is the 3rd highest at 1.7% closely
followed by PA at 1.6%. DL has an ethane FE of 1.1% and PAA is significantly
lower at 0.6%. Plain is even lower than PAA, at 0.2% with Plate only producing
trace amounts. Plate clearly has the highest FE for CO at 4 V at 5.4% with Plain
as the second highest at 2.8%. PDL, DL and LL have similar FEs for CO at 1.1%,
1.2% and 1% respectively. PAA and PSA both competitively have low FEs for CO
at 0.5% and 0.6% with PA once again having no detectable FE for CO. DL is the
lowest for hydrogen FE at 40.7% with LL and PDL also lower than Plain at 43.3%,
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47.8% and 50.4%. PSA has a hydrogen FE of 53.8%, with Plate being at 55%. PA
is by far the highest at 75%.

1.8
I Ethane 5v
5 I Ethylene 5v 164

Plate Plain PA PSA DL LL PAA PDL Plate Plain PA PSA DL LL PAA PDL

[ Hydrogen 5v

Plate  Plain PA PSA DL LL PAA PDL Plate Plain PA PSA DL LL PAA PDL

FIGURE 7.16: Bar charts for the FE of ethylene, ethane and hydrogen at 5 V for each of the
different cathodes.

The 5 V patterns can be seen in Figure 7.16 which shows the findings at 4V where
PSA has the highest ethylene FE at 4.5% with Plain as the next highest at 3.9%.
LL is the 3rd highest at 2.9%, followed by PA and DL both at 2.5%, with PDL not
far away at 2.4%. PAA is much lower at 1% and the Plate is even lower at 0.6%.
PDL has the highest FE for ethane at 5 V, at 1.4% almost twice the value of the
next highest which is PA at 0.87%. LL has a FE of 0.65% with DL slightly lower
at 0.54%. PAA is slightly higher than PSA 0.47% and 0.4% with Plain and Plate
producing trace amounts. Plain has the highest FE for CO at 2.1% whilst Plate
is the second highest at 1.5%. PDL has a CO FE of 1% with all other modifiers
having less than 1% FE. Most notably once again PA showed undetectable FE for
CO. DL has the lowest FE for hydrogen at 5 V at 36%, PDL is the next lowest at
44%, with LL at 49%. Plain is next at 64% with Plate and PAA being relatively
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close together at 70.1% and 71.4%. PSA and PA have the highest hydrogen FE
74% and 76%.

7.3.2 Discussion

Generally, at 3 V, FE is low for all detected products. At 4 V, most C, products
either peaked in FE or remained at relatively constant levels up to 5 V. The general
trend across all electrodes was an increase in FE of carbon based products up to
4V before either remaining relatively constant or dropping. A notable exception
was the methane FE of the Plate and Plain electrodes which further increased
from 4V to 5V. Some of the modified foam electrodes also show this behaviour,
though still only trace amounts. Hydrogen FE increases with all voltages and
electrodes except the three lysine foams. Both PDL and DL show a decrease in
hydrogen FE from 4 V to 5 V suggesting that DL has a hydrogen quenching effect

between 4V and 5V as this drop is also seen in the PDL electrode.

Plate and Plain have clear selectivity for C; products and are very similar at 3 V
with trace amounts of C, products. Although Plain shows approximately twice
the C; products as Plate, they are by far the highest FE for CO with trace methane
FE from all electrodes. They also show comparatively high hydrogen FEs. This
trend changes slightly at 4 V where the effect of the foam can be seen; Plain has
twice the ethylene FE of Plate, but also approximately half the CO FE whilst
maintaining relatively comparable hydrogen FEs. The key difference between
the Plate and Plain is that Plate has an 11% FE for methane, whilst all the foams,
not just Plain, have methane FEs in trace amounts. A similar situation is seen at 5
V, where Plate continues to be the only one to have a considerable FE for methane.
Additionally Plain has the second highest CO FE at 5 V, only surpassed by Plate,

whilst having the lowest ethylene and ethane FEs.

The key difference attributable to the presence of the Cu foam is the increased
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FE for ethylene at 4 V and 5 V. On the topic of C, selectivity, PA has a clear se-
lectivity for C, products in the gas phase as no C; products (CO or methane)
were detected at any applied voltage. With the Plate having clear selectivity for
C; gaseous products, all the foams show enhanced C, gaseous products. This
suggests that the inclusion of the oxide layer seen in the EDX analysis is key for

product selectivity.

PSA has the highest ethylene FE at all applied voltages, as well as the highest
ethane at 3 V and 4 V, although by a small margin. It also has one of the highest
hydrogen FE, with a clear difference from the lysine modified foams, especially at
3 Vand 5 V. This suggests that the presence of a carboxyl group in the deposition
bath, used to form the foam, may increase ethylene selectivity through the effects
seen to the growth of the foams as observed in the SEM analysis. The impact
of the carboxyl group in the PSA is also highlighted by comparing it to PAA
where there are two differences: the average length of the polymer chain, 5.1K
versus 15K (molecular weights), and the branched chain. With both branched
chains being the same length, the key difference is the amide of PAA versus PSA’s
carboxyl group. PAA has a lower FE for C, products than PSA at all applied
voltages, with PSA being 4x higher at 3 V, and at least 2x higher at 4 V, with only
ethylene FE higher at 5 V.

It is useful to compare PA to PSA and PAA, as previously discussed above. Inter-
estingly PA’s FEs for C, gaseous products lies between those of PSA and PAA at
all applied voltages, apart from ethane at 5 V which out performs both PSA and
PAA. It is noted that PA has the lowest hydrogen FE (of the three foams) at 3V,
but then has the highest (of all electrodes) at 4 V, before having comparable FEs
to PSA and PAA at5 V.

The drop in CO for Plate is clearly in response to the increase in hydrogen pro-

duction, up to 70% from around 50%. A similar effect is seen in all the foams as
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CO FEs drop from 4 V to 5 V with an increase in hydrogen FE. However the ly-
sine foams clearly show a lower FE for hydrogen at 5 V, also having the lowest FE
for hydrogen at 4 V. This reinforces the previously mentioned quenching effect;
PDL'’s FE for hydrogen, is not always as low as DL’s, although it is consistently
lower than that of the Plain. Similar patterns are found for LL, less the drop in
hydrogen FE between 4 V and 5 V; it is consistently at a lower point than the Plate

and Plain foam, at all applied voltages.

7.3.3 Summary

Three foams were selected for further testing: DL, LL, PDL. The DL showed a
quenching effect as well as PDL, LL has a similar structure and following a liter-
ature search, these foams appear not to have been previously investigated. The
Plain foam was also selected to form a baseline for all observed effects. Although
these three modifiers did not perform particularly well on ethylene FE, they are
often more selective for ethane, always out performing the Plain foam. The sig-
nificantly different hydrogen FEs for the lysine modified foams, suggest an en-

hanced selectivity for a liquid product, compare to the Plain.

In addition to the reduction in modifiers it was also necessary to reduce the num-
ber of applied potentials. 4 V and 5 V were taken forward because 4 V proved
optimum for wanted products on most modifiers and 5 V has the highest current
density and therefore is more likely to concentrate liquid products, making them
easier to detect. 3 V was discounted as although the FE% can be high for wanted
products and low for hydrogen, the overall charge passed is low and unlikely to

effectively concentrate liquid products.



7.4. Aftfect of Time on CO, Electrolysis using Organic Moditied Cu Foams 163

7.4 Affect of Time on CO, Electrolysis using Organic

Modified Cu Foams

To fully understand the effect of the foam on the CO electrolysis, the liquid prod-
ucts should also be analysed. In the previous experiment they were too dilute to
detect using 'H NIMR so to increase the concentration, the duration of the elec-
trolysis was increased, with samples taken at regular intervals alongside reducing

the amount of electrolyte in the system.

For this second set of experiments, the electrodes were prepared as per section 3.1.
The duration of each electrolysis was 30 mins at 4 V with the last of the gaseous
products collected from the gas trap 1 min after the end of the electrolysis and a
4ml sample of the catholyte was taken. 4 ml of fresh electrolyte was then added
to the catholyte and the gas syringe and trap were emptied, before the next 30
min electrolysis was conducted. The volume of the electrolyte was halved to 75
ml in each half of the cell, to help concentrate liquid product, whilst ensuring the
electrolyte was saturated with CO, in the bubbler. Six cumulative 30 min CO,RR
were conducted; 30 mins was selected to allow for the GC runtime and reset in
between sample collection. FEs for the first 30 mins are not reported as liquid
product concentrations were too low for repeatable data. Individual plots with

standard deviation are presented in Appendix B.

7.4.1 Results

Figure 7.17 shows the product FEs for each of the examined foams over 3 hours
at 4 V. It was found that the total FE drops over time for all of the examined Cu
foam electrodes. PDL has the lowest total FE until 2 hours, where it has a similar
FE as DL, thereafter it performs similarly to DL and LL. DL and LL remain in line

with Plain until the 2 hour point, where they drop more than Plain.
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PDL has the highest j at 30 mins, remained relatively constant to the 1 hour mark,
before dropping steadily to have the lowest j at 3 hours. Plain has similar j to PDL
after the first 30 mins, but performs very differently for the rest of the CO;RR.
The j for Plain drops considerably up to the 1 hour point, after which is drops
at a more steady rate, falling just lower than that of PDL after 2.5 hours, before
maintaining a higher j at the 3 hour mark. DL and PDL performed very simi-
larly, both having passed a lower charge in the first 30 mins than PDL and Plain.
However in the second 30 mins Plain’s j remains relatively constant, similar to
PDL, passing a higher charge than Plain, after which performance reflects Plain

but decreases at a slightly lower rate.

