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nic CO, emissions in our atmosphere

are causing a severe thread on our
planet. This forces us to move away from
fossil fuels and find sustainable alternati-
ves. Research has been exploring ways to
remove CO, from the atmosphere and in-
vestigating different pathways to reduce
and reuse these carbon emissions. Electro-
chemical conversion of CO, is a promising
way forward, where CO, can be converted
into different chemicals by applying elec-
tricity. A circular carbon economy can be
established in which CO, serves as a re-
source instead of a waste gas.

This dissertation explores the technical
feasibility of integrating CO, capture with
electrochemical conversion. Through ex-
perimental investigation, the performance
of the electrochemical conversion of CO,
is explored. Furthermore, this dissertation
provides a perspective on the feasibility of
the proposed integrated capture and elec-
trochemical conversion process.

L arge concentrations of anthropoge-
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The final chapter is ours to write. We know what we need to do.
What happens next is up to us.

— David Attenborough






Summary

In a future where society can no longer rely on fossil resources, a transition towards
renewable energy and production pathways is required. This involves the develop-
ment of renewable energy sources, such as solar and wind power, and the production
of chemicals that are currently fossil-based through different pathways. COs is a po-
tential carbon source that can be used for the production of valuable chemicals by,
for example, electrochemical COs reduction. In this way, a circular carbon economy
is created where CO4 serves as a resource for carbon based products that is captured
and reused.

This dissertation explores the integration of CO45 capture with the electrochemical
conversion of COy. By integrating the capture and conversion step, solvent regen-
eration is achieved by the electrochemical conversion, replacing the energy intensive
thermal regeneration that is typically used in COs capture systems. Two different
CO; capture routes are considered using physical or reactive absorption. The first
route studies the physical absorption of CO5 using a non-aqueous capture solvent.
The second route investigates the use of reactive absorption using a (bi)carbonate
solvent.

This dissertation is divided into three parts. The first two parts focus on elec-
trochemical COy conversion in different CO4y capture solvents, whereas the last part
studies the integrated process design. Part I examines electrochemical CO5 reduction
on a Cu electrode using propylene carbonate as physical absorption solvent. The
product selectivity towards Coy products is investigated by varying water concentra-
tions, operating temperature, and salt ions used in the non-aqueous electrolyte. Part
IT explores bicarbonate electrolysis towards CO, using (bi)carbonate as reactive ab-
sorption solvent. The overall system stability and the product selectivity, specifically
at a more alkaline electrolyte pH, are studied. Part III delves into the integrated pro-
cess design and discusses the feasibility and challenges related to the proposed system.

Part I: CO; reduction in organic solvent

Chapter 2 investigates the product selectivity of CO2 reduction on a Cu electrode
using a propylene carbonate electrolyte. The major products detected are Ho, CO,
and formic acid, with no Cy; products detected. Organic solvents are known to
suppress the Hy evolution reaction, because of the lack of water and protons present.
However, due to the aqueous anolyte used, water diffuses through the membrane
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Summary

to the catholyte, increasing its water content. This results in large concentration
of Hy produced. By exchanging the aqueous anolyte with a non-aqueous anolyte,
the Hs production can be partially suppressed, while simultaneously increasing CO
formation.

Chapter 3 focuses on the salts used in the propylene carbonate solvent. Several
different salt combinations, varying both the cation and the anion, were tested. The
salt present in the propylene carbonate electrolyte has a significant influence on the
product selectivity of CO5 reduction on a Cu electrode. The use of a larger cation,
with a weaker hydration shell, led to the largest amount of CoHy produced. The
highest Faradaic efficiency towards CoHy of 22% was achieved using 0.7 M THACI in
propylene carbonate.

Part II: Electrolytic bicarbonate reduction

Chapter 4 studies the overall product stability of a bicarbonate electrolyser. The
Faradaic efficiency towards CO (FEqo) decreased by 30% within the first three hours
of operation. During the experiment, the electrolyte is recirculated and CO5 is con-
sumed, increasing the electrolyte pH. An increase in electrolyte pH causes a decrease
in the product selectivity towards CO. Furthermore, the metal trace ion impuri-
ties present in the (bi)carbonate electrolyte strongly influence the overall stability.
This was avoided by complexing trace metal ion impurities using ethylenediaminete-
traacetic acid (EDTA).

Chapter 5 investigates the performance of a bicarbonate electrolyser at an in-
creased electrolyte pH. The performance in terms of FEco and solvent regeneration
were investigated. At an increased operating temperature of 60 °C, an improved sol-
vent regeneration could be achieved. However, this leads to a decrease in FEqgo and
overall product stability. By increasing the catalyst loading and adding EDTA to the
electrolyte, both the selectivity towards CO and the overall stability were significantly
improved.

Part III: Integrated capture and conversion

Chapter 6 studies at the integration of direct air capture, using a solid adsorption and
liquid desorption step, with electrolytic bicarbonate electrolysis. An experimental
proof-of-concept is accomplished and provides an initial insight into the feasibility
of integrating direct air capture with electrochemical conversion. These results are
accompanied by a simplified process model. The regeneration of the capture solvent
by electrochemical conversion is limited to a lower pH range. At a more alkaline
solvent pH, the electrolyser performance decreases, whereas a highly alkaline capture
solvent is preferred for the capture of CO4 from the air, due to the low partial pressure
of COs.

Chapter 7 provides a perspective on the feasibility of integrating post-combustion
carbonate capture with bicarbonate electrolysis using flue gas with higher partial
pressures of COs. Increasing the operating temperature and pressure can improve
the capture step and the system integration, as flue gas is typically at higher partial
pressure and temperature. The performance of the bicarbonate electrolyser at ele-
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vated pressure (5 bar) and temperature (60 °C) is shown to improve the overall solvent
regeneration. The feasibility of the integration of CO5 capture and electrochemical

conversion is concluded to be highest when using flue gas with high partial pressures
of COs.

In summary, this dissertation offers a diverse perspective on the feasibility of in-
tegrating CO4 capture and electrochemical conversion. It explores the performance
of the electrochemical conversion of COs using two different solvents and it provides
a perspective on the feasibility of integrating reactive absorption of CO5 with bicar-
bonate reduction.
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Samenvatting

In een toekomst waar de samenleving niet langer afhankelijk kan zijn van fossiele
grondstoffen is een transitie naar hernieuwbare energiebronnen en productiemethode
vereist. Dit omvat de ontwikkeling van hernieuwbare energiebronnen, zoals zonne-
en windenergie, en de productie van chemicalién, die op dit moment van fossiele
brandstof gemaakt worden, via andere wegen. CQO5 is een potentiéle koolstofbron die
kan worden gebruikt voor de productie van waardevolle chemicalién door bijvoorbeeld
elektrochemische COs reductie. Op deze manier kan er een circulaire koolstofeconomie
gecreéerd worden waarin COq dient als grondstof en wordt afgevangen en hergebruikt.

Dit proefschrift onderzoekt de integratie van COy afvangen met electrochemische
conversie van CO3. Door het afvangen en omvormen van COs te integreren wordt
de regeneratie van de absorptievloeistof bereikt met de elektrochemische conversie
en kan de energie-intensieve thermische regeneratie die doorgaans gebruikt wordt in
CO; afvangsystemen vermeden worden. Twee verschillende routes voor het afvangen
van CO, worden onderzocht waarin gebruik gemaakt wordt van fysieke of reactieve
absorptie. De eerste route bestudeert de fysieke absorptie van CO2 met behulp van
een niet-waterige absorptievloeistof. De tweede route onderzoekt het gebruik van een
reactieve absorptie met behulp van een (bi)carbonaatoplossing.

Dit proefschrift is verdeeld in drie delen. De eerste twee delen richten zich op de
electrochemische CO5 conversie met behulp van verschillende CO5 absorptievloeistof-
fen. Deel I onderzoekt de electrochemische COs reductie op een Cu elektrode in
propyleencarbonaat als fysische absorptievloeistof. De productselectiviteit naar Coy
producten wordt onderzocht door te kijken naar de waterconcentratie, temperatuur
en de gebruikte zoutionen in de niet-waterige elektrolyt. Deel II onderzoekt de
elektrolytische bicarbonaatreductie naar CO, met behulp van (bi)carbonaat als re-
actieve absorptievloeistof. De algehele systeemstabiliteit en de productselectiviteit,
met name bij meer alkalische elektrolyt pH, worden bestudeerd. Deel III duikt in
het geintegreerde procesontwerp en bespreekt de haalbaarheid en de uitdagingen met
betrekking tot het voorgestelde systeem.

Deel I: CO; reductie in organisch oplosmiddel

Hoofdstuk 2 onderzoekt de productselectiviteit van de CO4 reductie op een Cu elek-
trode in propyleencarbonaat elektrolyt. De belangrijkste gedetecteerde producten
zijn Ha, CO en mierenzuur, en bijna geen detecteerbare Coy producten. Organische
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Samenvatting

oplosmiddelen staan erom bekend de Hy evolutiereactie te onderdrukken, vanwege het
gebrek aan aanwezige protonen. Echter, vanwege het gebruik van een waterig anolyte,
diffundeert er water door het membraan naar het katholyt, waardoor de watercon-
centratie toeneemt. Dit resulteert in een grote concentratie geproduceerde Hy. Door
de waterige anolyte te vervangen door een niet-waterige anolyt kan de Hy productie
gedeeltelijk worden onderdrukt, waardoor tegelijkertijd de CO productie toeneemt.

Hoofdstuk 3 richt zich op het ionzout dat wordt gebruikt in combinatie met propy-
leencarbonaat. Er werden verschillende zoutcombinaties getest, waarbij zowel het
kation als het anion gevarieerd werd. Het gebruikte zout in de propyleencarbonaat
elektrolyt heeft een belangrijke invloed op de productselectiviteit van de COg re-
ductiereactie op een Cu elektrode. Het gebruik van een groter kation, met een
zwakkere hydratatieschil, bleek de grootste hoeveelheid Co;H, te produceren. De
hoogste Faraday-efficiéntie naar CoHy van 22% werd bereikt gebruik makend van 0.7
M THACI in propyleencarbonaat.

Deel II: Elektrolytische bicarbonaatreductie

Hoofdstuk 4 bestudeert de algehele productstabiliteit van de bicarbonaatelektrolyser.
Een daling in de Faraday-efficiéntie naar CO (FEco) van 30% werd waargenomen
binnen de eerste drie uur van operatie. De afname in productselectiviteit is gedeel-
telijk gerelateerd aan de verandering in de pH van het elektrolyt vanwege het re-
circuleren van de vloeistof gedurende het experiment. De toenemende pH van het
elektrolyt verlaagt de FEco. Verder werd geconcludeerd dat de sporen van metaalio-
nenverontreinigingen die aanwezig zijn in het gebruikte (bi)carbonaatzout de algehele
stabiliteit sterk beinvloedden, doordat deze het actieve elektrode oppervlakte voor de
COg; reductiereactie blokkeren. Dit werd voorkomen door de sporen van metaalionen
te complexeren met behulp van ethyleendiaminetetra-azijnzuur (EDTA).

Hoofdstuk 5 onderzoekt de bicarbonaatelektrolyser bij meer alkalische elektrolyt
pH. De prestatie in termen van de FEco en regeneratie van de absorptievloeistof
werden onderzocht. Er werd vastgesteld dat bij een verhoogde temperatuur van 60
°C een verbeterde regeneratie kan worden bereikt. Dit leidt echter tot een afname in
FEco en de algehele productstabiliteit. Door de hoeveelheid katalysator te verhogen
en EDTA toe te voegen aan het elektrolyt, werden zowel de selectiviteit naar CO als
de algehele stabiliteit aanzienlijk verbeterd.

Deel III: Geintegreerde afvang en conversie

Hoofdstuk 6 bekijkt de integratie van CO9 afvangen uit de lucht met behulp van een
vaste adsorptie- en vloeistofdesorptiestap, met elektrolytische bicarbonaatelektrolyse.
Een experimentele proof-of-concept is voltooid en biedt een eerste inzicht in de haal-
baarheid van het integreren van COs afvangen uit de lucht met elektrochemische
conversie. Deze resultaten worden vergezeld door een vereenvoudigd procesmodel.
De regeneratie van de desorptievloeistof door elektrochemische conversie is beperkt
tot een lager pH bereik. Bij meer alkalische vloeistoffen neemt de prestatie van de
elektrolyser af, terwijl een zeer alkalische oplossing meer CO5 uit de lucht kan afvan-
gen, vanwege de lage partiele druk van COs in de lucht.
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Hoofdstuk 7 biedt een perspectief op de haalbaarheid van het integreren van COq
afvangen na verbranding met bicarbonaatelektrolyse gebruikmakend van rookgassen
met een hogere partiele druk van COs. Het verhogen van de temperatuur en druk kan
de CO4 afvangstap en de systeemintegratie verbeteren, aangezien rookgas doorgaans
een hogere partiéle druk van COs en temperatuur heeft. De prestaties van de bicar-
bonaatelektrolyser bij verhoogde drukken (5 bar) en temperatuur (60 °C) blijken de
algehele regeneratie van de oplossing te verbeteren. De haalbaarheid van de integratie
van CO, afvang met elektrochemische conversie is het hoogst bij gebruik van rookgas
met hoge partiéle drukken van COs.