Ethanol

The FE for ethanol in all cases drops over time, before starting to level out around
the 2.5 hour mark. LL starts 6% higher than the other foams, but after dropping
steadily, ends lower than Plain and relatively equal to DL, which similarly to
Plain, showed a slight increase in the last 30 mins. PDL although being the third
lowest after 30 mins, dropped much more rapidly than the other foams in the
second 30 mins, before levelling off and surpassing DL after 2 hours, and both
DL and Plain at the 2.5 hour mark, before being the lowest again at the 3 hour

end point.

Acetic Acid

For acetic acid, all of the modified foams have a higher FE than the Plain foam. LL
and DL perform similarly through the course of the 3 hours, dropping steadily
until the 2 hour mark, where LL shows a slight increase in FE, before dropping
to a marginally higher level than the other foams, which are all at a relatively

comparable level.



7.4. Aftfect of Time on CO, Electrolysis using Organic Moditied Cu Foams 165

1054 Total —=— Plain 0047 Current Density
100 -|
95 -|
0.03 |
90 -| —
< £
:\T 85 g
e <
80 -| 3
0.02
75 -
70
65 -|
T T T T T 0.01 T T T T T T
1.0 15 2.0 25 3.0 05 1.0 15 2.0 25 30
Time (h)
Ethanol Acetic Acid = Plain Formate —a— Plain
40 e PDL| 10 —e—PDL
—a—DL ——DL
LL 9 x —v—LL
354 /N
s
304
S s 71
=25 e
w w
w w 64
20 4
5
15 4
10 . 3 T T T T T
20 X 30 1.0 15 2.0 25 3.0
Time (h) Time (h) Time (h)
Propanol Ethane Plain Ethylene
10+ 25_ e PDL|25,
o] 4 DL ~_
v—LL S~
8 T
P N i A
7] 2.0 - . 2.0 —
- A
6 - [ T
—_ > . ~—
& 54 R 8 e
~ 1.5 1.5+ T
w —
el I w w T
"t —
3 T
. A 4" — ¥
2 104 ¥ 1.0 I
] v
14 S A e o v
— o~ T
o
T T T T T 05 . r T T T 0.5 T T T T T
1.0 15 20 25 30 1.0 15 20 25 30 1.0 1.5 20 25 3.0
Time (h) Time (h) Time (h)
Methane —=— Plain Hydrogen —=— Plain
114 003 o PDL *—PDL
DL |58
[ —v—LL
1.0
S 56.-|
\
094 002 — 54+
i
~— A
208 1\\- g 52
w A w
o7 A, L 504
0.01 A,
48
06+
— v — 46
054 N I
0.00 44
0.4 T T T T T T T T T T T T T T T
1.0 15 2.0 25 3.0 1.0 15 20 25 3.0 1.0 15 2.0 25 3.0
Time (h) Time (h) Time (h)

FIGURE 7.17: FE for each foam modifier and un-modified foam over 3 hours.
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Formate

For the FE of formate, Plain remains relatively constant throughout the course of
the 3 hour CO,RR. Both DL and LL end at approximately the same FE as Plain,
with PDL only 0.6% lower, and LL, PDL and DL having an FE 0.7%, 1.4% and
2.5% lower than Plain after the second 30 mins. With Plain remaining constant
after the third 30 mins, the key difference is the considerable increase in FE by
both DL and LL, although PDL strangely drops in FE during the same period.
These trends do not continue in the fourth period where DL and LL both drop,
PDL increases and LL and PDL trend towards the Plain foam. Between 2 and
3 hours, PDL remains constant whilst LL remains constant before decreasing in
FE, and DL steadily increases in FE. Plain, DL and LL were all at a relatively

comparable FE for formate after 3 hours.

Propanol

Only PDL reliably showed propanol at the 1 hour mark, whilst all of the foams
showed propanol at 1.5 hours, with PDL propanol FE dropping considerably in
that third 30 min period. Plain has the highest FE for propanol at the 1.5 hour
mark, but then drops considerably at the 2 hour mark, with DL also having a
comparatively high 1.5 hour propanol FE, before also dropping at the same point,
although not as much as Plain. At 2.5 hours Plain has a very low FE of propanol,
at 0.25%, but it increases back to 1.1% after 3 hours. Although LL has the low-
est starting point for propanol FE, it remains relatively constant throughout the

remaining 1.5 hours.

Ethane

PDL has highest FE for ethane throughout the 3 hours of CO,RR, remaining rel-
ativity constant throughout, with a slight peak at 2 hours. DL and LL are rela-
tively comparable in FE throughout the CO,RR, with LL at the 1 hour and 3 hour



7.4. Aftfect of Time on CO, Electrolysis using Organic Moditied Cu Foams 167

mark having a slightly lower FE than DL, with them both being approximately
1% lower in FE than PDL throughout. Plain is the lowest in FE throughout the 3
hours, with a slight upwards trend, from 0.76% at 1 hour to 0.92% after 3 hours.

All of the foams shown a slight up trend in ethane FE over time.

Ethylene

DL has the highest ethylene FE of all the foams, with Plain approximately 1%
behind, then LL another 1% behind. DL and Plain have a steady downtrend over
time with DL decreasing slightly more than Plain; 0.6% versus 0.5%. LL has a
lower FE than Plain but does not follow the same trend, with FE remaining con-
stant at approximately 1.1% until 2 hours before following a similar downwards
trend as DL and Plain. PDL has the lowest ethylene FE throughout with a slight

peak around the 1.5 hour mark.

Carbon Monoxide

PDL showed a clear upwards trend in CO FE, surpassing 1% FE at the 2 hour
mark. Plain shows a similar increase as PDL, though approximately 1% lower
and to a lesser extent as it never reaches 0.8% FE. DL remains relatively constant
at around 0.55% throughout. LL has a slight peak, of 0.1%, at the 2 hour mark,

before dropping to 0.46% after 3 hours.

Methane

Methane was only found in trace amounts resulting in little difference FE, espe-
cially when experimental variation is considered.

Hydrogen

Plain has by far the highest hydrogen FE at around 57% throughout the 3 hours,
with a slight downtrend. DL has a significantly higher hydrogen FE than the
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other lysine foams at 55%, but the FE drops considerably, matching LL at approx-
imately 47% at the 2 hour mark, then dropping further to 44% after 3 hours. PDL
and LL follow a similar, slight downwards, trend starting at 49% and 50% at the

1 hour mark, decreasing to 45% and 46% respectively.

7.4.2 Discussion

There is a key difference between the way that liquid and gaseous products were
analysed in this series of experiments. The gaseous products were collected in
their entirety, less what was trapped in the cell (an estimated 1mL), after each
30 min CO,RR. However only a sample of the liquid products was taken, with
the same volume replaced to prevent dilution of the liquid products as much as
possible. This meant that the FE for liquid products of each 30 mins had to be

mathematically calculated rather than directly interpreted from the raw data.

The total FE should remain relatively constant around the 100% mark, however
it dropped steadily over time. Due to the product collection methods used, the
most likely cause is that volatile liquid products are stripped from the electrolyte
when they pass through the CO, bubbler. As only liquid products are left in the
system after each CO,RR and only the liquid products (other than formate) re-
duce considerably in FE over time. Formate is not volatile enough to be stripped
off and is continuously produced throughout the 3 hours, to maintain a relatively

constant FE.

Lui et al. [162] found a decrease in hydrogen FE on Cu,0 electrodes in the first 3
hours, but it remained constant or increased for Cu electrodes in the same time
period. This supports what can be seen in Figure 7.17 where the hydrogen FE re-
mains comparatively constant for Plain and drops for the lysine modified foams.
Additionally they showed very low FE for methane throughout, with ethylene
FE steadily decreasing over time as evident in Figure 7.17. Kas et al. [72] also saw

similar behaviours on Cu nanoparticles.
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With PDL having the highest average current density it is not surprising that
it has the lowest total FE. Additionally PDL displays ethane selectivity, having
the highest ethane FE throughout the 3 hours but also the lowest ethylene FE.
Notably both the PDL and Plain show current densities similar to those seen in
Rudd et al. [93] after 30 mins (and up to 1 hour for PDL), where they reported
37.6 A/cm? for foam CF-18H-100U and 29.4 A /cm? for foam CF-18H, with com-
parable FEs for Propanol of 3.93 % in this work of 4.93 % for foam CF-18H-100U
and 3.34 % for foam CF-18H.

The delay in propanol FE peak suggests that this product is produced at a later
stage of electrolysis, as other C, products drop in FE, with formate also showing

a considerable change in FE activity at 1.5 hour mark.

Pletcher et al. [92] discussed the effect of recycling reactant solution between
the cell and a reservoir. They showed that although this design style benefits
from a high linear flow rate it has a high current density and rate of conversion
(mole/unit area of electrode) at the start. This conversion rate drops over time
"as the concentration of reactant decreases; a high fractional conversion requires
a long electrolysis time" [92]. Alternatively, by replacing the electrolyte, through
continuous addition of fresh electrolyte, the rate of conversion can be maintained

but the fractional conversion remains low.

Tang et al. [163] presented suggested various pathways for C3 products, from
known intermediates (Presented by Johnson et al. [164], Figure C.1) with the red
boxes in Figure 7.18 highlighting the possible C3 intermediates, the majority of

which are propanol based intermediates.

It is also important to note that the lysine modified foams again showed a reduced

FE of hydrogen when compared to the Plain foam.
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FIGURE 7.18: Reproduced from Tang et al. [163]: Pathways toward various C2 products through
CCO*, C3 intermediates are boxed in red. (a) Trifurcation starts from CHCO* where CHCHO*
(orange), CHCOH* (blue), and CH2CO (green) may form; it is postulated that ethylene can form
from either CHCHO* (major product) or CHCOH* (minor product). (b) Intermediates and cou-
pling mechanisms within the CHCHO* pathway. (c) Intermediates and coupling mechanisms
within the CHCOH* pathway. (d) Exclusive intermediates and coupling mechanisms within the
CH2CO* pathway. (e) Ethylene coupling with atomic carbon. The inverted triangle (Brown tri-
angle down solid) denotes the two most promising coupling steps to form C3 products.

7.4.3 Summary

Considerable FE for ethanol were achieved after an hour of electrolysis, with LL
at 37.2%, and both acetic acid and formate showing up to 7% FE at this point. The
FEs for carbon products in these experiments are much lower than those reported
in the literature. Billy et al. [57] discusses how the availability of CO; in cells im-
pacts the selectivity of the products produced suggesting that the cell is mass
transport limited. The relatively small amount of CO, that can be saturated into
the electrolyte is insufficient for higher C, product FEs especially when consider-
ing the comparatively long distance between the electrode and the CO, source in
the system. Most cells studied previously bubble directly into the cell reducing
the CO; to bulk distance. The low solubility of CO,, approximately 33 mM at STP
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[165], limits mass transfer and consequently the current density and an aqueous-
fed electrolyser only reaches values up to 35 mA /cm? [166]. In summary there
is a lack of CO; reaching the electrode surface, due to the limited amount that is

brought in through the saturated electrolyte.

7.5 Affect of GDE Inclusion on CO, Electrolysis us-
ing Organic Modified Cu Foams

It has been suggested in the previous section that the cell is currently mass trans-
port limited. The most effective way to overcome this is to reduce the diffusion
distance from the source of the CO, (currently the bulk electrolyte) to the elec-
trode surface. The best method to achieve this is to introduce the CO, directly at

the electrode surface through the use of a GDE.

For the adaption to a GDE electrode, the same electrodeposition method was
used as in section 3.1, with the amount of electrolyte in the cathodic side of the
cell further reduced to 25 ml of 0.1 M KHCO3, with 75ml in the anodic side.
Due to the small volume of catholyte used there was no cathodic circulation of
electrolyte using the pump, on the cathodic side, therefore a syringe was used to
recirculate the electrolyte ensuring that the bubbles did not build up inside the
cathodic chamber and reduce the surface area of the cathode. The duration of
each electrolysis was 15 mins per voltage with the last of the gaseous products
collected from the gas trap 1 minute after the end of the electrolysis. As the GDEs
are not homogeneous it was necessary to manually adjust the pressure of CO;
applied to the gas compartment, so that CO, bubbles were just breaking through
the GDE electrode.
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7.5.1 Results

Figure 7.19 shows the FE for liquid and gaseous products for each Cu foam,
grown on a Torbay carbon paper GDE, in a CO,RR at -4 V for 15 mins. The geo-
metrical current density of the Cu foam GDE has been calculated by normalizing
the current to the outer surface area of the foam, as is the standard convention for

reporting current densities of GDEs [167-170].

The GDE foams have the highest FE for ethanol, with LL as the highest of the
three at 55%, followed by DL at 51% and PDL at 48% in clear contrast to the Plain
foam at 38% FE. PDL has the highest FE for acetic acid at 4 V, at 18.6% DL and
Plain were comparable around 12% with LL as the lowest at 11%. For formate FE,
LL is the highest at 19% with PDL and DL similar at 11% and 11.6% respectively.

Plain shows comparatively little formate FE at only 3.8%.

60+

Ethanol Acetic Acid Formate Propanol Ethylene Hydrogen Methane Carbon monoxide

FIGURE 7.19: FE for each foam modifier and un-modified foam over 3 hours.

Plain has the highest FE for propanol at 3.9% with all of the lysine modified foams
ataround 1% FE. Ethylene FE is highest 3.9% for the DL foam, with the Plain foam
at 3.5%. LL and PDL show a FE for ethylene at 3% and 2.6% respectively. Plain
has more than double the FE of the lysine modified foams at 6.7% compared to

2.8% for DL, with 2.4% for LL and 2.1% for PDL. Methane was detected in trace
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amounts. For CO FE at 4 V Plain is at 1.4%, PDL is at 1%, Dl is at 0.6% and LL is
at 0.3%.

Figure 7.20 shows the FE for liquid and gaseous products for each Cu foam,
grown on a Torbay carbon paper electrode, in a CO,RR at 5 V for 15 mins. It
shows that LL has the highest FE for ethanol at 5 V, at 28.6% with DL at 26.5%
and PDL at 23.4%. Plain has a considerably lower ethanol FE 19.1% For acetic
acid at 5 V, LL has the highest FE at 10.5% with PDL at 7.2%, DL at 6.4% and
Plain as the lowest at 5%. PDL has the highest formate FE at 5V, at 7.7% followed
by LL at 5.2%. DL has a FE of 2.4% and Plain is at 1.8%.
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FIGURE 7.20: FE for each foam modifier and un-modified foam over 3 hours.

FE for propanol at 5 V is highest at 3.1% on LL, with PDL and LL comparable at
1.6% and 1.4% and Plain as the lowest at 1.3%. For ethylene at 5V, FE is highest
at 6.2% on DL, PDL is at 5.1%, LL at 4.5% and Plain at 2.7%. Plain has the highest
hydrogen FE at 9.4% with PDL at 5.7%, LL at 4.6% and DL at 4.2%. Methane’s
highest FE at 5 V is DL at 2.3% followed by LL and PDL at 1.4% then Plain at
1.8%. CO FE is highest at 0.7% for DL recording PDL at 0.3, LL and Plain at 0.3%.
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7.5.2 Discussion

The Plain foam has the highest FE for hydrogen at both examined voltages, whilst
the lysine foams are all considerably lower, again showing the hydrogen quench-
ing effect discussed earlier. Ethanol FE shows similar performance between the
two voltages, with almost identical distributions, though 5 V has almost half the

FE of that seen at4 V.

The experimental run time was limited to 15 mins due to the instability of the
GDE structure. GDE are known to be susceptible to flooding (electrolyte entering
the gas phase). Another limitation is that the carbon paper is not homogenous,
therefore not all electrodes are identical, causing flooding at different pressures
and after different durations. Some cells lasted more than 20 mins others did not

make 15 mins so it is difficult to successfully characterise the GDE.

7.5.3 Summary

The GDE setup shows clear selectivity for ethanol, with lysine enhancing this
selectivity. 4 V has been shown to be the optimum applied voltage for ethanol
FE, and the lowest hydrogen FE. However ethylene and methane FE is highest at
5V.
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7.6 In Situ Surface Study on the Interface of Cu-foam

Electrodes using EXAFS

Previous studies [93] as well as the work in this chapter, have shown that CO, can
be converted to propanol and morphological changes of the Cu foam can impact
the conversion performance. Following this, a better understanding of the chem-
istry at the interface of the copper electrode was desired, especially the role of the
Cu valence state and formation of transient oxide species, as computational stud-
ies [164, 171] have indicated that subsurface oxygen or oxide phases can affect the

CO; conversion selectivity for C, products.

It is challenging to detect the presence of oxygen, ex-situ, since exposure to air
causes surface oxidation of the copper. Additionally the chemical speciation of
the Cu electrode during electrolysis are rapidly changing due to interaction of Cu
with the CO; conversion intermediates which are mobile causing a restructuring
of the surface. This is particularly the case with CO which coordination adducts’

with copper [172].

Conventional X-ray absorption spectroscopy (XAS) acquisition time is approx-
imately 10 to 30 min, and electron energy loss spectroscopy (EELS) requires a
time-scale in minutes for spectrum acquisition. However the metal centres are
known to reach a steady state within a couple of minutes during the CO;RR, as
Chang et al. found [173] through in-situ Raman. The CuOy achieves a steady-state
condition due to the co-occurrence of electrochemical reduction and spontaneous
oxidation caused by the trace oxidants in the electrolyte [174]. As a result of these
factors, operando energy dispersive Extended X-ray Absorption Fine Structure
(EXAFS) at the 120 beamline, Diamond Light Source Ltd, was used to identify the

chemical speciation on Cu foams.
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7.6.1 Experimental

In-situ Energy Dispersive EXAFS was performed over an energy range of 8.8 to
9.7 KeV, with spectra acquired using a FReLoN detector. Acquisition times were
in the order of 0.5 to 8.5 ms per single accumulation (130 ms/spectrum) after opti-
mizing counts, while avoiding detector saturation (0.5 ms was used to avoid sat-
uration even during bubble formation). To improve spectral signal-to-noise ratio,
spectra were averaged over time and several experimental runs. Electrochem-
istry was conducted (using the available Ivium potentiostat) at a constant voltage
using a copper foam on carbon paper (Toray 060) working electrode, Ni foam
counter electrode and Ag/AgCl reference electrode. A Bespoke Diamond de-
signed two-phase flow cell was used at the 120 beam line as shown in Figure 7.22.
CO, gas was bubbled into the 1 M NaOH electrolyte feed solution, maintaining
saturation, and then pumped round the cell, using 120’s peristaltic pump. This
was performed simultaneously with Cu K edge X-ray absorption spectroscopy
measurements. The reactions were followed by EXAFS for up to 360 seconds,

with the data being analysed using Diamond’s DAWN analysis software.
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FIGURE 7.21: Instrumental set-up used for the EXAFS study. The examined copper foam is in
the left electrochemical cell, with the background reference cell on the right.

In Figure 7.21 the studied foam is in the left electrochemical cell, which is con-
nected to electrolyte flow (through the blue tubes) and the electrical connections
to the Ivium potentiostat. The background shows a Kapton ended vacuum tube
between the primary and experimental radiation shields. The copper foams were

prepared as per section 3.1.

7.6.2 Results and Discussion

Figure 7.22 shows the results of placing the reference standards within the ref-
erence cell, and testing without the presence of electrolyte. Figure 7.23 shows
the EXAFS spectra for reference standards for CuO, Cu20 and Cu Foil. A clear
peak for copper foil at 2.25 A is attributed to the Cu-Cu Interatomic distance, sup-
ported by Lin et al.’s [174] findings. The Cu-O bond can clearly be seen in both
figures to have an interatomic distance of 1.45 A, with Cu,O also seen at 2.7 A.