Samenvattend biedt dit proefschrift een divers perspectief op de haalbaarheid van
het integreren van COs afvangen met elektrochemische conversie. Het onderzoekt de
prestaties van de elektrochemische conversie van COs met behulp van verschillende
absorptievloeistoffen en biedt een perspectief op de haalbaarheid van het integreren
van reactieve absorptie van CO5 met elektrolytische bicarbonaatreductie.
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1.1 Background

1.1 Background

Climate change and its effects on global weather patterns and average temperatures
poses a severe thread on our planet.1? The main driver of climate change is the
increase of anthropogenic green house gas (GHG) concentrations, in particular car-
bon dioxide (CO3), in our atmosphere.” Since the industrialization in the 1800s, the
concentration of atmospheric COs has increased from 280 to 425 parts per million
(ppm) as of 2024 (see Figure .4 The use of fossil fuels for transportation and
the production of energy are the root cause for the increased COs emissions. An
increased concentration of COs traps the heat near the Earth’s surface, increasing
global temperatures which causes climate change.”

The impact of climate change is already clearly visible in the change in weather
conditions across the globe.2 Europe is facing warmer summers, combined with heavy
rainfall or prolonged droughts. Warmer winters disrupt the total number of snow days
and cause the glacier ice to melt at an alarming rate.” Likewise, sub-Saharan Africa
is facing a rise in average temperatures combined with frequent extreme heat waves.
Precipitation patterns are changing, causing a distinct decline in rainfall in south-
ern Africa and an increase in east Africa.® This eminently affects rainfed agricultural
systems and the livelihoods of many who depend on them, leading to higher risks of in-
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Figure 1.1: Concentrations of CO5 in the atmosphere measured at Mauna Loa Ob-
servatory, Hawaii.”) Seasonal oscillations of atmospheric CO, are measured, however
a clear upwards trend is observed over the years.
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fectious diseases and famines.® As a global effort to combat climate change, the Paris
agreement was adopted in 2015. This was the first universal, legally-binding, inter-
governmental treaty on climate change. The main goal, as defined by the agreement,
is to limit global temperature rise to well below 2 °C above pre-industrial levels.? In
order to achieve this, the reduction and removal of anthropogenic emissions of COs is
crucial. ¥ This involves phasing out the use of fossil fuels, adopting renewable energy
and feedstock usage, improving energy efficiencies, and reducing energy consump-
tion.20“M Fyrthermore, this requires the removal of the already expelled CO4 from
our atmosphere, known as carbon capture.

1.2 Carbon Capture and Utilization

Alongside the reduction of emissions, the UN Intergovernmental Panel on Climate
Change (IPCC) highlights the need for carbon dioxide removal (CDR) technologies,
specifically in energy and industry sectors, to achieve net-zero emission goals.® CDR
technologies include carbon capture either from point sources, such as flue gas stream,
or directly from the air. The carbon can subsequently be transported and stored in
geological or ocean reservoirs or stored in products e.g. minerals. This is also known
as carbon capture and storage (CCS).22 The main drawback of CCS is that it requires
large storage locations, which are not available everywhere. It is, however, a necessary
technology, both during the transition of fossil fuels to renewable energy alternatives
and thereafter, to reduce the total amounts of CO5 in our atmosphere and prevent the
global temperature to rise above 2 °C.”"2 The utilization of CO5 entails producing
a carbon product from the captured COs. In this way, a circular CO5 economy can
be established, replacing the need for fossil fuels and feedstocks. However, current
technologies still require large amounts of energy to convert the captured carbon into
products. This section discusses the existing capture and utilization technologies.

1.2.1 Carbon Capture

Capturing COs is a highly necessary method to reduce the excess amount of anthro-
pogenic CO5 in our atmosphere. The main three approaches to carbon capture from
point sources are: post-combustion capture, pre-combustion capture, and oxy-fuel
capture.¥ Post-combustion carbon capture is performed after the final combustion
step in industrial processes, in which the exhaust gas contains low CO5 concentrations
(4-14 v%). The implementation of post-combustion carbon captures is relatively easy,
since no changes to the existing process have to be made. Pre-combustion capture
removes the COz from fuels before combustion by oxygen and/or steam reforming,
creating a mixture of purely CO, and Hy.¥ H, is then separated from the CO; and
combusted with air. Higher CO5 concentrations are obtained, making the separation
process easier. However, large investment costs are associated with pre-combustion
CO; capture.!¥ Lastly, oxy-fuel combustion utilizes oxygen instead of air for the com-
bustion process, resulting in an exhaust gas of CO2 and water. By condensing the



1.2 Carbon Capture and Utilization

water, the COy can be separated and removed. Combustion with oxygen requires a
large energy consumption and is an expensive process.

Multiple technologies can be used for the separation of CO; from the different gas
streams. There are three leading technologies which can be classified as adsorption,
absorption, and membrane separation.’® Adsorption uses a solid sorbent to physically
adsorb a molecule in either gaseous or liquid phase. Regeneration of the adsorbent is
achieved by applying heat (temperature swing adsorption) or reducing the pressure
(pressure swing adsorption). The high selectivity of the adsorbents makes adsorp-
tion suitable for the separation of CO4 from gas streams with low partial pressures of
CO, 17 Membrane separation is based on diffusion of gas molecules across the mem-
brane, driven by the differences in partial pressure of the components on either side of
the membrane. Therefore, membrane separation is less suitable for gas streams with
low CO; concentrations, such as in post-combustion gas streams. % Furthermore, the
durability of the membranes is poor, affecting the performance of the membrane.®
Absorption uses a liquid solvent to capture gaseous CO4 and can be divided into phys-
ical absorption and reactive absorption. The physical absorption of a gas molecule to
an absorbent material is achieved by van der Waals bonding and dissolution of the
gas in the liquid, whereas in reactive absorption COs forms a chemical bond with the
absorbent material. Reactive absorption is highly selective and is therefore typically
employed in capture processes with low partial pressures of CO5. Furthermore, re-
active absorption can easily be scaled and is a relatively easy process to work with.
Absorption solvents, can be regenerated by applying heat or elevating the pressure,
similar to solid adsorbents. Currently, monoethanolamine (MEA) based solvents are
most frequently used for COy capture. 18192 The kinetics of MEA are very rapid,
however, a high regeneration energy (around 3.2-4.2 GJ/tonne CO3 ) is required and
the solution is very corrosive.?? Reactive absorption is regarded as the most mature
capture method for post-combustion CO5 capture, as it has good long-term stability,
low regeneration costs, and is relatively inexpensive.l® Therefore, CO4 capture with
reactive absorption will be used in this thesis.

Several commercial projects are currently running worldwide. One of the largest
operational carbon capture projects in the Netherlands is situated at AVR in Duiven.
AVR is a waste processing plant that has installed a CO5 capture plant with a capture
capacity of 100 kt CO5 /year.?! Next to already commercially running projects, there
is also still a lot of research ongoing to improve COs capture technology both at small
lab scale and larger industrial scale. In Norway the Technology Centre Mongstad
facilitates as a large testing facility for CO5 capture technologies and is leading in
connecting science and industrial applications.’%2

Next to carbon capture from point sources at industrial plants, the removal of
CO; directly from the air is inevitable to achieve net zero emissions to be below
the 2 °C target.“##% DAC is typically achieved by adsorption using a solid sorbent
material engineered to selectively bind with COs. Due to the relatively low partial
pressure of COs in the atmosphere, significant quantities of air need to be processed to
saturate the sorbent material. Typically, heat is used to release the capture CO5 from
the sorbent material. The first large-scale DAC plant commissioned by Climeworks
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in Iceland in 2021, captures 4 kt CO,/year.?? Currently, Climeworks is building a
second much larger facility, which aims to capture up to 36 kt COy /year.

1.2.2 Carbon Utilization

The utilization of captured CO5 has the prospect of creating a circular carbon econ-
omy. Currently, the largest consumer of COs is the fertilizer industry, to produce
urea from ammonia, followed by oil companies, using the COs for enhanced oil recov-
ery. Furthermore, COs is used in the food and beverage industry and in greenhouses
for stimulating plant growth.28 New emerging technologies look into converting the
captured CO, into fuels, chemicals, and building materials.“” Different utilization
routes include, amongst others, electrochemical or photocatalytic reduction of COs ,
and thermochemical conversion of CO5.28 Thermochemical conversion processes such
as pyrolysis, gasification, and hydrogenation are typically used for the conversion of
biomass into different energy carriers.”? These processes are energy intensive methods
as they require high temperatures and pressures. Photocatalytic and electrochemical
conversion are both processes that can convert CO5 into value-added chemicals, such
as CO, methane (CHy), ethylene (CoHy) and ethanol (CoH;OH).BU3 Photocatalytic
conversion uses sunlight, whereas electrochemical conversion requires an external ap-
plied energy source to initiate the reduction of COs. Electrochemical COy conversion
has shown great potential to produce a wide range of chemicals and is therefore the
main focus of this thesis.2®4 In the next section, the fundamentals of electrochemical
CO4 reduction will be explained in more detail.

Electrochemical COs reduction (CO2R) is a promising method where captured
CO; can be used as a building block to create value-added chemicals.®1"33 An external
(renewable) energy supply is required to initiate the reaction as it is non-spontaneous.
In Figure a schematic representation of a typical electrochemical cell is depicted.
An electrochemical cell consists of two electrode, a positively charged anode and
negatively charged cathode, an anolyte, catholyte, and a membrane to separate the
two compartments. The COz reduction reaction (CO2RR) takes place at the interface
between the electrode and the electrolyte, within the electric double layer. 35

The electrochemical reaction consists of two half reactions, taking place at the
anode and cathode simultaneously. At the anode, the oxygen evolution reaction
(OER) takes place, whereas at the cathode, the CO5 reduction reaction (CO2RR)
occurs (see Table . The anodic reaction supplies the electrons and protons for
the cathodic reaction. The electrons are transported by an external electrical circuit
and the membrane transports the protons between the two electrolytes. In Table
several half reactions for the CO4 reduction are listed as well as the hydrogen evolution
reaction (HER).®® The HER is a competing site reaction taking place at the catalyst
surface and is difficult to suppress when doing CO3R. in aqueous electrolytes. Different
COg reduction products can be obtained, depending on the catalyst used. For the
conversion of COsy into higher hydrocarbons, more electrons and intermediate reaction
steps are required. The choice of the electrode material has a strong effect on which
reaction pathway is used and which products are formed. Silver (Ag) and gold (Au)
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electrodes are largely used for the formation of CO, whereas copper (Cu) is the only
material that can produce hydrocarbons with decent selectivity. Cu is able to bind
CO* to its surface with the right binding energy, allowing it to react further to
form hydrocarbons.3” Many possible reaction pathways have been formulated and
extensively discussed in literature.

To improve the CO5 reduction reaction, a lot of research is focused on the catalyst
design.™ Changing the electrode morphology, by for example creating nanowires or
nano cubes, increases the reactive surface area and enhances the mass transfer ki-
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Figure 1.2: Schematic depiction of a typical electrochemical cell for the reduction of
CO3R to CO on a Ag electrode.

Table 1.1: Electrochemical half reactions for the reduction of COsR to several hydro-
carbon products and their respective standard equilibrium potentials.=0

Half Cell Reactions Ey [V vs. RHE]
2 H,O — Oy + 4 H' + 4e~ (OER) 1.23
2 H" + 2¢~ — Hy (HER) 0
COg + 2 Hy + 2¢~ — CO + HyO -0.10
COs + 6 Hy + 6e~ — CH30H + H>O 0.03
CO2 + 8 Hy + 8¢~ — CHy + 2 HO 0.17
2 COg + 12 Hy + 12e7 — CoHy4 + 4 H2O 0.08
2 COy + 12 Hy + 12~ — CoH;0OH + 3 H,O 0.09
3 COy + 18 Hy + 18e~ — C3H;OH + 5 H,O 0.10
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netics.#2 However, next to the electrode design, the electrolyte also plays a crucial
role.B343 Commonly, aqueous electrolytes are used in electrochemical CO, reduction
systems. The main disadvantage of aqueous electrolytes is the low COs solubility,
which is only 34 mM at standard temperature and pressure.** This limits the total
amount of COz that can react at the electrode surface and facilitates the competing
HER. The catalytic selectivity can be controlled by the local pH at the electrode
surface. Both the CO3RR and the HER produce OH™, which significantly increases
the pH close to the electrode surface as compared to the bulk electrolyte pH.%3 Since
the HER is a pH dependent reaction, this reaction can be suppressed by control-
ling the local pH at the electrode. Furthermore, the nature of the cations and anions
present in the electrolyte have an effect on the reaction kinetics of the CO3RR. Larger
cations, with larger hydration shells, tend to improve the selectivity of the COsRR
on Cu towards Co products.”®

Furthermore, there are different electrochemical cell configurations used for differ-
ent types of systems. Two frequently used electrochemical cell configurations are the
membrane electrode assembly (MEA) cell and the gas diffusion electrode (GDE) flow
cell.32 In a MEA cell, the electrodes are directly deposited on the membrane, limiting
the total cell resistance. GDE flow cells operate with a gaseous COs feed, compared
to dissolved COg , in a separate compartment. The GDE prevents the liquid from en-
tering the gas compartment, whereas the COs is transported to the catalyst interface.
This increases the CO5 concentration on the catalyst, decreasing the mass transport
limitations and improving the current densities.

1.3 Integrated System Design

The capture of post-combustion CO4 by absorption, as described previously in Sec-
tion [1.2.1] is a promising method to remove the anthropogenic COy from the atmo-
sphere. In Figure a typical absorption process is depicted. First, COs is captured
by the absorption solvent in the capture column. Then, the COs rich solvent is col-
lected at the bottom of the absorber column and subsequently sent to the stripper
column for the regeneration step. By applying heat, the captured CO; is released
and leaves the column at the top and the CO5 lean solvent is recycled back to the
absorber column to start a new capture cycle.?” The main drawback of CO, capture
by absorption is the energy intensive desorption process, as it requires large amounts
of thermal energy to regenerate the capture solvent.4%4” Furthermore, it produces
pure COs5 as a product which subsequently must be stored or further processed, both
of which are expensive processes.

Therefore, this thesis will focus on the integration of post-combustion carbon cap-
ture with the electrochemical COs reduction to produce value-added chemicals. This
novel integrated system design replaces the stripper column with an electrochemical
process, eliminating the energy intensive desorption step and making the process more
efficient. #6050 In Figure[1.4] a schematic diagram of an integrated carbon capture and
electrochemical conversion process is shown.
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Figure 1.3: Liquid solvent based CO; capture system, using an absorber column for
the COs capture followed by a stripper column which removes the CO5 from the
solvent due to the increased temperature.

This thesis investigates two different approaches for the integration of carbon cap-
ture and electrochemical conversion. The first system is based on the capture of CO4
by physical absorption using organic solvents. Non-aqueous electrolytes have higher
CO4 solubility (5 to 8-fold compared to aqueous solventsm) and can suppress the
HER, due to the low amount of protons present. 434 The CO, rich solvent can there-
fore directly be used in an electrochemical cell for the CO5 reduction to value-added
chemicals. In Section [I.3.1] the main challenges related to organic CO reduction will
be discussed.

Secondly, an integrated system based on reactive absorption is investigated. This
process uses a pH swing to capture and release the CO5 by making use of the acid-
base equilibrium reaction between CO2 and carbonate (see Equat. An alkaline
carbonate solution captures the CO5 in the form of bicarbonate.?223 This process is
also known as the Benfield process, which has been widely used for the purification of
synthesis gases.52 The process has the advantage of low solvent costs, low degradation,
and low corrosion. The main disadvantage of CO4 capture using a carbonate solvent
is the slow reaction rate.5 However, this can be overcome by operating at higher
pressure and temperature or by the addition of promotors.
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Figure 1.4: Integrated capture and conversion system in which the COs is capture in
an absorber column and subsequently removed and converted in an electrolyser stack.
The CO5 lean solvent produced in the electrolyser is recycled back to the absorber
column for the next cycle and the COs reduction products are separated.

Equilibrium reaction: CO32(g) + CO3™ + HyO == 2HCO; (1.1)

The bicarbonate rich capture solution is used in the bicarbonate electrolyser. This
method does not use dissolved COs and is therefore not limited by the CO5 solubility
in the solvent. Hori and Suzuki®® were the first to effectively convert bicarbonate into
formate in 1983. In the next subsections, both systems will be elaborated in more
detail.

1.3.1 Organic Solvent Based Electrolysis

CO4 reduction using non-aqueous electrolytes can potentially improve the overall ef-
ficiency of the CO2RR, due to the increased COs solubility and suppression of the
HER %324 Frequently used non-aqueous electrolytes are acetonitrile (ACN), methanol,
dimethylformamide (DMF), and propylene carbonate (PC). There are several studies
that show promising results for the reduction of COs to CO on Au electrodes, using
various organic solvents.5557 Furthermore, several studies have explored the COj re-
duction to other 2-electron products such as formate and oxalate, using i.e. Pb, Ag,
and Pt electrodes. 58960 Relatively little research focuses on the CO4 reduction towards
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hydrocarbons in organic solvents.> ™ Kumar et al.® investigated multiple organic
solvents (DMF, n-methyl-2-pyrrolidone (NMP), and ACN, using 0.1 M tetrabutylam-
monium hexafluorophosphate (TBAPFg) and quantified the product distribution of
the CO4 reduction on a Cu electrode. For all three organic solvents, negligible quan-
tities of hydrocarbons were measured. The major product detected for DMF and
NMP was oxalate, and hydrogen and formate for AN. Similarly, Deacon-Price et al.b1
concluded for CO9 reduction on a Cu electrode using a 0.1 M tetraethylammonium
chloride (TEACI) in ACN solvent, only small amounts of hydrocarbons were formed
and CO served as the major product.

A possible reason for the lack of hydrocarbons being formed in the organic solvent is
the limited amount of protons present, which are required for the CO;RR. Therefore,
several studies have suggested the addition of small amounts of water to the non-
aqueous electrolyte.2?58 Furthermore, the effect of the cations and anions of the salt
dissolved in the organic solvents is less explored compared to aqueous solvents. 262 It
is unclear how the salt effects to product distribution of the CO5 reduction reaction,
which is an interesting path for future research.

1.3.2 Bicarbonate Electrolysis

Bicarbonate electrolysis is another promising technique to convert COs into value-
added chemicals. In Figure a schematic depiction of a bicarbonate electrolyser
is shown. In the bicarbonate electrolyser, the carbon dioxide is supplied in the form
of bicarbonate (HCO3). COq is liberated from bicarbonate by making use of the
acid-base equilibrium reaction between bicarbonate and CO4 (see Equation . A
bicarbonate electrolyser uses a bipolar membrane (BPM), which splits water into
OH™ and H'. By facing the cathodic side towards the cathode compartment, H"
ions are provided for the COs liberation (Equation and |1.3]). Subsequentially, the
liberated COs is reduced on the catalyst surface (see Table

CO, liberation: HT + HCO3; == CO; + H20 (1.2)
2H" + CO3~ == CO, + H,0 (1.3)

Most of the research on bicarbonate electrolysis has been performed by the Berlinguette
group. They have published multiple studies on bicarbonate electrolysis towards CO,
using a Ag GDE.*¥6 Tnitial faradaic efficiencies towards CO (FEgo) achieved were
around 40% at 100 mA /em? and standard temperature and pressure.®? A maximum
of 82% FEco at 100 mA/cm? was achieved for an optimally designed electrode,
made using both physical vapour deposition (PVD) and spray coating of Ag nano-
particles.% The best performance of the bicarbonate electrolyser system thus far was
obtained at an elevated pressure of 4 bar. A maximum of 95% FE¢o at 100 mA /cm?
was reached, due to the increase in CO, solubility.©?

To use bicarbonate electrolysis on a larger scale, the product stability is of signifi-
cant importance. However, in most currently published work, the product stability of
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Figure 1.5: Schematic depiction of a bicarbonate electrolyser.

the bicarbonate electrolyser remains unclear. A brief mention on the stability of the
bicarbonate system is made in the work by Lees et al.®¥ in which the performance
over an eight hour window is examined. A clear decline in product selectivity as
function of time is observed, which is directly related by the authors to the increase
of the pH in the bicarbonate solution as COs is being used for the CO4 reduction
reaction. The stability of the bicarbonate electrolyser for a constant inlet pH remains
unclear. Furthermore, the total CO; utilization is an important parameter to consider
to evaluate the performance of the bicarbonate electrolyser. The COs is supplied in
the form of bicarbonate, therefore, the amount of COs that is actually being liberated
and converted in the system is crucial and directly related to the outlet pH of the
electrolyte. A high CO; utilization is crucial for the integration of CO2 capture with
electrochemical conversion.

Several studies have discussed the potential of an integrated capture and conver-
sion system using a (bi)carbonate solvent, however, most research has focused on the
bicarbonate electrolyser only. Li et al.®® demonstrated an integrated capture and
conversion system at lab-scale. The CO4 capture was simply achieved by purging the
COs through a KOH solution in a bottle. Subsequently, the (bi)carbonate rich solu-
tion was pumped to the electrolyser with a BPM where it was converted into syngas
with a ratio of 2:1 (H:CO). Later work by Xiao et al.®” used the same capture setup,
and a slightly modified electrolyser using a cation exchange membrane (CEM) and a
TiO5 adlayer on the catalyst to improve the overall carbon efficiency. Furthermore,
a recent study by Kim et al.#8 demonstrated a coupled capture and conversion sys-
tem to convert COs into syngas with a ratio of 1.7:1 (H2:CO). A packed bed capture
column was used for the capture of CO5. The solvent stream was directly coupled to

12
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the bicarbonate electrolyser to convert the captured CO5 into syngas. Based on this
study, the electrolyte pH was identified as a key parameter for an effective integration
of this system.

For the successful integration of a capture and conversion system using a (bi)carbonate
solvent, it is crucial to obtain the right operating conditions for both the capture
and conversion step.®® The capture step requires a high inlet pH for efficient CO,
capture, whereas the bicarbonate electrolyser performs optimally at near-neutral pH
conditions. If the electrolyser cannot regenerate the (bi)carbonate solvent to the re-
quired alkaline inlet conditions for the capture step, the sizing of the capture column
must be increased accordingly to capture an equal amount of CO5. Therefore, more
research into the regeneration of the solvent by the electrolyser is required. Further-
more, a better understanding of how the electrolyser performs at sub-optimal pH inlet
conditions and how this can be improved is highly necessary.

Lastly, several studies have investigated the techno-economics of a potential in-
tegrated system.2%69%U The main benefit of an integrated system approach are the
energy saving and reduction in carbon emissions.*?%? However, currently the high
cell potentials and low FEs are limiting the successful integration at an economically
relevant scale. Moreover, most research has been conducted at lab-scale electroly-
sers only, making the uncertainties of the techno-economic assessments high."™' It is
essential to understand how these key parameters can be improved in order to accel-
erate the technological development of this promising integrated system design and
contribute to sustainable development.

1.4 Outline

This dissertation aims at addressing the main challenges and opportunities for an in-
tegrated capture and conversion process, of which the scope is depicted in Figure
The thesis focuses on the electrochemical conversion of CO4 using two different elec-
trochemical systems. The first system is an electrochemical system using an organic
electrolyte (route A). The organic solvent can be used as a physical COs capture
solution for higher partial pressure gas streams. It has a high CO5 solubility and can
be used directly in an electrochemical cell. The second electrochemical system is a
bicarbonate electrolyser where the captured CO; is provided to the electrochemical
system in the form of (bi)carbonate (route B).

This thesis is divided into three parts. Part I focuses on the COs reduction in
organic electrolyte (route A). Specifically, in this part, the reduction of CO5 on a
copper electrode in a propylene carbonate electrolyte is studied. Chapter 2 investi-
gates the effect on the product distribution when adding small amounts of water to
the non-aqueous electrolyte as well as the effect of temperature. Then, in

, the salt used in aprotic solvents is systematically evaluated to better understand
its effect on the product distribution.

In Part II, the bicarbonate electrolyser is discussed (route B). Chapter 4 explores
the stability of the bicarbonate electrolyser and how this can be improved. Further-

13



Chapter 1

Feasibility Integrated Process | Chapter 6 and 7

Capture
CO, H,, CO,
Conversion

il

Route A: organic electrolyte | Chapter 2 and 3

CO, lean gas

A

CO, rich flue gas

Route B: (bi)carbonate electrolyte | Chapter 4 to 7
- J

Figure 1.6: Schematic representation of the scope of this dissertation.

more, the effect of the electrolyte pH and the impurities present in the solvent on the
stability are investigated. Chapter 5 further explores the effect of the electrolyte
pH, specifically how the performance of the bicarbonate electrolyser can be improved
at increased pH inlet conditions. Moreover, the trade-off between efficient capture
and efficient electrochemical conversion for an integrated process is discussed.