Dutta et al.[86] also found Cu-Cu at 2.25 Aand Cu-O at 1.5 A.



178 Chapter 7. Cell and CO; Electrocatalysts Integration

Cu-Cu

0.40

0.35 - — Foil
- —— Cu20
0.30 - — CuO

0.25 -
0.20

0.15 -

FT magnitude (a.u.)

0.10

0.05

0.00 —~—~———F———F—— L ———
o 1t 2 3 4 5 8

Interatomic Distance (A)

FIGURE 7.22: EXAFS spectra for reference standards for CuO, CuyO and Cu Foil.
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FIGURE 7.23: Reproduced with permission from Lin et al.[174], Wavelet transformed-EXAFS of
prepared CuOx and the references.
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Figure 7.24 shows the averaged EXAFS spectra for a Cu foam under a -1.00 V vs
Ag/AgCl, in a1 M NaOH electrolyte saturated with Ar. Before applying voltage,
the EXAFS spectra showed signals corresponding to a mixture of Cu,O and CuO.
The Cu foam is quickly oxidised and reaches a steady state, shown by the reduc-
tion in the relative magnitude for the Cu-O and the Cu,O peaks, and the increase

in the Cu-Cu peak within 90 seconds.

No voltage
——28s @ -1V
—56s@ -1V
——84s@-1V
—112s @ -1V
—140s @ -1V
—168s @ -1V
—196s@ -1V
——224s@ -1V

FT magnitude (a.u.)

Interatomic Distance (A)

FIGURE 7.24: Averaged EXAFS spectra for Cu foam at -1V in Ar saturated 1 M NaOH electrolyte
before and during the electrolysis.

Figure 7.25 shows the averaged EXAFS spectra for a Cu foam under a -1.00 V
versus Ag/AgCl, in a IM NaOH electrolyte saturated with CO,. Similarly to the
Ar saturated electrolysis, the Cu foam is quickly reduced, with a similar reduction
relative magnitude for the Cu-O and the Cu,0O peaks, and increase in the Cu-Cu
peak. However the Cu foam is not fully reduced as there is still a considerable
peak at just under the 1.45 Ainteratomic distance of of the Cu-O. Additionally,
there is the emergence of an additional peak, just below the Cu-Cu peak (at 2.25
A), at around 1.8 A.
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FIGURE 7.25: Averaged EXAFS spectra for Cu foam at -1 V in CO; saturated 1 M NaOH elec-
trolyte before and during the CO;RR.
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FIGURE 7.26: Selected EXAFS spectra for Cu foam at-1 V in CO; saturated 1 M NaOH electrolyte
before and during the CO;RR.
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Figure 7.26 presents the individually selected EXAFS spectra from the same data
set as Figure 7.25, where the additional peak at 1.8 A can be more easily seen.
Published works have attributed the 1.8 A peak to Cu-C bonds, with Alikhani et
al.[175] finding that the interatomic distance for Cu(CO); the Cu-C is 1.831 A and
for CuCO the Cu-C is 1.976 A. Additionally Pike et al.[176] found the interatomic
distance for Cu-C to be within the range of 1.80-1.86 A.

7.6.3 Conclusion

Lin et al.[174] showed an enhanced FE for ethanol using their Redox Shuttle
method where square wave voltammetry re-oxidises the foam inbetween CO,RRs.
It can therefore be hypothesised that the Cu foam is still partially oxidised, in a
steady state, during CO,RRs explaining the enhanced selectivity for ethanol seen
in earlier sections of this chapter. This combined with the presence of the peak
at 1.8 A shows that the Cu foam can form a bond with CO, present in the elec-
trolyte and/or the carbon monoxide generated during electrolysis with it being
previously reported that the presence of subsurface oxygen can steer the selectiv-

ity of the CO,RR to C; products.
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7.7 Conclusion and Outlook

The presence of copper oxide, seen in the EDX analysis, has been shown to en-
hance the selectivity for C, products in section 7.3, with the EXAFS analysis
showing that a hybrid copper/copper oxide electrode is maintained during elec-
trolysis, for at least the unmodified foam. Further work needs to be conducted
to corroborate the EXAFS analysis and confirm the allocation of the 1.8 A as the

Cu-CO interatomic distance, through specific modelling.

Lysine and its derivatives have shown promise for CO,RR enhancement of C;
products and a hydrogen quenching effect. The effects of lysine should be devel-
oped further; examination in a 3 electrode cell will produce results which can be
compared with other studies found in the literature. Additionally the effects of

PDL without the presence of HCl should be examined.
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Conclusions

This study sought to advance the development of CO; electrolysers towards the
integration of novel catalysts using copper foams to enhance product selectiv-
ity and productivity. The thesis had three main aims. Firstly, it sought to de-
sign, develop, and characterise electrochemical cells to be operated over a wide
range of applied potentials for CO;, conversion. Secondly, to perform experi-
mental characterisations to quantify and minimise the electrical losses within the
cells through current density versus potential measurements. Finally, to inte-
grate novel additive-modified copper foams as CO, electrocatalysts to enhance

C; product selectivity.

With regards to the first of these goals, Chapter 4 examined electrochemical cells
currently available on the market and others reported in the literature. From this,
a novel design was developed and further refined through computational fluid
dynamic modelling (CFD) and practical application resulting in the creation of
a cell that could be optimised for electrical conductance in Chapter 5. The CFD
modelling demonstrated the effects of various features in the profile of the flow
plate particularly the inlet restrictions, outer body geometry and cell restrictions.
Having designed a cell that was optimised for electrolyte flow, the cell was fur-
ther modified into the final design iteration (MKS3), also through the electrical

characterisations described in Chapter 5. In this version the cell’s reliability and
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durability were improved to allow for multiple hour runs required for the CO,
electrolysis presented in Chapter 7. The design had also been adapted to facilitate
the inclusion of a gas diffusion electrode, in the attempt to enhance the supply of
CO; to the electrode surface. At the end of Chapter 4, a proposed future design
iteration is presented, possibly enabling the cell to work as a stacked electrolyser,
where multiple cathodes and anodes operate in close proximity as is commonly

seen in commercially available stacked cell designs.

In relation to the second goal to quantify and minimise the electrical losses within
the cells, Chapter 5 examined the effects of several parameters on the current
density. The electrolyte flow rate was optimised and a value of 50 mL/min was
found to be the most effective. Thereafter focus was placed on the effect of elec-
trode separation on cell performance. An electrode spacing of 3 mm emerged
as the optimal distance, whilst a separation of 4 mm was adopted to allow inte-
gration of copper catalyst foams. The third examined parameter was the impact
of different electrolyte concentrations and 2 M KHCO3 was shown to result in
the highest current density. A key aspect noticed in these three experiments was
that the profile of the j-V curve had a bell shape, rather than a typical linear re-
sponse. The cause of this behaviour was investigated by using nitrogen-saturated
electrolyte to amplify the pH imbalance observed during operation between the
cathodic and anodic compartments, separately circulating catholyte and anolyte
through a Dual Reservoir system. In such a case, the cell experienced proton
transport limitation across the Nafion membrane, affecting electrical current flow
at high voltages, resulting in the observed bell shape. A single reservoir system,
where catholyte and anolyte are combined, was then implemented to verify that
pH neutralisation overcame the current drop resulting in a typical linear ohmic
conductor response. The final examined parameter was the effect of using a cop-
per foam instead of a copper plate electrode. The high electrochemical surface

area of the copper foam resulted in an increased current density over a copper
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plate electrode of the same geometric surface area. Machine learning algorithms
were applied to verify the experiential optimum parameter values affecting cell
current density. This computer modelling study was conducted during the pan-

demic due to lab access restrictions.

To address the final goal, Chapter 7 examined how additive-modified copper
foam electrodes can enhance the selectivity for C, products from CO; catalysis.
The faradaic efficiency of CO,RR products were determined with an emphasis
on identifying C, products. A number of organic compounds were selected as
modifiers for use in the deposition of copper foam electrodes, referenced to those
reported in the literature as a guidance. The deposited foams were characterised
using SEM and EDX analytical techniques. The foams were then utilised for CO»
electrocatalysis at different voltages applied across the cell for 15 minutes. These
data were used to determine the optimum potential across the cell for CO>RR to
C; products, with a single limitation of only being able to analyse gaseous prod-
ucts due to low liquid product concentrations. The cell and supporting system
were then adapted to allow increasing the concentration of liquid products for
electrolysis extended to 3 hours. Through this adaptation, a clear selectivity for
ethanol was observed, along with a considerable hydrogen quenching effect by
lysine-modified copper foams. The final testing required another cell and sys-
tem change to include the integration of a gas diffusion electrode at the cath-
ode. This last modification allowed for detectable amounts of liquid products to
be generated within a 15 minute electrolysis, as the catholyte was no longer re-
quired to transport CO; into the cell, greatly reducing the volume of electrolyte
required. Once again a clear selectivity for ethanol was seen with the lysine-
modified foams showing an even stronger hydrogen quenching effect. To con-
clude Chapter 7, synchrotron in-situ EXAFS analyses were conducted to show
that the copper foam remained in a partially oxidised state during CO; electro-

catalysis. The EXAFS FT magnitude spectrum also showed a 1.8 A peak which
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could be attributed to Cu-CO species formed during CO; catalysis.

8.1 Future works

Future Designs

There are several ways in which the deign of the cell could be further refined,
after the proposed cell design in presented section 4.5.5. The method of mem-
brane mounting should eb examined in order to reduce the amount of membrane
required, considering the current limitations on the postreduction of PFSAs and
reducing costs. Additional MEA based design adaptations should be considered.
By removing the need for electrolyte, the operating and setup costs can be re-

duced, though product efficiency and selectivity would need to be maintained.

Additional scale up is required to make the CO, electrolysers commercial viable,

even with the maximum electrode area of 16 cm?

. Most commercial electroly-
sers utilise at least 1 m? electrodes. With this increase in scale factors such as
temperature moderations, electrolyte flow and GDE wetting will become more

substantial and require additional study.

Specialised flow modelling should be conducted, using advanced software such
as Ansys Fluent, which could produce much greater detail on the fluid models
and allow for the simulation of gas bubbles being produced on the electrode sur-

face.

Ways to mitigate the pulsation of pumps enhancing the effect of GDE wetting
and flooding of the gas side will need to be further developed, most likely by
the inclusion of dampeners or accumulators, although gravity designs are being

developed currently.

Digitalisation and monitoring in each of the chambers will allow for much finer

control of variables, however this will come at a considerable cost increase and
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will need to be evaluated thoroughly.

Future system analysis

As has been shown at several point in the theory as well as in the literature, tem-
perature and pressure both have significant affect on the system. The key consid-
erations of this is the effect on the solubility of CO; in the electrolyte as well as the
electrolytes conductivity and the rate of transport through the membrane. Future
studies coudl examine these properties and identify potential ways to improve

performance.

Future Machine Optimisation

With the rapid progress in Al technologies, additional way in which it can be
used to streamline and enhance piratical experimentation should be thoroughly

investigated in-order to further scientific advancement across all fields.

Future Electrocatalysts

The conducted EXAFS analysis showed that a hybrid copper/copper oxide elec-
trode is maintained during electrolysis, for at least the unmodified foam. Further
investigation to corroborate the EXAFS analysis and confirm the allocation of the
1.8 A as the Cu-CO interatomic distance, will improve the understanding of the

reaction mechanisms this technology utilises.

Lysine modified foams have shown promise for CO;RR favouring C, products
with a considerable hydrogen quenching effect. This should be developed further

to identify the particular components of lysine that produce this effect.
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Additional content for Chapter 5

A.1 Deatiled graphs

This section contain graphs with additional details.
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FIGURE A.1: Plot of current density vs applied potential for varied electrolyte flow rates.
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FIGURE A.2: Plot of current density vs applied potential for different total separation distances
between the two electrodes.
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FIGURE A.3: Plot of current density vs applied potential for different total separation distances
of the electrodes between 3 mm and 6 mm.
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FIGURE A .4: Plot of current density vs applied potential for total electrode separations between
3 mm and 6 mm, for applied potentials from 2.5 V ti 12.5 V.
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FIGURE A.5: Plot of current density vs applied potential for different electrolyte concentrations.
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FIGURE A.6: Plot of average current density vs applied potential for carbon dioxide and nitrogen
at 0.1 M KHCO;3 circulated at 50 mL/min in dual reservoir system.
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FIGURE A.7: Plot of average current density vs applied potential for carbon dioxide and nitrogen
at 1.0 M KHCO;3 circulated at 50 mL/min in dual reservoir system.
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FIGURE A.8: Plot of average pH of the electrolyte vs applied potential for carbon dioxide bubbled
0.1 M KHCOs circulated at 50 mL/min in a dual reservoir system.
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FIGURE A.9: Plot of average pH of the electrolyte vs applied potential for nitrogen bubbled 0.1
M KHCOj circulated at 50 m/min in a dual reservoir system.
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FIGURE A.10: Plot of average pH of the electrolyte vs applied potential for carbon dioxide bub-
bled 1.0 M KHCO3 circulated at 50 mL/min in a dual reservoir system.
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FIGURE A.11: Plot of average pH of the electrolyte vs applied potential for nitrogen bubbled 1.0
M KHCOgs circulated at 50 mL/min in a dual reservoir system.
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FIGURE A.12: Plot of current density vs applied potential for combined and separate reservoirs
at 0.1 M KHCO;s.
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FIGURE A.13: Plot of current density vs applied potential for combined and separate reservoirs
at 1.0 M KHCO;s.
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FIGURE A.14: Plot of pH vs applied potential for carbon dioxide bubbled 0.1 M KHCO3 in a
single reservoir system.
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FIGURE A.15: Plot of pH vs applied potential for carbon dioxide bubbled 1.0 M KHCO3 in a
single reservoir system.
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FIGURE A.16: Plot of current density vs applied voltage for a Cu foam and a plain electrode,
utilising 0.1 M KHCO:s.



240 Appendix A. Supplementary Information 1

A.2 Matlab code for J/V curve

clear all;
clc;

close all;

9%Open file and replaces occurrences of a tab, A or V with a space; use a
%switch statement and a for loop to cycle through each file in turn

Nfiles = 4;
for f=1:Nfiles

switch f

case 1

File = ’21-01-2020 12-28-05.txt ’;
case 2

File = '21-01-2020 15-17-17.txt ’;
case 3

File = ’22-01-2020 12-10-53.txt ’;
case 4

File = 7"22-01-2020 14-28-26.txt ’;
end

Input = fopen(File);

text fscanf (Input,’%c”);

tabs strfind (text,’\t");

Achar = strfind (text, A’);
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Vchar = strfind (text,’'V’);

text (tabs) = 7 7/;

4

text (Achar) = 7 7

text (Vchar) = 7 7

%Pass the revised format to a new file named

Converted = fopen(’New. txt’,

fwrite (Converted,

text);

’Wl);

%Import V and I data from New. txt

Data

\Y

I

Data.data(:,1);

Data.data (:,2);

importdata ('New. txt ");

"New. txt"

%ldentify unique values of V and the number of different values

Vvals

%Remove all values outside Vmin and Vmax

Vmin

Vmax

= unique(V);

1.99;
25;

Vvals (Vvals<Vmin)

Vvals (Vvals>Vmax)

nan;

nan;

Vvalsnan = isnan(Vvals);

Vvals

NV = size(Vvals,h1);

Tav

Idev

zeros(size(Vvals));

zeros (size(Vvals));

= Vvals(~Vvalsnan);
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%Cycle through each value of V in turn and find all entries in I
%corresponding to that value; take the mean and standard deviation

%o0f these wvalues

for i=1:NV
Vtemp = V;
Vtemp (Vtemp~=Vvals(i)) = nan;
Itemp = I.*Vtemp;
Vtemp (Vtemp==0) = 1;
Itemp = Itemp./Vtemp;
Inan = isnan (Itemp);
Itemp = Itemp(~Inan);
Iav (i) = mean(Itemp);
Idev (i) = std(Itemp);

end

%Output a file named "Means. txt" containing all of the V values and the
%corresponding average I value

OPData = [Vvals.’; Iav.’; Idev.’];

OPName = [’Values-', File];

Output = fopen(OPName, 'w’);

fprintf (Output,’%s %s %s\r\n’,’V / V', "1 / A’,’dl / A");
fprintf (Output, "%f %f %f\r\n’, OPData);
fclose (Output);

fclose (Converted);

end
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Additional content for chapter 7

B.1 Matlab code for Q calculation

clear all;
clc;

close all;

%Set number of files

Nfiles = 1;

%Set up vector to store integral values

Q = zeros(Nfiles ,1);

for f=1:Nfiles
%Select file
switch f
case 1
File = ’12-10-2021 17-42-11.txt ’;

case 2
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File = '09-03-2021 16-34-20.txt ’;

case 3

File '09-03-2021 16-54-52.txt ’;

end

9Open file and replaces occurences of a tab, colon, A or V with a space; us
%switch statement and a for loop to cycle through each file in turn

Input = fopen(File);

text fscanf (Input,’%c’);

tabs = strfind (text,sprintf(’'\t"));

Achar strfind (text ,"A”);

Vchar

strfind (text,’'V’");
Cols = strfind (text,’:");
Spaces = strfind (text,” 7);
text(tabs) = * 7;

text (Achar) "

text (Vchar) "

text(Cols) = 7 7/;

4

text (Spaces) = 7 /;

%Pass the revised format to a new file named "New. txt"
Converted = fopen('New.txt’, 'w’);

fwrite (Converted, text);

%Import V and I data from New. txt
Data = importdata ('New. txt ");
Hours = Data.data(:,1);

Mins = Data.data(:,2);
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Secs = Data.data(:,3);

\Y% Data.data (: ,4);

I Data.data (:,5);

%Calculate total time in s from Hour, Mins and Secs entries
t = (3600.+xHours)+(60.+*Mins)+Secs;
t = t—t(1);

%Integrate I with respect to t
Q(f) = trapz(t,I);

%Plot T vs t

figure

scatter (t,I,15,’0’, MarkerEdgeColor’, "k’ ,”MarkerFaceColor’, "k’ , " Line
set(gca,’  FontSize " ,14)

set (gca, 'FontName’ ,” Arial ");

xlabel ("\it{t}\rm / s”)

ylabel ("\it {I}\tm / A’)

xlim ([0 ,max(t)]);

ylim ([0,1.1*max(1)]);

%Display Q value on command line

disp ([ File , 7: 7, num2str (Q(f)),” C’']);

end
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B.2 Additional Results

B.2.1 EDX
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FIGURE B.1: EDX spectra for Plain Cu foam
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FIGURE B.2: EDX spectra for PA Cu foam
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B Map Sum Spectrum

FIGURE B.3: EDX spectra for PSA Cu foam

. Map Sum Spectrum

FIGURE B.4: EDX spectra for DL Cu foam

B Map Sum Spectrum

FIGURE B.5: EDX spectra for LL Cu foam
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FIGURE B.6: EDX spectra for PAA Cu foam
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FIGURE B.7: EDX spectra for PDL Cu foam
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B.2.2 Time plots
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FIGURE B.8: Plots for Plain foam over 3 hours of CO,RR at4 V
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FIGURE B.9: Plots for DL foam over 3 hours of CO,RR at 4V
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Appendix C

Background Theory

In order to successfully design an electrochemical cell based on the works of Sun-
yhik [95] and Rudd [93], it is necessary to fully understand the function of each
component in the electrocatalytic cell and how they interact with each other. In

this chapter electrocatalytic concepts will be examined.