Lasty, Part III discusses the integrated capture and conversion process. In Chap-
ter 6 a novel integrated direct air capture and electrochemical conversion process is
examined, in which a solid and liquid sorbent are combined. Lastly, in the
feasibility of integrated flue gas capture using a carbonate capture process combined
with a bicarbonate electrolyser is discussed and a comprehensive perspective on the
process integration is provided.
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Chapter 2

Abstract

Aqueous electrolytes are most commonly used for the COy reduction reaction (CO,RR),
but suffer from a low COy solubility that limits the reaction. FElectrochemical COs re-
duction in nonaqueous electrolytes can provide a solution, due to the higher COs
solubility of organic solvent-based electrolytes. Herein, the product distribution of the
electrochemical COy reduction on polycrystalline Cu in 0.7 M tetraethylammonium
chloride in propylene carbonate with different water additions (0, 10, and 90 v%),
and for different operating conditions (10, 25, 40, and 60 °C), is investigated. It
is found that COy reduction on Cu in a propylene carbonate solution results in Hs,
CO, and formic acid formation only, even though Cu is known to produce Coy prod-
ucts such as ethylene and ethanol in aqueous electrolytes. Increasing the operating
temperature increases the CO3RR kinetics and shows an improvement in CO forma-
tion and decrease in Hy formation. However, increasing the operating temperature
also increases water transport through the membrane, resulting in an increase of Ha
formation over time when operating at 60 °C.
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2.1 Introduction

2.1 Introduction

Currently most of our fuels and chemicals are produced from fossil feedstock, result-
ing in large amounts of COy emissions from these processes which create a great
threat on our environment. With decreasing renewable electricity prices and increas-
ing availability of renewable electricity, the production of fuels and chemicals using
electrochemistry becomes more interesting.™ In the electrochemical reduction of CO,,
electricity is used to convert COy into value-added chemicals.?#33:38 With the inter-
mittent production of renewable electricity, the CO2 reduction reaction (CO2RR) can
provide a means for long-term and large-scale storage of renewable energy in chemical
bonds as well as a way to close the carbon cycle. 374

The choice of electrode material is key in electrochemical CO4 reduction, as it deter-
mines which products are formed in the reduction reaction and the overall selectivity
toward these products. Therefore, most studies on CO4 reduction have focused on the
design of selective and efficient catalysts and on obtaining insights in the possible reac-
tion pathways for the different products. 33324 LA2RAT However, there are many more
important factors that influence the CO3RR, such as the electrolyte choice, includ-
ing, for instance, cation and anion effects and operating conditions such as the local
pH, pressure, and temperature. 43447677 Typically, aqueous electrolytes are used for
CO32RR. Unfortunately, the solubility of CO5 in water is very low (~34mM).B0:9%44
This significantly limits the amount of COs present in the electrolyte and thereby
limits the CO3RR due to the limited mass transport of COs to the electrode surface.
Furthermore, the large amount of water present facilitates the hydrogen evolution re-
action (HER), an undesired side reaction competing with CO4 reduction in the same
potential window.43

One possible way to increase the CO5 solubility and limit the HER is using organic
solvents. 43448 There are a limited number of studies that investigate the reduction
of COs in organic solvents. Most studies have focused on electrolytes based on ace-
tonitrile (ACN), methanol, propylene carbonate (PC), dimethyl sulfoxide (DMSO),
and dimethylformamide (DMF).B%4470 The main CORR products observed in or-
ganic solvents are oxalic acid, CO, and carbonate (CO3™).5244 Oxalic acid is formed
through the dimerization of two free CO, radicals in aprotic conditions. In the ab-
sence of water, CO and COE_ are formed through a disproportionation reaction of a
CO; radical and CO3. The formation of formic acid is only possible in the presence
of water, by protonation of a CO; radical and electron transfer.#%#4 Although most
organic solvents are capable of suppressing the HER, the current densities for COq
reduction are typically low, due to a lack of protons available for the reduction reac-
tion. Therefore, several studies have suggested that COs reduction in organic solvents
can be significantly enhanced by adding small amounts of water, acting as a proton
donor. 5956

Rudnev et al.?? demonstrated a strong promoting effect of water in ACN for the
reduction of CO5 on gold. Water is thought to serve as a proton donor, reducing
the overpotential at which COy reduction is taking place. However, this study only
performed cyclic voltammetry (CV) experiments. Therefore, it is still unclear what
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effect water additions have on the product distribution of the COsRR. A previous
study by Shi et al.®% studied the effect of adding 6.8 wt% water to PC for the reduction
of CO5 to CO on a gold cathode. PC was chosen as the preferred organic electrolyte
as it has a large electrochemical operating window, high COy solubility (134mM),
and is nontoxic.##2% This study observed a decrease in the reduction potential during
potentiostatic electrolysis, confirming that water acts as a catalyst for the COoRR
toward CO. However, the authors did not measure the water concentration after
electrolysis, nor did they investigate different water concentrations. Therefore, it is
still unclear how and if the water concentration in the catholyte is influencing the
product distribution. Furthermore, a recent study by Boor et al.®? investigated CO,
reduction to oxalic acid on a lead electrode in a propylene carbonate electrolyte.
The influence of the water content was investigated and the authors concluded that
an increase in water concentration decreases the oxalic acid formation and increases
byproduct formation (e.g., formate, glycolic acid, and glyoxylic acid). Currently, most
studies investigating CO4 reduction in organic solvents with water additions do not
quantify the products formed during the reduction reaction. Therefore, there is a need
for more studies reporting the product distribution of CO2RR in organic solvents with
the addition of small amounts of water.

Although most experimental studies are performed at ambient temperature and
pressure, industrial electrochemical processes typically operate at elevated tempera-
tures up to 80 °C.8Y The main sources of heat generation are the applied overpotential
and the resistive losses generated within the electrolyzer stack. Only a few studies
have investigated the effect of temperature on the COs reduction performance and
product distribution. 8486 [y general, increasing the temperature improves the ionic
conductivity of the membrane and the electrocatalytic activity, but also enhances the
membrane’s chemical degradation processes and decreases CO solubility.®%87 The
earliest work on the effect of temperature on the CO3RR dates back to 1986, by Hori
and coworkers,®! who studied CO3RR on a Cu electrode in a 0.5 M KHCO3 solu-
tion at 5 mA /ecm? in a temperature range from 0 to 40 °C. The amount of methane
(CH,) was found to decrease by increasing the temperature to 40 °C, whereas hy-
drogen (Hz), carbonmonoxide (CO), and ethylene (C3Hy4) production increased. A
similar trend was observed by Ahn et al.82 using a polycrystalline copper electrode
in a 0.1 M KHCO3 solution at -1.60 V versus Ag/AgCl to study the reduction of COq
between 2 and 42 °C. A shift in selectivity from ethylene and formate to methane
was observed when decreasing the temperature. The large amount of Hy formation
at higher temperatures is attributed to the decrease in dissolved COs. In addition,
a recent systematic study performed by Vos et al.2% concluded that at elevated tem-
peratures the increase in kinetics of COsRR is counteracted by the decrease in COq
solubility. The effect of temperature on CO3RR so far has mainly been investigated
in aqueous systems, with a limited amount of studies looking at the effect of temper-
ature in nonaqueous electrolytes. Studies using nonaqueous electrolytes focus mainly
on methanol or acetonitrile electrolytes at temperatures around 243 K, based on the
Rectisol method, to increase the methane formation.®3®3 Additionally, Boor et al.”?
studied CO9 reduction to oxalic acid on a Pb electrode at 55 and 75 °C, using a PC
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electrolyte. They achieved the highest oxalic acid selectivities and current densities
at 55 °C, due to the decrease in COs solubility at higher temperatures. To the best of
our knowledge, there are no studies that have investigated the effect of temperature
on COs reduction on a copper electrode using a nonaqueous electrolyte.

Here, we report on the product distribution of COs reduction on a Cu electrode
using 0.7 M TEACI in PC electrolyte. We investigate the effect of adding small
amounts of water to the electrolyte and the effect of the operating temperature on
the resulting product distribution.

2.2 Results and Discussion

2.2.1 Cyclic Voltammetry

To determine the potential window for COs reduction on a Cu electrode in a 0.7 M
TEACI in PC solution with varying concentrations of water (0, 10, and 90 v% water),
CV experiments were performed in the presence and absence of COs. Figure[2.I]shows
the voltammograms with solid lines representing the argon (Ar)-saturated solutions,
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Figure 2.1: Cyclic voltammograms of a polycrystalline Cu electrode in a argon sat-
urated (-) and COs saturated (---) propylene carbonate with 0.7 M TEACI solution,
with 0, 10, and 90 v% water addition, recorded at a scan rate of 20 mVs~!. The
insert displays a zoom-in between -0.25 V until -2.25 V vs. Ag/AgCl.
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whereas the dotted lines represent the COq-saturated solutions. It is of importance to
note that upon addition of water to the PC solvent, the CO5 solubility will decrease.
However, upon an addition of 10 v% of water, the COs solubility is expected to only
be slightly lower than for a pure PC electrolyte. Therefore, the decrease in dissolved
COs is expected to have a rather limited effect on the CO3RR.

Figure shows that in an Ar atmosphere a reductive current is observed with an
onset potential of -2.1 V versus Ag/AgCl (solid green line) when there is no water
added to the electrolyte. This suggests that at potentials of -2.1 V versus Ag/AgCl
and lower, either PC or the supporting electrolyte salts (TEACI) decomposes. Upon
adding 10 v% water to the electrolyte (solid orange line), the onset potential of the
reductive current shifted to less negative potentials (-1.4 V vs. Ag/AgCl). Moreover,
the slope of the reduction current increases at -2.0 V versus Ag/AgCl. We hypothesize
that the first reductive current is related to Hy formation, while the second reduc-
tive current is related to the reduction of the organic solvent. Increasing the water
concentration shift of the onset potential of the reductive current to -1.1 V versus
Ag/AgCl. This current is assumed to be associated with HoO reduction.

When the electrolyte with 0 v% water is saturated with CO4 (dotted green line),
there is a reductive current observed with an onset potential of -1.4 V versus Ag/AgCl
that is associated with CO3RR. When 10 v% water is added to the electrolyte (dot-
ted orange line), a current associated with COz reduction was observed with an onset
potential of -1.2 V versus Ag/AgCl. The onset potential for the COz-saturated elec-
trolyte with 90 v% water (dotted blue line) is equal to the onset potential of the
Ar-saturated solution (-1.1 V vs. Ag/AgCl) and no clear reduction current related to
COs5 reduction is observed.

From the voltammograms, a minimum and maximum cathode potential was se-
lected to be applied in the chronoamperometry studies. A minimum potential of -1.6
V versus Ag/AgCl is chosen and the maximum applied potential is limited to -2.0 V
versus Ag/AgCl to prevent decomposition of the electrolyte.

2.2.2 Chronoamperometry: The Effect of Water

Chronoamperometry (CA) studies for CO3 reduction on Cu in a 0.7 M TEACI in PC
electrolyte with 0, 10 and 90 v% water were performed for 1 hour, with the aim of
determining the product distribution of COsRR. The water concentration was limited
to 10 v% due to solubility limit of water in PC, as with higher water concentrations
the electrolyte behaves as a two-phase system. During these measurements, gaseous
products were analyzed with an inline gas chromatograph, while liquid samples were
taken from the electrolyte after the measurements to measure the liquid products
formed.

Figure[2:2]shows the faradaic efficiencies of all the products detected during CO2RR
on Cu with different concentrations of water added to the 0.7 M TEACI in PC solution
at three different potentials: -1.6 V versus Ag/AgCl, -1.8 V versus Ag/AgCl, and -2.0
V versus Ag/AgCl. All faradaic efficiencies are averaged over the last 20 min of the
experiment when the measured current was stable. For all three water concentrations,
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2.2 Results and Discussion

three main products were detected: hydrogen (Hgz), carbon monoxide (CO), and
formic acid (HCOOH). Besides these products, trace amounts of methane (CHy)
and ethylene (CyHy) were detected. The CO3RR on Cu in a 0.7 M TEACI in PC
electrolyte without added water does not form any methane or ethylene. Instead,
formic acid is formed as major product next to Ho. The formic acid concentration
decreased with increasing the water concentration from 0 to 10 v%. When the water
content in the catholyte increases from 10 to 90 v%, the system starts behaving more
as an aqueous system and therefore the product selectivity is shifted toward Hs and
CO formation at all three applied potentials. However, ethylene is not detected and
only small amounts of CHy are observed with an applied potential of -2.0 V versus
Ag/AgCl (see Figure ¢)). The catholyte with 90 v% water in PC was expected to
perform similarly as an aqueous system. Even with 90 v% water present, no ethylene
or other hydrocarbons are formed, which suggests that the presence of PC is somehow
limiting the COsRR to hydrocarbons.