C.1 Cell Components

In an electrocatalytic cell there are three key components: the electrodes, the elec-

trolyte and the membrane.

C.1.1 Electrodes

Arguably the most important part of the electrochemical cell is the electrodes
used. They act as the interface between the electrical circuit and the electrolyte.
It is on these that the reduction and oxidisation reactions occur, with heavy influ-

ence on the selectivity of each of the possible reactions.

Electrode Compositions

Many different metals have been examined for use as the working electrode, such

as; platinum [177], iron [178], silver [179] and gold [180].
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Each of these materials has a selectivity for a different products, resulting in dif-
ferent Faradaic Efficiencies (FE) (Discussed in section C.2.4) for each material.
Copper has been found to be the best material for direct conversion of CO; to
Cy products [65, 181]. Various forms of copper have been examined, such as
copper-oxide (C uIDO) electrodes [182]. Nanomaterials have also been shown to
affect the products of the electrocatalysis [183-185]. Copper has been tested with
nanoparticles [186] and copper nano-foams [93, 95, 155, 156, 158, 159, 187], which

are further discussed in Chapter 7.

Traditional Electrodes

The electrodes that have been more traditionally seen in the literature are at a two
phase boundary;, either solid to gas, or solid to liquid. These electrodes are com-
monly made from sheet metals as they are a cheap and readily available material
that is easy to work with. However, when ultra high purity is required, metal
foils are often used, with them being mounted on conductive carbon blocks, re-
taining the strength and rigidity required, whilst only using a minimal amount
of expensive material. Alternatively, a mesh can be used as they have a greatly
increased surface area to volumes ratio, whilst still providing some rigidity and

strength.

Gas Diffusion Electrodes (GDE)

In more recent literature, GDE are becoming more and more prevalent. They are
designed to interface at a three phase boundary within the cell, between the solid
electrode, the gaseous reactants and the liquid electrolyte. Cells using this set
style of GDE are much more effective at reacting gaseous reactants than cells that

use a dissolved reactant approach.
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C.1.2 Membranes

In electrocatalysis it is necessary to separate sections of the cell; mixing anolyte
and catholyte can cause unwanted reactions to occur. However the electrical con-
nection needs to be maintained and early designs used salt bridges to connect the
two physically separated electrolytes. More recently membranes have been de-
veloped to optimise electrical conductivity whilst maintain the separation of the
electrolytes. The two key variations are Proton Exchange Membranes (PEM) and

Anion Exchange Membranes.

PEM are semipermeable membranes, that conduct protons, whilst acting as a re-
actant barrier, blocking other species such as oxygen and hydrogen. They can be
either pure polymer membranes or composite membranes, where other materials

are embedded in a polymer matrix.

One of the most commonly used and commercially available PEM materials is
the fluoropolymer (PFSA) Nafion, a DuPont product [188]. While Nafion is an
ionomer with a perfluorinated backbone like Teflon there are many other struc-
tural motifs used, such as polyaromatic polymers and partially fluorinated poly-

mers.

Proton-exchange membranes are primarily characterized by proton conductivity,
methanol permeability, and thermal stability, with fluorocarbon membranes per-
forming well, as well as their high durability, Low Surface Energy and chemical
resistance. Recently however, the difficulties of manufacturing these materials
and the health risks associated with their by-products, has lead to their use being
phased out globally, where possible. leading to numerous works attempting to
find alternatives that perform as well, such as Sulphonated Aromatic Polymers

[189].

AEM are polymer membranes that contains positive ionic groups, for example

quaternary ammonium groups such as R-N+(CH3)3, and mobile negatively charged
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anions [190].

C.1.3 Electrolyte

Water is a relatively poor conductor of electricity, and so a salt is used to increase
the specific conductivity of the solution. A higher ionic conductivity relates di-
rectly to a lower resistance of the electrolyte, which affects the overall cell per-
formance. The voltage drop due to the electrolytic solution is expressed using

Ohm’s law.

Ohm’s Law

In electrical circuits, it is often desirable to specitfy the voltage at a certain compo-
nent, the difference in voltage between the two sides of the component, is referred
to as the voltage drop. As in Ohm’s law, this voltage drop is proportional to the

current flowing through the component, multiplied by its resistance.

Ohm'’s law states that the current conducted between two points is directly pro-

portional to the voltage across the two points [191].

1%
=+ (C.1)

Where: [ is the current through the conductor in amperes, V is the voltage mea-
sured across the cell in volts, and R is the resistance of the conductor in ohms.
More specifically, Ohm’s law states that resistance is constant, independent of the
current. This can be adapted to Equation C.2 to normalise the current for the

electrode surface area:

j= (C2)
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Where: j is the current density in A-cm~2, Rgy is the area specific resistance of

the cell (Q3-cm?).

Since the potential difference of a cell is not affected by the area of the electrodes
immersed in electrolyte or of the distance between them, it is seen from Ohm’s
law that a change in the current passed must be due to change in the total re-
sistance within the cell. This internal resistance is directly proportional to the
distance between the electrodes, and inversely proportional to the area of the im-
mersed electrode. If the external resistance of a cell is represented by R,, and the

internal resistance by R;, then Ohm’s law takes the form [191]:

E

= C3

The R; can be further defined, by separating the resistance of the cell in into two
components; membrane resistance Rpempran and electrolyte resistance R Electrolyte
[98]:

Ri = Rpembrane + RElectrolyte (C4)

Rptemprane 18 relative to the surface area, thickness and resistivity of the membrane
used. REjectrolyte 18 @ function of electrolyte resistivity and distance between the

electrode.

Ohms law can also be expressed as:

_IL L
IR = Y (C.5)

Where: [ is the current in amperes, j is the current density in A cm~2, L is elec-
trode spacing in cm, A is the cross-sectional area in cm?, and « is the conductivity
in S cm~!. showing that a reduction in voltage at the same current density it is

key to increase conductivity.
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Historically, aqueous electrolytes have been used due to their wide availability

and ease of use inside an electrolysis cell. Their resistance can be determined by:

A

Where: ¢ is the resistivity, R is the resistance, A is the cross-sectional area in cm?,

and L is electrode spacing in cm.

From this equation ¢ is an intensive variable, which is independent of the dimen-
sions of the cell, however R is an extensive variable, meaning that it is dependent
upon the dimensions of the system. This can be used as a model to predict the
effects of the several experiments upon the cell: electrode spacing, surface area of

cell, electrolyte concentration (effecting R).

Using Equation C.6: If A; < A and L < L; then an increase in cross-sectional
area, Equation C.10, results in an decrease in resistance. Although a increase in

electrode spacing, Equation C.11, increases the resistance.

Ri1 = R(Ay, Ly) (C.7)
Ry1 = R(Az, Ly) (C.8)
R12 = R(Al, Lz) (C9)
Ry1 < Ryx (C.10)
Ri2 > Rqx (C.11)

C.2 Electrochemical Concepts

A heterogeneous electrochemical reaction is a process where charge is passed to

or from an electrode. If it is a reduction reaction then it is deemed to be a cathodic
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process, where a species is reduced by an electron from the electrode, such as the
following reactions:

Cu’t 4+2¢~ — Cu (C.12)

2H,0 +2¢~ — Hy +20H " (C.13)

Otherwise if it is a oxidation reaction then it is an anodic process, where the stable

species is oxidised by the loss of electrons to the electrode.

2H,O —4e~ — Oy +4H™" (C.14)

For these reactions to occur they must be conducted within a cell containing an
anode and a cathode; as per the law of conservation of charge, reduction at the
cathode and oxidation at the anode must be equal. The total chemical change
can be calculated by combining the individual electrode reactions; in water the

chemical change is seen by adding reactions C.13 and C.14 i.e.

2H,O — 2Hy + O (C.15)

The total reversible cell voltage is calculated using the cell potentials of the two
half-reactions. The convention is that the half- reactions on the left and right are
oxidation and reduction respectively:

ERev = ERight - ELeft = Ecathode — E Anode (C.16)

It can therefore be seen that for both conditions, Eg., = -1.23 V.
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Electrical Conductivity

The electrical conductivity of a solution of an electrolyte is measured by deter-
mining the resistance of the solution between two electrodes separated by a fixed

distance. To do this the resistance is first determined by using;:

R= p% (C.17)

Where: R is the electrical resistance, L is the length between the electrodes and A

is the cross-sectional area.

Conductivity (), p, is the reciprocal of the resistivity:

(C.18)

|-

Combining Equations C.17 and C.18 resistance can then be converted to conduc-
tivity using:

o= — (C.19)

In a conducting liquid medium, at a defined temperature, the electrolytic conduc-
tivity «, is defined as the ratio of the current density (j) to the applied electrical
field strength, which is the driving force of charge transport. In practice, « is eval-
uated from the resistance R, measured for an isotropic sample in a measuring cell,

when the geometric cell constant K¢, is known as [192]:

KCell
= — 2
K R (C.20)

For a cell with parallel electrodes, K, is determined through the cross sectional
area A, and the electrode separation L. However, the result of the electrical mea-
surement for R contains contributions from several other effects, in addition to

the desired electric charge transport of ions. These effects include the ion-ion
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interactions, the electrode-sample interface or electrical double-layer, and the in-
fluences of the connecting cables. In addition, under an AC, the reactance contri-

bution X, to the total impedance Z, must be accounted for:

Z=R+jX(j=+v-1) (C.21)

C.2.1 Carbon Dioxide Reduction Reaction

Potassium bicarbonate (KHCOs3) dissolves in water with a solubility of 23% by
weight, at 20 °C [193] The exact process by which CO; is reduced to more useful
product is not fully understood. The best known works are that by Johnson et al.
[164] who compiled several of the possible mechanistic pathways of CO, reduc-
tion to C; and C;, products on copper electrodes (via carbonate formation through
aqueous solution) that had been reported [87, 131, 194-203] and produced Figure
C.1.