As expected, Hy formation increases when increasing the water concentration for
all three potentials. Even in the electrolyte with 0 v% water addition, a large amount
of Hy is formed. It is important to note that 0 v% water content refers to the freshly
prepared electrolyte, where no water was added to it. However, during electrolysis,
water from the aqueous anolyte diffuses through the membrane to the catholyte, due
to the water concentration gradient and due to electro-osmotic drag.®® The effect of
the electro-osmotic drag is increased as the applied potential increases. Moreover,
the Nafion membrane is stored in water for activation and therefore can also slightly
contribute to an increase in water concentration after electrolysis. The water con-
tent after electrolysis was measured with coulometric Karl-Fisher (KF) titration (see
Figure [A.3)). After electrolysis, the water content of the electrolyte with 0 v% wa-
ter addition increased from 0.2 v% to around 4 v%, whereas the water content of
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Figure 2.2: Chronoamperometry (CA) on a Cu electrode in 0.7 M TEACI in PC
electrolyte at different potentials as a function of electrolyte water additions (0, 10,
and 90 v% water). Faradaic efficiencies for (a) CA at -1.6 V vs. Ag/AgCl, (b) CA
at -1.8 V vs. Ag/AgCl, and (c) CA at -2.0 V vs. Ag/AgCl. Error bars indicate
differences between duplicate easurements.
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the electrolytes with 10 and 90 v% water added remain the same. Nonetheless, for
both electrolytes with 0 and 10 v% water addition, there is a decreasing trend in
Hs production when the applied potential is increased, whereas an increase in CO
production is observed.

To eliminate the water present in the entire system, the anolyte was replaced with
a nonaqueous solution, equal to the composition of the catholyte, and a chronoam-
perometry experiment was performed. In Figure 2:3] the CA results at -2.0 V versus
Ag/AgCl are presented for a system with: (a) 0.7 M TEACI in PC with 0 v% water
added as catholyte and anolyte (C:0|A:0), (b) 0.7 M TEACI in PC with 0 v% water
added as catholyte and an aqueous anolyte (C:0/A:100), and (c) 0.7 M TEACI in PC
with 10 v% water added and aqueous anolyte (C:10|A:100). The current obtained
when using 0.7 M TEACI in PC as anolyte and catholyte (light green line in Fig-
ure a)) is lower in comparison to using an aqueous anolyte (dark green and blue
line). The products detected for chronoamperometry measurements with a PC-based
catholyte and anolyte are mainly formic acid, Ho, and CO, and small amounts of
ethylene (Figure b)) with formic acid as the main product formed. Furthermore,
the amount of CO formed without water present in the catholyte and anolyte is sim-
ilar to the amount of CO formed when using 10 v% water in a PC catholyte and an
aqueous anolyte.

The total amount of water measured after 1 hour of electrolysis is represented in
Figure c). Without water additions to the anolyte or catholyte, the total amount
of water measured in the catholyte is around 1.3 v% (Figure 2.3(c) C:0[A:0). The
blank catholyte contains around 0.2 v% water, which means that there is still water
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Figure 2.3: Chronoamperometry at -2.0 V vs. Ag/AgCl on a Cu electrode comparing
(i) 0.7 M TEACI in PC with 0% water added as catholyte and anolyte (C:0|A:0),
(ii) 0.7 M TEACI in PC with 0% water added as catholyte and an aqueous anolyte
(0.5M H5SO4) (C:0] A:100), and (iii) 0.7 M TEACI in PC with 10 v% water added
and aqueous anolyte (C:10/A:100). (a) Current density, (b) faradaic efficiencies ,
and (c) water concentrations before (blank) and after 1 hour of CA for the three
different electrolyte combinations. Error bars indicate differences between duplicate
measurements.
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2.2 Results and Discussion

entering the catholyte. The source of the water must be due to the use of a wet Nafion
membrane, which needs to be activated in water. There is a direct relation between
the amount of Hy produced and the water concentration at the end of electrolysis:
reducing the water concentration results in a reduced amount of Hs produced. The
suppression of the HER under the studied conditions did however not improve the
CO2RR selectivity toward hydrocarbon products, but only toward the CO and formic
acid.

There are a limited amount of studies of COs reduction in nonaqueous systems that
use a Cu electrode.B¥9093 Thege studies used methanol as electrolyte and operated at
temperatures below 273 K. Murugananthan et al.?3 showed the best faradaic efficiency
toward CHy of 37.5% at -4 V versus Ag quasi reference electrode at 243 K by increasing
the pressure to 4 bar. In this work, the electrolysis is performed at different operating
conditions and with PC instead of methanol, making it difficult to compare results
and understand why in this study hydrocarbons where detectedwhile here this is not
the case. For Cu electrodes in aqueous systems, it is known that faradaic efficiencies
toward ethylene and ethanol in a 0.1 M KHCO3 electrolyte range up to 30% and
10%, respectively, depending on the applied potential 209556 We expect that the
interaction of the solvent and the electrode in the double layer influences the binding
strength of the different intermediates.

Figure 2:4]illustrates the different pathways in CORR. The yellow path represents
the formation of formate. In blue, the reaction pathway toward CO is presented.
Due to the higher CO solubility in PC compared to water, it is expected that in PC
electrolytes CO will desorb more readily from the surface. 2798 This results in a lower
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Figure 2.4: Schematic of different possible pathways for electrocatalytic COs reduc-
tion. The yellow pathway leads to formate, blue pathway to CO, orange pathway
toward multi-carbon products, and green path way to methane production.
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CO coverage on the copper electrode and thus prevents CO-CO dimerization and
the further reduction of CO to hydrocarbons such as ethylene and ethanol (pathway
in in orange), which could explain why hydrocarbons are not formed in our system.
Furthermore, if there is enough adsorbed hydrogen present on the surface, further
reduction of CO to CHy is possible (pathway in green).**%? However, due to the lack
of water present in our system, the amount of adsorbed hydrogen on the surface is
expected to be limited and this will in turn limit CH4 formation. Finally, dimerization
of the C; intermediates can also result in the formation of multicarbon products. This
pathway will however also be limited due to the relatively lower coverage of hydrogen
on the surface.

In aqueous systems, it is well known that alkali metal cations have a large im-
pact on the selectivity and activity of the CO,RR. 20338455000 Therefore, an initial
chronoamperometry experiment was performed with 0.1 M KClO4 in PC at -1.8 V
(see Figure [A.F]). Due to solubility limitations of alkali metal salts in PC, it was
not possible to perform a one-on-one comparison. More details can be found in
Appendix [A] The use of an alkali cation did not increase the amount hydrocarbon
products and only resulted in the formation of Hy. This indicates that alkali metal
cations do not affect the COsRR in nonaqueous systems the same way as in aqueous
systems.

One other possible way of increasing the selectivity toward ethylene is by increasing
the operating temperature.882 Therefore, the next section will further explore the
effect of operating temperature on the reduction of CO5 on Cu in a 0.7 M TEACI/PC
electrolyte.

2.2.3 Chronoamperometry: The Effect of Temperature

The effect of temperature during CO3RR on Cu electrodes in PC-based electrolytes
was studied using a slightly adapted flow-cell design (see Figure . The cell was
heated using a water bath and the temperature was kept constant throughout the
electrolysis experiment. 1 hour electrolysis experiments at -1.8 V versus Ag/AgCl
were performed at 10, 25, 40, and 60 °C, using a 0.7 M TEACI in PC catholyte and
aqueous anolyte (0.5 M HoSOy4). The results are shown in Figure The electrolysis
results at 25 °C represent the same data as presented in Figure ) for 0 v% water
added to the organic electrolyte. An increase of the electrolyte temperature results
in a decrease in ohmic losses, as the conductivity of the electrolyte and membrane
increases.®#80 This results in a higher current response at -1.8 V versus Ag/AgCl as
the operating temperature increases, ranging from -2 mA /cm? at 10 °C to -6 mA /cm?
at 60 °C (see Figure 2.5(a)).

Figure [2.5(b) shows that decreasing the temperature to 10 °C results in the for-
mation of only Hy and formic acid whereas at temperatures higher than 10 °C CO
and traces of CHy and CoHy were detected. Several studies concluded that decreas-
ing the temperature also increases CHy formation in both aqueous and nonaqueous
systems. 8288193 However, at 10 °C in 0.7 M TEACI in PC, no CH, was detected as
CO3RR product on a Cu electrode. The previously mentioned studies using nonaque-
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Figure 2.5: (a) Current density, (b) faradaic efficiency, and (c) water concentration
after 1 hour of chronoamperometry measurements on Cu electrode in a 0.7 M TEACI
in propylene carbonate solution containing 0 v% water at -1.8 V vs. Ag/AgCl at dif-
ferent temperatures. Error bars indicate differences between duplicate measurements.

ous systems all used methanol-based electrolytes, which is a protic solvent. Since PC
is aprotic, we anticipate that there are not enough protons present to form CH,4 and
thus no increase in CH,4 formation at lower operating temperatures is observed in our
system. The total faradaic efficiency towards Hy at 10 °C slightly decreased to 37%
as compared to 52% when operating at 25 °C. Previous studies confirm that the Hy
production decreases with decreasing operating temperatures. 88385 However, in our
experiments the faradaic efficiency toward Hs also decreases at elevated temperatures,
with a decrease to 13% at 40 °C and to 27% at 60 °C.

Interestingly, the faradaic efficiency toward formic acid increased from 40% at 25
°C to 62% at 40 °C, but then decreased again to 40% at 60 °C. Furthermore, an
increase in CO formation of 5% and 26% was observed when increasing the temper-
ature from 25 to 40 °C and 60 °C respectively. Earlier studies on temperature effects
showed that the increase in temperature resulted in an increase in reaction kinetics,
but also in a decrease of CO; solubility.®8 However, as described by Vos et al.,88 in
aqueous systems, the increased reaction kinetics obtained when operating at higher
operating conditions are not severely counteracted by the decrease in CO5 solubility.
Analogues to an aqueous system, this is expected to be similar in a PC electrolyte.
The increased kinetics will lead to a higher formation rate of CO3RR products, which
is indeed observed in the partial current density toward CO for different operating
temperatures (see Figure . At 60 °C ethylene was detected, albeit in very small
amounts (FEc, i, = 0.76%). This suggests that the reaction kinetics can be improved
toward ethylene when increasing the temperature further, which is similar for aque-
ous systems.® It is however not feasible to operate the Nafion membrane at higher
temlﬁ)zeﬂratures, as the conductivity of the membrane significantly reduces above 80
°C.

The total amount of water measured after electrolysis for each operating tempera-
ture is presented in Figure ¢). The total amount of water measured increases with
increasing operating temperature, as the permeability of the membrane increases at
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higher temperatures.8? Therefore, more water was transported through the membrane
from the anolyte to the catholyte during the experiment, resulting in the highest wa-
ter concentration of around 9 v% water when COs electrolysis was conducted at 60
°C. This increase in water concentration in the catholyte at higher operating tempera-
tures contributes to an increase in Hy formation. All faradaic efficiencies presented in
Figure are averaged over the last 20 minutes of the experiment when the measured
current was stable. However, the product distribution over time, specifically at 60
°C, showed a clear trend where the Hy concentration continuously increases and CO
and CoHy concentrations start to decrease (see Figure . When running the CA
for longer than 1 hour at 60 °C, Hs formation is expected to keep increasing as water
will continue to be transported through the membrane. A similar trend was observed
in terms of product distribution for experiments performed at 40 °C. However, the
trend was less pronounced as compared to the results of electrolysis at 60 °C.

2.2.4 Morphology Characterization

Scanning electron microscopy (SEM) was used to study the morphology changes of
the copper foil before and after electrolysis at different operating temperatures. As
expected, the surface undergoes structural transformations during electrolysis because
of the reactions taking place.1%2 Figure a,b,d) shows an increased surface roughen-
ing when operating the cell at 60 °C as compared to 25 °C (see Figure. More and
larger height differences were observed as well as more agglomeration and reshaping
of the copper surface.

Furthermore, a black layer was observed on the copper surface after electrolysis at
60 °C (see Figure c)). Energy-dispersive X-ray spectroscopy (EDS) results showed
that in this black layer an increase in C atoms and O atoms occurred compared to
the rest of the electrode surface. At the rest of the surface, the composition of the
Cu electrode is equal to the composition of the Cu electrode after electrolysis at 25
°C (see Table [A.1]). Earlier work in aqueous solutions reported a similar poisoning
process, where a thin black graphitic carbon layer was formed on the Cu electrode.®2
In the blank tests with Ar instead of COs under the same conditions, no products or
black layer were detected,meaning that the used electrolyte was stable. This strongly
indicates that the observed graphitic layer is formed as a consequence of intermediates
of CO2 decomposing on the electrode, similarly to aqueous systems. The graphitic
carbon is expected to form via a side reaction, in which COs is reduced through
formate to graphitic carbon. It is therefore expected that the black layer has a
significant role in the loss of the cathode performance in the CO2 reduction at 60 °C,
which was observed at the end of the 1 hour electrolysis experiment (see Figure .
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Figure 2.6: SEM images of the Cu electrode after chronoamperometry at -1.8 V for
in a 0.7 M in propylene carbonate solution with 0 v% water additions, at 60 °C at a
magnification of (a) 1000x, (b) 5000x, and (d) 5000x. In (c) a picture of the electrode
after electrolysis at 60 °C is shown, which clearly shows the change in surface colour.
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2.3 Conclusion

Electrochemical COy reduction on Cu electrodes in a 0.7 M TEACI in propylene
carbonate catholyte has shown to produce mainly Ho, CO, and formic acid. It remains
unclear what mechanism is preventing the reduction of CO5 to hydrocarbon products
on a Cu electrode when employing a PC electrolyte in comparison with CO3RR
in aqueous media. The influence on the product distribution during CO3RR when
increasing the water concentration in PC electrolyte was studied. Increasing the
water content of the organic catholyte from 0 to 10 v% enhanced the formation of Hy
and CO while formic acid production decreased. Due to the aqueous nature of the
anolyte used, water was transported through the membrane, and thus even when no
additional water was added to the PC catholyte; around 4 v% water was measured
in the catholyte after electrolysis which promoted Hs production. By eliminating
the aqueous anolyte and replacing it with a nonaqueous solvent, the HER can be
suppressed further. As a result, an increase in formic acid and CO formation was
observed. Furthermore, the effect of the operating temperatures on the CO3RR in a
PC-based electrolyte was studied and it was observed that increasing the operating
temperature increased the CO formation. However, due to the increased temperature,
the amount of water transported through the membrane also increased. Particularly
at 60 °C, this resulted in an increasing trend of Hy formation and a decreasing trend
in CO and Cy;H, formation. Finally, SEM images showed that the stability of the
Cu electrode was reduced at higher operating temperatures, as shown by surface
roughening which occurred after electrolysis at 60 °C as compared to electrolysis at
25 °C.
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Abstract

Electrochemical COy reduction in non-aqueous solvents is promising due to the in-
creased COy solubility of organic-based electrolytes compared to aqueous electrolytes.
Here the effect of nine different salts in propylene carbonate (PC) on the COy reduc-
tion product distribution of polycrystalline Cu is investigated. Three different cations
(tetraethylammonium (TEA), tetrabutylammonium (TBA), and tetrahexylammonium
(THA)) and three different anions (chloride (Cl), tetrafluoroborate (BFy), and hex-
afluorophosphate (PFg)) were used. Chronoamperometry and in-situ FTIR measure-
ments show that the size of the cation has a crucial role in the selectivity. A more
hydrophobic surface is obtained when employing a larger cation with a weaker hydra-
tion shell. This stabilizes the COy radical and promotes the formation of ethylene.
CO4 reduction in 0.7 M THACI/PC' shows the highest hydrocarbon formation. Lastly,
we hypothesize that the hydrocarbon formation pathway is not through C-C coupling,
as the CO solubility in PC' is very high, but through the dimerization of the COH
intermediate.
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3.1 Introduction

3.1

Electrochemical COq reduction is a promising sustainable pathway to convert flue
gas into renewable fuels and chemicals by using renewable electricity 233895 The CO,
reduction reaction (CO2RR) typically requires mild operating conditions and pro-
duces a variety of C;-C3 products.®*3¥ However, the reaction still suffers from large
overpotentials, low current densities and a limited product selectivity. 3436476

In CO; reduction research, most commonly aqueous electrolytes are deployed.?4
However, organic solvents are a promising alternative.#344 The main advantages of
using organic solvent are the relatively higher COs solubility compared to aqueous
systems and the limited amounts of protons present, hence limiting the formation
of Hy by the hydrogen evolution reaction. #3478 Frequently used organic solvents in
COg3 reduction include acetonitrile (ACN), propylene carbonate (PC), and dimethyl-
formamide (DMF).#4 Several recent studies have explored COs reduction on Au elec-
trodes using various organic solvents.2258U3 For 2_electron reduction products, such
as CO, formate, and oxalate, promising results have been obtained on i.e. Pb, Ag and
Pt electrodes.*8 60 Nonetheless, there is a relatively low amount of research conducted
on the utilization of Cu electrodes, that are able to form hydrocarbons, in organic
solvents.PLOLI04 AT] of these studies conclude that no hydrocarbons are formed while
using a Cu electrode in aprotic solvent. Hydrocarbons are only observed when the
aprotic electrolyte is altered with a proton donor such as phenol.10°

Kumar et al.®l' quantified the product distribution of COs reduction on a Cu
electrode in dimethylformamide (DMF), n-methyl-2- pyrrolidone (NMP), and ace-
tonitrile (ACN), using 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFg)
as electrolyte. Different potential windows for the different solvents were used, inves-
tigating the difference in product distribution between -1.4 and -1.8 V vs. Ag/AgClL.
For all three organic solvents, negligible amounts of hydrocarbons were detected. In
DMF and NMP, the major product formed was oxalate, whereas hydrogen and for-
mate were the main products found in ACN. The addition of water to the different
organic solvents only increased the formation of hydrogen and formate with negligi-
ble hydrocarbon production. Hence, this study concludes that aqueous systems are
the preferred solvent for the formation of hydrocarbons on a Cu electrode. No clear
reasoning was given for the suppressed formation of hydrocarbons in organic solvent.

Deacon-Price et al.®! recently studied the solvent effect in CO, reduction on a
nanostructured Cu electrode and compared this to a polycrystalline Cu electrode. A
0.1 M tetraethylammonium chloride (TEACI) in ACN was used as electrolyte, and
CO,, reduction was performed at -2.0 V vs. Ag/Ag™. A small amount of hydrocarbons
were observed, whereas the major product was CO. It is interesting to note that
this differs from the observations of Kumar et al., who mainly observed formate
production. As the only difference in these systems was the salt used, this indicates
that the choice of cations and anions in organic solvents can have a significant effect
on the product distribution. The addition of water to the organic solvent led to a
slight increase in formate production and a minor increasing trend in hydrocarbon
formation with increasing water concentration (up to 1000 mM). Kumar et al.®!
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investigated much larger water concentrations, hence they do observe an increase in
hydrogen formation when increasing the water concentration (up to 5% (v/v)). To
better understand the competition between the hydrogen evolution reaction (HER)
and COy reaction mechanism on the electrode surface, in-situ FTIR measurements
were performed. This revealed that the presence of CO5 completely suppressed the
OH bending of water and lowered the OH stretching intensity, inhibiting the formation
of hydrogen. However, the addition of water does not have any effect on the selectivity
or activity of the CO3RR. Furthermore, it is hypothesized that CO desorption in
acetonitrile is easier than in aqueous media. Hence the major product measured by
the GC was found to be CO, as it detaches from the surface before a CC bond can
be formed, which is a crucial step in the pathway to hydrocarbons.

Lastly, in our previous work1"# the product distribution of CO5 reduction using a
Cu electrode in 0.7 M TEACI in PC as solvent was studied. As expected, negligible
amounts of hydrocarbons were detected. The addition of water mainly increased the
hydrogen formation. Increasing the operating temperature to 40 and 60 °C suppressed
the hydrogen formation and increased the CO production. It was hypothesized that
the hydrocarbon formation was suppressed due to the higher solubility of CO in PC
compared to aqueous solvents leading to a low CO coverage on the catalyst surface
and thus limiting C-C coupling.

We hypothesize that to further understand why previous studies for COs reduc-
tion in non-aqueous electrolytes observe little to no hydrocarbons, the role of the
electrolyte salt and its interaction with the catalytic surface needs to be better un-
derstood. The effect of the cation size on the selectivity of COy reduction on Cu
electrodes in aqueous systems was already discussed in early studies from Murata
and Hori.#2 Smaller, strongly hydrated cations do not adsorb as easily on the elec-
trode surface as larger cations. This changes the potential in the outer Helmholtz
plane (OHP), hence effecting the selectivity of the COs reduction. It is well known
that the larger cations, such as Cs™', lead to a higher selectivity towards hydrocar-
bons, compared to a smaller cations like LiT B6430067108 Fyrthermore, the anions
are also known to have an effect on the selectivity, due to their buffering capacity
and can serve as proton donors.?¥ Different studies have shown that the presence of
halide anions, such as C17, Br™, and I, has an effect on the Cu surface structure,
and tend to steer the selectivity of the COy reduction on Cu electrodes towards Coy
products. 36431109

The effect of cations and anions for CO2 reduction in organic solvents is less well
understood. A study by Berto et al.®” compared the onset potential (obtained by
cyclic voltammetry) for different NR salts with varying alkyl chains. The onset
potentials for all salts were very similar, hence they concluded that the cation did
not have an catalytic role on the COs reduction and that the NRI does not have an
electrostatic interaction with CO2 nor with the electrode surface area. This study
did not further investigate the effect of the salts on the product distribution during
CO; reduction. Furthermore, Gomes et al.®? studied different tetrabutylammonium
(TBA) salts in 1,2 dimethoxyethane (DME) and dimethyl sulfoxide (DMSO) for CO4
reduction on a Cu electrode. They showed that ion pair formation in DME is depen-
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dent on the anion type, whereas this is not the case for DMSO. Moreover, a decrease
of ion pair formation increased the COy current density and CO faradaic efficiency.
Recent work by Konig et al. U investigated the diffusion coefficients of CO5 in aprotic
solvents and found that both the CO5 mass transport and the electrolyte solvent have
an important effect on the product distribution towards CO or oxalate. Besides these
studies, there is a limited amount of research available on the effect of the cation and
anion on the product distribution for COs reduction on a Cu electrode.

In this study, a screening of the CO5 reduction performance of a copper electrode
using several different organic salts dissolved in PC is reported. The product distribu-
tion was measured during 1 hour chronoamperometry (CA) experiments at -2.0 V vs.
Ag/AgCl. Both the anion and the cation were varied, creating 9 different salt com-
binations. The length of the cation chain was increased from tetraethylammonium
(TEA), to tetrabutylammonium (TBA), and tetrahexylammonium (THA). The anion
was varied by using chloride (Cl), tetrafluoroborate (BF,), and hexafluorophosphate
(PFg). We show that the size of the salt, both cation and anion, plays a major role in
the observed product distribution. With insitu FTIR measurements the interaction
of the salt, the PC and the catalytic surface were further investigated.

3.2

3.2.1

Figure shows the faradaic efficiencies of products formed during 1 hour chronoam-
perometry (CA) experiments at -2.0 V vs. Ag/AgCl using a Cu electrode and the
9 different PC electrolytes. The investigated potential of -2.0 V vs. Ag/AgCl was
chosen based on the optimum found in our earlier work on the COs reduction prod-
uct distribution in a TEACI/PC electrolyte.1% All experiments were performed in
a small H-cell, which was deemed most appropriate to understand the mechanistic
effects, with inline gas chromatography (GC) for the gas product analysis, and a con-
stant salt concentration of 0.7 M. The results are grouped per anion, with the x-axis
as a function of the varying cations. Figure [B1]in Appendix [B] shows the results
grouped per cation. Furthermore, Figure [B.5| shows the water concentration before
and after electrolysis for each measured salt is presented. The salts naturally adsorb
water from the atmosphere, hence it is difficult to start with a dry electrolyte without
performing extra preparation steps. Therefore, the water concentration of the fresh
electrolyte is measured to understand the starting conditions for the CA experiments.
Due to the aqueous anolyte (0.5 M H2SOy), protons will diffuse through the Nafion
membrane during the experiment. The water concentration is measured again after
the electrolysis, to quantify the diffusion of water. By measuring the gaseous product
distribution over time, we can understand the effect of the water in our system.
Figure[3.1]illustrates a notable disparity in the formation of hydrocarbon products
across the nine tested salts. In the case of TEA as cation, the CO5 reduction prod-
ucts are consistently limited to CO and formate, irrespective of the anion employed.
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Figure 3.1: Faradaic efficiencies of CO5 reduction products during 1 hour chronoam-
perometry (CA) on a Cu electrode using PC electrolytes with different salts at -2.0 V
vs. Ag/AgCl. All experiments were performed with 0.7 M salt concentrations. The
results are grouped per anion used, with error bars indicating differences between
duplicate measurements.