In this diagram, the horizontal axis shows the number of carbons in the molecule
with the vertical axis as the number of electrons transferred required to form the
intermediate or product. Copper’s ability to bind with both CO* and H* is the
key to C, product production, as can be seen in the figure with all products, other
than formate, requiring the CO* species to bond to the electrode surface. The
reason copper is unique in its ability to form C; products is discussed in section

2.2.
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FIGURE C.1: Reproduced with permission from Johnson et al. [164]: The possible mechanistic
pathways of CO; reduction to C; and C, products on polycrystalline copper, grouped into dif-
ferent coloured reaction schemes taken from the works in the top-right legend: [A] Hori et al.
[194];[B] Hori et al. [131]; [C] Peterson et al. [195]; [D] Kuhl et al. [87]; [E] Montoya et al. [196];
[F] Kortlever et al. [197]; [G] Cheng et al. [198]; [H] Lum et al. [199]; [I] Feaster et al. [200]; [J] Liu
et al. [201]; [K] Garza et al. [202]; [L] Chernyshova ef al. [203]. The bottom-left legend states the
meaning of the texture of the lines connecting intermediates.
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Kortlever et al. [197] reported that the transition from C; to C; products is opti-

mum on a copper (100) surface at -0.4 V vs Standard hydrogen electrode.

The reduction potentials for each product are listed in Table C.1.

Reactions E° (V) Versus SHE (at pH 7)
2H* +2¢ —H, —0.41
COz+e —CO, -1.89
CO,+2¢ +2H"— HCOOH —0.60
CO;+2¢  +2H"—CO+H,0O —0.52
COz+4e +4H"— C+H,O —0.19
CO;+4e” +4H"— HCHO+H,0 —0.45
CO,+6e +6H"— CH;0H+H,0 —0.38
CO,+8¢ +8H"— CH4+H,O -0.23
CO,+12¢ +12H" = C,Hy+HO —0.34
2CO,+8e +8H" — CH,;COOH + 2H; —0.31
2C0Oy+12¢ +12H" —C,HsOH + 2H, -0.32

TABLE C.1: Reproduced with permission from Marepally et al. [204]: CO, reduction potentials
for various CO, reduction reactions products.

C.2.2 Hydrogen Evolution Reaction

A key obstacle to overcome in the development is the suppression of the compet-
ing Hydrogen Evolution Reaction (HER). HER has been the subject of multiple
studies due to its technological and fundamental importance. The overall reac-

tion at the cathode is stated as:

2H,0 +2e~ — Hy +20H~ (C.22)

The process of hydrogen evolution is accepted to be via the Volmer-Tafel and

Volmer Heyrovsky mechanisms [205]. The hydrogen is adsorbed via the Volmer
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reaction:

H,O+e¢ — Huy, +OH™ (C.23)

Which is followed by either the chemical Tafel reaction or the electrochemical
Heyrovsky desorption step:
2H,;s — Hy (C.24:)

Hygs + HoO+e~ — Hp + OH™ (C.25)

There are several way in which researchers are trying to suppress this reaction.
One direction or research is Electrode design: geometry, facial orientation and
composition [Kim2019, 206] with another approach increasing the availability of
CO; at the electrode surface, such as the use of Gas Diffusion electrodes [101] and

supersaturate electrolyte [207] as well as under high pressure conditions [208]

C.2.3 Oxygen Evolution Reaction

At the anode in the cells being examined oxygen is produced through the oxy-
gen evolution reaction. Although there is no confirmed scheme, the proposed

reaction pathways are notably similar; one such reaction pathway is:

OH™ — OHpys +e~ (C.26)

OHg4s + OH™ — Oggs + 02(g) + ¢~ (C.27)
Ouis + OH™ — OOH,4s + e— (C.28)
OOH,4s + OH™ — 00, + HO (C.29)
OO0, ;. — O2(g) +e~ (C.30)

There are four different types of adsorbed species (O, OH, OOH and OO™) and
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four of the pathways involve electron transfer, where the potential of the elec-

trode is used to drive the reaction.

C.2.4 Efficiencies

Energy efficiency is used for the comparison of systemes, it is generally defined as
the ratio of useful energy output to the total energy input. An energy efficiency

() is defined by:

_ Charge used in forming product
= Total charge Passed

«100 (C.31)

The energy efficiency is a key factor in determining the economic feasibility of
COz electrocatalysis. The energy efficiency for a given product can be calculated
using Equation C.32 [102, 168] where the apparent standard cell potential, Es,

can be calculated using the Nernst Equation:

Es; x Faradaic Efficiency

Applied Cell Potential (C.32)

Energy Efficiency =

However, there are a number of different ways of expressing the efficiency in an

electrocatalytic reaction, as discussed below.

Current Efficiency

Current efficiency is the ratio of the actual mass of a substance liberated from an
electrolyte by the passage of current to the theoretical mass liberated according
to Faraday’s law. Current efficiency can be used in measuring electro-deposition

thickness on materials in electrolysis. The current efficiency ¢ is defined by:

_M><I><t

0=t (C.33)
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Where: ¢ is the theoretical yield (current efficiency), M is the Molar mass, I is the
electric current in Amperes, t is the time in seconds, N is the Oxidation state, F is

Faraday’s constant.

Cell Efficiencies

For CO; electrochemical cells their performance and selectivity for certain reduc-
tion products is usually reported in terms of Faradaic Efficiency (FE), with energy
efficiency and current density (j) also being used. The FE represents the percent-
age of electrons that end up in the desired product and can be defined as the
ratio of the measured amount of produced product compared to the theoretical
amount of produced product according to Faraday’s Law, as shown in Equation

C.34, adapted from Garcia [58].

FE(%) — SExperimental 10 _ 2XnXE 5, (C.34)

QTheoretical Q

Where: Q is the charge passed during electrolysis, z is the number of electrons
required to form the gas product, n is the number of moles of products, F is

Faraday’s constant.

EE is the amount of energy stored in the products divided by the amount of elec-

trical energy put into the system [209], as defined by Equation C.35:

(C.35)

(dimensionless)
Where: E} is the equilibrium cell potential for a specific product k (V), FEj is the
FE of product k, and 7 is the cell over-potential (V) [210].

Curent density relates to the conversion rate of the electrochemical reaction in

mA /cm?.
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An efficient CO, electrocatalysis cell should achieve high EEs for desired prod-
ucts with high rates of CO, conversion, in other words high FEs and low over-

potentials on the cathode and anode.

Ideal Gas Law

The ideal gas law shows the volume that 1 mole of gas will occupy at a given

temperature and pressure:

pV = nRT = nkgNyT (C.36)

Where: 'n’ is the number of moles, 'R’ is the ideal gas constant, "N” is the number
of molecules, 'kp’ is the Boltzmann constant, 'R’ is the ideal gas constant, "N’
is Avogadro’s number, ‘T’ is the absolute temperature of the gas, and "N’ is the
number of molecules or atoms of the gas. From this it can be determined that at
standard temperature and pressure, 1 mole of any gas will occupy a volume of

2241, 1.e. the molar volume.

C.2.5 Over-potential

Bard [211] discussed how the extent of electrode polarization is measured by the
over-potential #:

§=E—Eq (€37)

Where: E,; is the equilibrium potential of an electrode and E is the potential of an

electrode versus a reference.

Phillips [98] showed that the overall cell voltage, Ec,j;, can be broken down into

its constituent parts, as shown in Equation C.38

Eceil = ERev + Y Anode T Mcathode + 1 - Rcert + mr (C.38)
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Where: Eg,, is the total reversible cell voltage, 17 4,,04¢ iS the overpotential at the
anode, 7canode the overpotential at the cathode, I is the current, R¢,; is the re-
sistance of the cell and 77 is the voltage inefficiency caused by mass transport

limitations at the electrodes.

Energy efficiency as discussed in Equation C.31 is the percentage of the energy
applied that is stored in the creation of desired products compared to the total
cell voltage with high value being important as it reduces the cost of electricity

required required to operate an electrochemical cell.

Key factors

Membrane and

’ electrolyte

Ohmic drop
Cathode catalyst

Cathode overpotential and environment

Anode catalyst and

Anode overpotential R
environment

Total cell voltage —»

Reaction

Thermodynamic potential products

Current density —»

FIGURE C.2: Reproduced with permission from Nguyen et al. [212]: Breakdown of overall cell
voltage as a function of current density showing the affects of key components.

Nguyen et al. [212] showed, in Figure C.2, that increasing energy efficiency re-

quires decreasing total cell voltage.

In order to obtain the optimum cell performance, it is important to understand the
interaction between the electrode and the electrolyte. The basic electrode reaction
can be considered as Red — Ox + ne, and using Faraday’s 1st law of electrolysis,
the number of moles altered at the electrode is directly proportional to the charge
applied to the electrode:

Q It

= _ C.39
N nF nF ( )
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Where: Q is the amount of charge transferred, n is the number of electrons ex-

changed in each half reaction and F is Faraday’s constant.

The number of moles of each reactant electrolysed per unit time is the rate of
reaction, v. As reactions occurring at the interface of the electrode and electrolyte
are considered heterogeneous, the reaction rate is dependent on the surface area

of the electrode, A, for a current density j:

1 dN I
U= AU T WA " nF (C.40)

From a chemical kinetics approach, the rate of oxidation is expressed as v, =
k.creq and the rate of reduction as v, = k.co, where k, and k.are the rate constants

of the reactions, and cp, and cg,y the concentrations of the reacting substances.

Rate constants of electrode reactions can be expressed using the Arrhenius Equa-

tion:
AH,
k, = Pyexp (— RTa) (C.41)
AH,
ke = P.exp (— RTC) (C42)

Where: P, and P, are pre-exponential factors independent of electrode potential,
and AH, and AH, are the activation enthalpies of the oxidation and reduction

reactions.

Bringing together the two derivations of the rate of reaction, and acknowledging
that the overall current is a summation of the anodic and cathodic currents j =

ja + jc (Where the currents are vectors across the interface), we see that:

Ja = nFkaCReq (C.43)

je = nFkecoy (C.44)
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and hence:

j = nF(kaCRed - kCCOx) (C.45)

When there is no net current, the rate of oxidation and reduction must be equal,
and the electrode will be at the equilibrium electrode potential E.;, which can be

expressed using the Nernst Equation:

RT
Eeg = E0 + ﬁln((f—;) (C.46)

The relationship between the current on an electrode (I) and the applied poten-
tial (E) is best described by the Butler-Volmer Equation. This particular form of
the equation is correct when the rate of reaction is determined by the transfer of
electrical charge at the surface of the electrode, and not by the mass transfer from

the bulk electrolyte to the electrode surface.

j=jole " — o] (C.47)

Where: the over-potential 7 = E — E.

C.3 Carbon Dioxide - Water System

Whilst in the atmosphere, CO; is extremely stable as it is the most oxidised form
of carbon. It is naturally removed from the atmosphere through photosynthesis
by plants and bodies of water, often described as "carbon sinks’. CO, dissolves in
water through a simple equilibrium reaction (Equation C.48) with the solubility

of CO; being 0.1449 grams per 100 ml H,O under standard conditions [213].

CO; (o) &= COy (C.48)

aq)



C.3. Carbon Dioxide - Water System 271

Water, in its pure form, is expected to have a pH of 7. It forms a natural dissocia-

tion to hydronium and hydroxide ions.

2H,O — H30" + OH~ (C.49)

Ky = [HT][OH ] =101 (C.50)

From which the pH can be calculated:

pH = —Logio[H"] = —(=7) =7 (C.51)

However, under standard conditions, HyO is often slightly acidic, which can
be attributed to an equilibrium reaction between dissolved CO, and the water,

which forms carbonic acid:

CO, (aq) + H,O <:> HzCO3 (aq) (C.52)

With carbonic acid now present, acid-base equilibrium reactions remove protons

to form carbonate and bicarbonate ions:

H2CO3 (aq) <:> H(—;q) + HCO3_ (aq) (C53)
— 2
HCO3 () &= H{,,y + CO3 ) (C.54)

Henry’s Law can be used to calculate the amount of CO; dissolved in the wa-
ter; it states that the concentration of dissolved CO; is proportional to its partial

pressure in the gas phase:

[CO2](sg) = Kco,Pco, (C.55)
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Therefore, increasing carbon dioxide concentrations in the atmosphere also re-
sults in more CO, dissolved in water bodies around the world. For the world’s
oceans, this means the pH will drop as CO; levels increase in causing ‘ocean acid-

ification’.

C.3.1 Buffers

The buffer capacity of a solution quantifies its ability to resist changes in pH,
either by absorbing or desorbing H* and OH~ ions. When an acid or base is
added to a buffer, the effect on pH change depends on both the initial pH and the
capacity of the buffer to resist change in pH. Buffer capacity (B) is defined as the
moles of an acid or base necessary to change the pH of a solution by 1, divided
by the pH change and the volume of buffer in litres. A buffer resists changes
in pH due to the addition of an acid or base though consumption of the buffer.
As long as the buffer has not been completely reacted, the pH will not change
drastically. The pH change will increase more drastically as the buffer is depleted

as it becomes less resistant to change.

Various equilibrium reactions in the CO, — KHCO3 electrolyte system are (with

the equilibrium constants at 25°C from Sullivan et al.[214]):
CO;, (4) + H20 7= H,CO3 Ky =263%x1073 (C.56)
H>CO3 &— HCO; + H* (C.57)
Combining Equations C.56 and C.57 gives:

CO; (4g) + H20 7= HCO; + H* Ky, = 444 x 107’M (C.58)
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Or in basic solutions where pH > 7 it is written as:

CO; (49 +OH™ 7= HCO; Ky, =444 x 10 1/M (C.59)

Bicarbonate ions are neutralised by OH ™~ ions that are generated on the cathode

surface by:

HCO; +OH™ &= CO3™ + H,0 K, = 4.66 x 10°1/M (C.60)

Combining C.59 and C.60 gives:

CO; () + CO3™ + HO 7= 2HCO; Kz = 9.52 x 103 (C.61)

In this study, CO;(g4) is in equilibrium within the liquid, therefore CO,(,, con-

gas)
centration is a constant at a given pressure and temperature. So, for the electrolyte
in equilibrium with CO» gas at a partial pressure of 101.3 kPa and a temperature

of 25°C, COz(aq) is 1.5034 g/L (not considering the effect of ionic strength).

Initial concentrations of the other species; HCO; and CO%‘ and pH, may be de-
termined by considering Equation C.61 to be in equilibrium. While reaction C.57
is fast, carbonic acid (H,CO3) never constitutes more than 1 % of the total CO2(aq)
in solution, and so above a pH of 7.4, reaction C.59 dominates and reactions C.56

and C.57 can be ignored in the pH calculations [214].

Also, the kinetics of both the forward and reverse reactions of Equation C.60 are
very fast, so that it can be assumed that H CO; isin equilibrium with CO; at all

times.

The charge balance can be described as:

[HT] + [KT] = [HCO3™] +2[CO3*"] + [OH] (C.62)
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In this example of KOH and CO; in water, alkalinity is given by Equation C.62 as

the amount of strong base: if [KT] = A

A= [HCO; | +2[COs* |+ [OH | — [H'] (C.63)

These calculations can be used to produce a graph, as seen in Figure C.3, which

shows how the bicarbonate buffer is affected by pH.
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FIGURE C.3: Reproduced from Pedersen et al. [215]: Relative percentage of carbon dioxide,
bicarbonate and carbonate in water as a function of pH.

C.3.2 Henry’s Law

Henry’s law describes the relationship between the solubility of a gas in a liquid
and the partial pressure of that gas above the liquid. Formulated by the English

chemist William Henry in 1803, it states that:

C =Ky.P (C.64)

Where; C is the concentration of the gas in the liquid, ky is the Henry’s law con-

stant (which varies depending on the gas and the solvent), and P is the partial
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pressure of the gas above the liquid. In summary, Henry’s law tells us that the
amount of gas that dissolves in a liquid is directly proportional to the pressure of

the gas above the liquid, provided the temperature remains constant

C.3.3 Diffusion

Fick’s laws of diffusion describe the net movement of a given species from a re-
gion of higher concentration to a region of lower concentration diffusion. They
can be used to solve the diffusion coefficient 'D’. Fick’s first law can be used to

derive his second law which in turn is identical to the diffusion equation.

Fick’s 1st law

Fick’s first law relates the diffusive flux (Flow) to the gradient of the concentra-
tion. It postulates that the flux goes from regions of high concentration to regions
of low concentration, with a magnitude that is proportional to the concentration
gradient (spatial derivative). In one dimension, the law can be written in various
forms, the most common form is in a molar basis:
o

] = —D% (C.65)
Where: ]’ is the diffusion flux (mol m=2 s~ 1), 'D’ is the diffusion coefficient or
diffusivity (m?/s), ‘¢’ (for ideal mixtures) is the concentration (mol), 'x’ is dis-
tance (m). ‘D’ is proportional to the squared velocity of the diffusing particles
which depends on the temperature, viscosity and particles size, according to the

Stokes—Einstein relation. In dilute aqueous solutions the diffusion coefficients of

most ions are in the range of (0.6 —2) x 10~° m?/s at room temperature.
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If diffusion is in 2 or more dimensions then the V, the gradient operator, should

be used, generalising the previous equation to:

] =-DV¢ (C.66)

Where ]’ is the diffusion flux vector.

C.3.4 Flow Characterisation

Laminar flow is the movement of fluid along easily definable paths, where all
particles flow parallelly in the same direction. Hence, the particles move in a
laminar way (layers gliding over each other) [216]. Conversely, turbulent flow
is where the fluid particles move in an inconsistent, indirect way, where eddy
current can form leading to high energy loss in the fluids velocity. The speed of

the fluid at a point continuously changes in both magnitude and direction [216].

The main method of flow analysis is Computational Fluid Dynamics (CFD). The
Navier-Stokes equation or simplified Reynolds-averaged Navier-Stokes equations
are the basis for almost all CFD codes [216]. Flow conditions can be visualised
practically by using ink, which is injected into the middle of a tube through which
water flows. If the ink does not appear to mix with water and the streamlines are
parallel, the flow is deemed to be laminar. However, if the flow completely dis-
rupts the ink and the water turns homogenous as the streamlines are chaotic and
not linear, the flow is deemed to be turbulent, Figure C.4 illustrates these differ-

ences.
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Laminar Flow
[\ _—_—

Turbulent Flow

T

FIGURE C.4: Illustration of the differences between Laminar and Turbulent flow.

The type of flow is determined by a non-dimensional number called the Reynolds
number for a pipe flow. If the Reynolds number is less than 2000, then the flow is
called laminar flow, between 2000 and 4000 the flow may be laminar or turbulent.

If the Reynolds number is over 4000, then the flow is called turbulent.

In practice, matching the Reynolds number is not on its own sufficient to guaran-
tee similitude. Fluid flow is generally chaotic, and very small changes to shape
and surface roughness of bounding surfaces can result in very different flows.

Nevertheless, Reynolds numbers are a very important guide and are widely used.

Higher turbulence in the flows are enhances gas-liquid mass transfer in aqueous

solutions [217], this is discussed further in Chapter 4
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