Hydrogen was also detected as result of the residual water and proton reduction
reaction.™ Notably, the use of THACI yields the highest ethylene production (typi-
cal measured peak concentration of 165 ppm), while TBABF, results in the highest
methane yield (typical measured peak concentrations of 80 ppm). We hypothesize
that the adsorption of the organic cations on the electrode surface increases the hy-
drophobicity of the surface, where the hydrophobicity of the surface increases with
increasing alkyl chain lengths of the cation. Such a hydrophobic catalyst surface
allows for limited available space for H" to adsorb. Ethylene formation is favored
in environments with low HT availability, hence negligible amounts of ethylene were
formed when using TEA salts, and the largest amount of ethylene was measured when
using THA (22% FEc,u,). The faradaic efficiency towards ethylene in THAC1/PC
is comparable to aqueous based electrolytes, where the observed faradaic efficiency
towards ethylene is commonly around 30%.204%96 Methane formation is favored with
a higher H' coverage.20 Therefore, the faradaic efficiency of methane was higher for
the TBA salts than for the THA salts. However, since for the TBA and THA cations
there was only ethylene production when combined with BF, or Cl™ anions, the
production of hydrocarbons cannot solely be dependent on the size of the cation.

When looking at the anion effect, the systems with salts using PFy as anion showed
negligible or no hydrocarbons production. BF, anions only showed decent amounts
of methane and ethylene when combined with a larger cation, such as TBA and THA.
Clanions showed a similar trend, where hydrocarbons were observed when TBACI or
THACI was used in the PC solvent during CO5 reduction. When using TBACI and
THACI, some acetic acid was measured, which was not detected when using any of
the other salts. However, with THACI no methane was measured suggesting that with
THACI the C; pathway forming methane is suppressed in favor of the Co pathway.
Furthermore, the salts with a CI~ anion show the highest water concentration in the
electrolyte, whereas the salts with PFy; anion have the lowest water concentration
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in the electrolyte (see Figure [B.5). Cl~ based salts are better soluble in water than
the organic based BF, and PFg salts, which can explain the larger amount of water
present in the solvents using Cl~ salts. The high concentrations of water when Cl1™
anions were used can explain why more formate was formed, in comparison to the
PFg and BF) anions. Despite this, an increased formate faradaic efficiency was only
observed with TEACI and TBACI and not with the THACI.

Additionally, chronoamperometry experiments with a nonaqueous catholyte and
anolyte were conducted to confirm that the observed change in product distribution
is mainly due to the salt used and not due to the unregulated water concentration
caused by diffusion through the membrane. However, due to the Nafion membrane
used which is activated and stored in water, the water in the system cannot be com-
pletely eliminated. TEAC] and THACI salts were tested, using a PC electrolyte as
anolyte and catholyte. Figure[B.4shows the faradaic efficiencies of the CO5 reduction
products. Comparable results were obtained, confirming that the nature of the salt
present in the electrolyte is indeed controlling the selectivity of the COsRR and con-
trolling whether ethylene is produced. Moreover, as a decrease in ethylene faradaic
efficiency is observed when using a PC based anolyte, caused by the lower concen-
tration of water (see Figure as proton donor which is required in non-aqueous
electrolytes to obtain significant amounts of ethylene.

3.2.2

To better comprehend how the cations and anions interact with the catalytic surface
during CO; reduction, in-situ FTIR measurements were performed. Figure[3.2]shows
the spectra at -2.4 V vs. Ag/AgCl for both Ar and CO5 saturated conditions. The
full spectra can be found in the Supporting Information (Figure and Figure .
This potential was chosen as it clearly shows the different bands for all measured
conditions. The effect of the anion on the COs reduction product distribution is
tested by investigating THAPFs/PC, THABF,/PC, and THACI/PC, and the effect
of the cation by comparing TEAC1/PC, TBACI/PC, and THACL/PC. In Figure(3.2(a)
a negative band is observed at 2335 cm ™!, which corresponds to CO being consumed
during the CO5 reduction reaction. ¥ A relatively larger negative band is indicative
for a higher CO5 consumption, which corresponds well to the total partial current
density for CO2 reduction for the different salts (see Figure and Figure |B.§).
Furthermore, at 1276 cm ™! a growing positive band is observed (see Figure a))
which is attributed to bicarbonate formation.™ 2 The bands in between 1673-1605
cm~! are likely related to the carbonate concentration at the surface. It is hy-
pothesized that the increase in (bi)carbonate at the surface is related to an increased
hydrocarbon production, because an increase in the amount of (bi)carbonates indi-
cates a higher local alkalinity at the surface.** Comparing to the product distribution
(as given in Figure , the largest amount of hydrocarbons were produced when us-
ing THACI, which directly corresponds to the highest intensity of the bands around
the carbonate and bicarbonate wavelength. The least amount of hydrocarbons were
formed when using THAPFg. In the spectrum of CO4 saturated 0.7 M THAPFg/PC
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Figure 3.2: FTIR spectra at -2.4 V vs. Ag/AgCl for the different salts (0.7 M)
dissolved in PC, for Ar and CO, saturated conditions, using a Cu electrode. (a)
Spectra for electrolytes using THACL, TBACI, and TEACI in PC. (b) Spectra for
electrolytes using THACI], THABF,4, and THAPFg¢ in PC.

(dark orange line in Figure b))7 there is very little to no band present at these
wavenumbers.

Furthermore, the Ar saturated spectra (see Figure , also show (bi)carbonate
bands. It is assumed that in the FTIR blank control experiments (using an Ar satu-
rated electrolyte), these bands correspond to the degradation of propylene carbonate,
forming (bi)carbonate at these negative potentials. Due to the high OH™ concen-
tration on the surface, the alkaline pH catalyzes the chemical degradation process of
propylene carbonate into (bi)cau‘bonate.'IEZI Hence, in the FTIR spectrum, the break-
down of PC is already visible at a lower potential compared to the onset potential
measured in the blank CV experiments (see Figure and Figure .

There are multiple pathways through which hydrocarbons can be formed. The
first is through the C; pathway, where *COH is a key intermediate.3832 Dimerization
of intermediates in this pathway leads to the production of both methane and C,
products. Second, a C-C bond can be formed through the Cy, pathway, where two
adsorbed *CO(H) molecules dimerize. There has been discussion regarding the exact
dimerization reaction, as both *CO and *COH have been identified as reactants for
this dimerization.M#115 Typically, a band corresponding to adsorbed *CO is expected
around 2136 cm ™!, however such a band is not observed in any of the spectra.. This
can be due to the limited sensitivity of FTIR for measuring adsorbed *CO on a
Cu electrode surface. A similar observation was made by Deacon-Price et al., 5!
where they studied COg reduction in acetonitrile. Additionally, they observed a
higher FEco, which was detected by gas chromatograph, in comparison to an aqueous
solvent, suggesting indeed that CO do not adsorb strong on Cu surface in less protic
solvent.

36



3.3 Conclusion

In contrast, a clear band is observed around 2630 cm™!, that is attributed to
a *COH intermediate. The presence of this intermediate on the surface suggests
that the reaction pathway to form hydrocarbons is either via the C; pathway, where
dimerization of intermediates occurs to form ethylene, or through the dimerization of
*COH intermediates, possibly with co-adsorbed CO.

Lastly, the negative bonds at 3696 cm™! are related to OH stretching of the water
present in the electrolytes. The salts with Cl~ anions contained the most amount
of water, which correlates with the intensity of the negative band related to OH™
stretching. There is no negative band observed near 1628 cm™!, which typically
corresponds to OH~ bending of water.®t However, the total amount of water present
at the end of the FTIR measurement will be comparable to the water concentration
measured before electrolysis, since no water crossover from the anolyte can happen
during the experiment. Furthermore, this band is overlapping with the (bi)carbonate
bands, which could also be the reason why this is not clearly visible.

3.3

This study shows that the electrolyte, and more concretely the type of salt used,
plays a crucial role in determining the product distribution during COy reduction
in propylene carbonate. We conclude that the size of the cation strongly effects the
product formation. A larger cation, with an increasing alkyl chain length, creates an
increasingly hydrophobic surface which promotes the formation of ethylene. Hence,
using THACI/PC results in the highest ethylene formation. Furthermore, based on
the FTIR results, we conclude that a higher (bi)carbonate concentration near the
electrode surface is related to a higher hydrocarbon production. The differences in
(bi)carbonate concentration at the surface is related to the local pH at the electrode.
This affects the observed product distribution, as a higher local pH promotes Coy
hydrocarbon production. The observed concentration of (bi)carbonate at the surface
is highly dependent on the dissolved salt in the electrolyte. The THACI salt shows
the highest amount of (bi)carbonate at the surface, which indeed corresponds to
the highest amount of hydrocarbons formed during the CA experiments. Lastly, we
hypothesize that the reaction pathway for hydrocarbon formation in a PC electrolyte
occurs dominantly through the *COH intermediate, either through the C; or Cs
pathways, irrespective of the salt used. This is supported by FTIR spectra where a
large band corresponding to COH was measured. Hence, the salt has a major role
in the product selectivity of COs reduction in PC. The highest amount of ethylene
(22% FEc,u,) was achieved using 0.7 M THACI in PC.
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Chapter 4

Abstract

Electrolytic bicarbonate conversion holds the promise to integrate carbon capture di-
rectly with electrochemical conversion. Most research has focused on improving the
faradaic efficiencies of the system, however, the stability of the system has not been
thoroughly addressed. Here, we find that the bulk electrolyte pH has a large effect
on the selectivity, where a higher pH results in a lower selectivity. However, the bulk
electrolyte pH has no effect on the stability of the system. A decrease in CO selectivity
of 30% was observed within the first three hours of operation in an optimized system
with 8 M KHCO3 and gap between the membrane and electrode. Singlepass electrolyte
experiments at various constant pH values (8.5, 9.0, 9.5, and 10.0), show that only
at a pH of 10 the CO selectivity was stable during three hours, reaching a faradaic
efficiency toward CO of only 18% as compared to an initial 56% at pH 8.5. Trace
metal impurities present in the electrolyte were found to be the cause of the decrease
in stability as these deposit on the electrode surface. By complexing the trace metal
ions with ethylenediaminetetraacetic acid (EDTA), the metal deposition was avoided
and a stable CO selectivity was obtained.
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4.1 Introduction

The electrochemical COs reduction reaction (CO2RR) is a promising method for using
renewable electricity to convert waste COs gas into value-added chemicals such as CO
or hydrocarbons.?33841l Nost research focuses on gas-fed electrolyser systems, where
a pure CO4 gas input is required. However, these systems are still far from commercial
applications, due to limitations such as low single-pass conversion efficiency, loss of
COj to carbon species, and low carbon utilization, 62116119

To supply a pure COs gas feed to the electrolyser, a CO2 capture process is required
to concentrate COq either from the air or from a flue gas stream. This can be achieved
by a liquid absorption, such as amine based capture solvents, or solid adsorption
sorbent, such as activated carbon.2#1202ll The regeneration of the capture solvent
requires an energy intensive thermal regeneration process, which reduces the economic
feasibility of a COj electrolyser.122:23 One potential method to eliminate the energy-
intensive regeneration step is by directly using a COs rich capture solvent as input to
the electrolyser. This can be achieved by using an alkaline capture solvent which forms
(bi)carbonate when reacting with CO5. The (bi)carbonate rich solvent can be directly
used in an electrolyser, where the COs is first liberated in the acidic environment
near the bipolar membrane (Equations and and subsequently reduced on the
catalyst surface (Equation . G366 The main advantage of this electrolyser system is
that it can provide a high concentration of COs near the catalyst surface as compared
to systems using dissolved CO,.9364 Fyrthermore, due to the production of OH™ as
byproduct during CO2 reduction, the (bi)carbonate capture solvent is regenerated
and can theoretically be recycled back to the capture column (Equation .

CO; liberation: HT + HCO3 == CO; + H,0 (4.1)
2H" + CO3~ == CO, + H,0 (4.2)

COg reduction: COgz + HpO +2e~ — CO +20H™ (4.3)
Capture reaction: COs(g) + CO3~ + Hy0 == 2HCO3 (4.4)

Currently, most research conducted in the field of the electrolysis of bicarbonate
solutions, also referred to as bicarbonate electrolysis, has focused on improving the
faradaic efficiency of the system. Berlinguette and co-workers have published several
studies on the bicarbonate electrolyser, using a Ag gas diffusion electrode (GDE) for
the production of CQ.63#64124 The electrolyser typically uses a 3 M KHCO3 catholyte,
1 M KOH anolyte, and a bipolar membrane to supply a constant H" flux to the cath-
ode compartment. A porous carbon support layer spray-coated with Ag nanoparticles
and Ni foam served as cathode and anode, respectively. An initial faradaic efficiency
towards CO (FEco) of around 40% was reached at 100 mA /cm?.03

An in-depth electrode design analysis was performed by the same group, looking
into different deposition techniques such as spray-coating, physical vapor deposition,
and a combination of these two methods.®4 Their optimized GDE, a combination of

41



Chapter 4

a 500 nm thick Ag layer, deposited using physical vapor deposition (PVD), and a
spray coated Ag layer, resulted in a reported FEqo of 82% at 100 mA /cm?, which
was confirmed by personal communication to be the initial faradaic efficiency after 5
minutes of operation.!2% Furthermore, the use of a free standing porous Ag electrode
was compared with a Ag GDE.%® An initial FEco of around 60% was reached using
a porous electrode at ambient conditions and 100 mA /cm?. Despite the decrease in
performance of the porous electrode compared to the Ag GDE, a porous electrode was
argued to be better than a GDE due to the higher durability and easy handling.©?
Increasing the pressure up to 4 bar resulted in a significant increase in FE towards
CO up to 95% at 100 mA /cm?, due to the increased solubility of CO,.%> However,
the stability of the bicarbonate electrolysis system was not discussed in detail.

Carbonate reduction, as opposed to bicarbonate reduction, using a Ag GDE was
investigated by Li et al.®%' The performance of a carbonate electrolyser was studied
with different concentrations of K3COg3 (0.1 to 2 M) as catholyte. At a concentration
of 2 M K5CO3 and current density of 100 mA/cm?, a FEqo of approximately 30%
was obtained. Recently, Xiao et al.®” demonstrated that by physically separating the
catalyst and the membrane with a thin TiOs layer (25 pm) on top of the catalyst,
the FEco increases from around 10% to 46% at 200 mA /cm? for a system using a 2
M K,COj3 catholyte at a pH between 10 and 11. Similarly, a study by Lee et al.12¢
further investigated the effect of a spacing between the membrane and catalyst to
improve the pH gradient in the system. They modelled the local pH as a function
of the distance between the membrane and the electrode surface for a carbonate
electrolyser. Interestingly, they found that in a zero-gap configuration, the pH at the
membrane does not reach acidic conditions. When introducing a spacing of 135 pm,
the pH at the membrane decreases to around 3 at 200 mA /cm?, providing the right
conditions for the in-situ generation of CO; inside the system.

The above mentioned results seem very promising for using a bicarbonate electrol-
yser in an integrated capture and conversion system. However, as mentioned before,
the stability of all of these systems remains unclear and is often overlooked in the
current literature. Lees et al.®4 briefly discuss the decrease of the FEco over time
and conduct an 8 hour experiment where the 3 M KHCOj3 electrolyte was refreshed
every three hours, showing a temporary recovery of the CO faradaic efficiency to the
initial efficiency of around 40% after refreshing the electrolyte. Furthermore, the Ag
loading on the electrode before and after electrolysis measured by XRF was within 2%
difference. Additionally, they performed a control experiment in which they acidified
the recirculating electrolyte by adding 4 M HsSO, after every 2 hours of operation
during an 8 hour experiment, such that the electrolyte pH remains around 8.5. In
this case, the FEco does not completely recover to the initial 40% and an overall
decreasing CO selectivity is measured over time. This is explained by a depletion of
the carbon present in the electrolyte. Therefore, it is suggested by Lees et al., %4 that
the increase in pH and decrease in carbon concentration is the main cause for the
decrease in the product selectivity over time.

This work focuses on quantifying and understanding the changes in CO selectivity
in a bicarbonate electrolyser as function of time. To understand the role of the
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electrolyte pH on the stability of the system, several experiments with recirculated
electrolytes and single-pass electrolytes at a various bulk pH conditions were studied.
The bulk pH strongly effects the overall FEco, where a more alkaline electrolyte
results in a lower FEco. However, the bulk pH does not control the stability of the
system. Instead, the deposition of trace metal ion impurities which are present in
the high concentration electrolyte salt are found as the main cause for the decrease in
selectivity. By complexing these trace metal ions with ethylenediaminetetraacetic acid
(EDTA), the metal deposition was avoided and a stable CO selectivity was obtained.

4.2 Results and Discussion

4.2.1 Improving In-situ CO, Liberation

Initial bicarbonate electrolysis experiments were conducted using a zero-gap config-
uration and recirculating electrolytes leading to an initial FEco of around 40% (see
Figure b). This obtained result is similar to previously reported values. 6364566 T
improve the in-situ COs liberation, a spacing between the membrane and electrode
was introduced, as suggested previously by Lee et al. 720l for carbonate reduction, using
a mixed cellulose ester (MCE) membrane. It was shown that the spacing improved
the pH gradient between the membrane and the electrode, creating an acidic pH for
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Figure 4.1: Bicarbonate electrolysis experiments at 100 mA /cm? using a Ag spray-
coated cathode and recirculating 3 M KHCOg catholyte (70 mL) and 1 M KOH (140
mL). Faradaic efficiencies of (a) Hy and (b) CO over time, for different distances
between the membrane and the catalyst layer. All data points are average values
of duplicate measurements with an average error of + 3.2% and total FE of >98%.
The lines represent polynomial fitting of the data for a better representation of the
stability trend over time.

43



Chapter 4

COq liberation at the membrane, while maintaining an alkaline pH for CO5 reduction
at the cathode. Lee et al.22% showed an optimal increase in Cy selectivity when using
a spacing of 135 yum in a carbonate electrolyte with a pH in the range of 10 to 11. To
understand how this translates to a bicarbonate electrolysis system with a lower pH,
three different gap dimensions (135, 270, and 405 pum) were tested in the bicarbonate
electrolyser system (pH 8.2 £+ 2). In Figure the faradaic efficiencies of Ho and CO
for the four different conditions are presented as a function of time. The measured
cell potential was 3.6 + 0.1 V for all experiments. We find that by introducing a
spacer in between the bipolar membrane and electrode the faradaic efficiencies to-
wards CO are significantly improved. Initially, around 70% FEco was achieved with
all three spacing dimensions, compared to only 40% for the zero-gap configuration.
The highest reported initial FEqo is 82%, which was achieved by using an optimized
electrode consisting of a 500 nm Ag PVD layer on both sides of the electrode and
a spray coated Ag layer on the side facing the membrane.% Our results show that
the use of a spacer results in a similar initial FEco, while using a simple electrode
preparation with significantly less Ag loading, making it more economical.

As can be seen in Figure the product selectivity decreased significantly during
the 3 hour experiment for all four tested spacings. For the zero-gap configuration, a
FEco of only 25% is reached after three hours of operation. Using a spacer did not
prevent the decrease in FEco. The stability of the system with a gap of 135 ym and
270 pm is very comparable. When the introduced spacing is increased to 405 um, the
decrease in FEgo over time is more significant as compared to all other configurations,
due to the increased rate of in-situ CO5 capture over the longer distance in between the
membrane and electrode. 57120 In summary, the typically reported faradaic efficiencies
in the literature are the initial values, which do not accurately represent the behaviour
of the system. Even though the FEco can be increased by introducing a spacer, with
a spacing of 135 pum performing best, the observed significant decreases in FEco over
time are undesirable for continuous operation of a bicarbonate electrolyser and should
therefore be explored further.

4.2.2 Longer Term Stability

The results obtained in the three hour bicarbonate electrolyser experiments suggest
that the product distribution was reaching stability near the end of the experiments.
In order to better characterize the longer-term stability, 15 hour experiments were
conducted. In Figure and Figure the faradaic efficiencies of Hy and CO
are represented as a function of time, as well as the bulk pH over time for a zero-
gap configuration and for a spacing between the electrode and membrane of 135
pm. Similar to the 3 hour experiments, recirculating electrolytes were used in the
15 hour experiments. Due to the longer duration of the experiments, the volumes
of the catholyte and anolyte were increased to 1 L and 0.5 L, respectively, to ensure
that the (bi)carbonate and KOH concentrations were maintained relatively constant.
The pH was measured at the outlet of the electrolyser, and represents the bulk pH
of the catholyte. The results shown in Figure demonstrate that the FEco does
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Figure 4.2: Long term stability of bicarbonate electrolyser at 100 mA /cm? using a
Ag spray-coated cathode and recirculating 3 M KHCOg catholyte (1 L) and 1 M
KOH anolyte (0.5 L). (a) Faradaic efficiencies over time towards Hy and CO for a
configuration with a spacing between the electrode and membrane of 135 ym. (b) The
change in electrolyte bulk pH over time. All results are average values of duplicate
measurements with an average error of + 3% and total FE of >98%.

not stabilize over 15 hours of operation. The change in selectivity is larger in the
beginning, and slows down near the end of the 15 hours. The pH of the 1 L catholyte
increases steadily from around 8.1 to 8.7 after 15 hours of operation. The steady
decrease after the first 2 hours can be related to the steady increase in pH of the bulk
electrolyte. A very similar observation was made by Lees et al.®¥ in which the pH
increased in just 2 hours from 8.5 to 9 for a bicarbonate electrolyser using only 125
mL of catholyte and comparable electrode surface area. Similarly, at a higher pH,
the FEqo dropped from 40% to 30% faradaic efficiency. However, the larger initial
change in selectivity during the first 2 hours of the experiment is not expected to
be caused by the change in bulk pH, as the selectivity decrease is much faster than
the measured gradual rise in pH. To confirm this hypothesis, a series of singlepass
electrolyte experiments were conducted.

4.2.3 The Effect of pH on CO Selectivity

As suggested previously, %2 the increase in pH and decrease in FEco suggests that
the pH is affecting the selectivity of the CO3RR and competing hydrogen evolution
reaction (HER). Therefore, a set of single-pass catholyte experiments were conducted
with a different inlet pH, while maintaining a constant 3 M K™ concentration. Four
different (bi)carbonate electrolytes with a pH of 8.5, 9.0, 9.5, and 10.0 were evalu-
ated in the bicarbonate electrolyser, using a gap of 135 um at a constant current
of 100 mA/cm?. The anolyte was recirculated, as no changes in pH were observed
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and this is thus not limiting the anodic reaction. In Figure a), the FE¢o for the
four different inlet pH conditions are presented as a function of time. These results
clearly demonstrate that a constant inlet pH does not result in a constant product
output, indicating that there are more factors contributing to the decrease in FEco
of the bicarbonate electrolyser system. It can however clearly be observed that an
increase in pH decreases the selectivity towards CO production. At a pH of 8.5, the
initial FEqo reaches 55%, whereas for a pH of 9.0, 9.5, and 10.0 the FE¢o initially
reaches 50%, 31%, and 18%, respectively. Interestingly, at a constant catholyte pH
of 10.0, a relatively stable faradaic efficiency towards CO is observed. At a lower
pH of 8.5, the concentration of unreacted CO5 at the outlet is close to 30 000 ppm,
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Figure 4.3: The effect of constant pH inlet conditions for a pH of 8.5, 9.0, 9.5, and 10.0
in a bicarbonate electrolyser using a Ag spray-coated cathode at a constant applied
current of 100 mA /cm?, and a fixed spacing of 135 um between the membrane and
the cathode. (a) Faradaic efficiencies towards CO, (b) CO5:CO ratio over time, (c)
total CO2 concentration measured at outlet of the electrolyser in ppm, (d) total con-
centration carbon at the outlet of the electrolyser (CO products and COs unreacted)
in ppm and the CO- utilization ratio.

46



4.2 Results and Discussion

as can be seen in Figure c). At a pH of 9.0, the concentration significantly de-
creases to only 10 000 ppm. At a pH of 9.5 and 10.0, the concentration of unreacted
COs in the outlet is approximately 2500 and 1300 ppm, respectively. The lower CO2
concentration at a higher pH is due to the higher concentration of carbonate. COq
liberation from carbonate requires 2 protons instead of 1 proton required for COq
liberation from bicarbonate (Equation and , making CO4 liberation from car-
bonate more sluggish. Furthermore, the CO reabsorption rate is higher at higher pH.
These results are in line with unreacted COq concentrations reported in earlier stud-
ies9364 The CO,:CO ratio, reported in Figure b), demonstrates that unreacted
CO3 concentration rises as CO production decreases over time. Furthermore, the cell
potential was 3.6 = 0.1 V for all four different pH conditions and remained stable over
time. The average CO- utilization ratio was calculated based on the average CO and
CO4 concentrations measured at the outlet. The CO5 utilization ratio was calculated
using Equation and represented in Figure d).

(O]
[COQ} unconverted [CO]

There is a very clear trend visible, showing an increased CO utilization ratio
at higher electrolyte pH. A utilization of 80was achieved at pH 10.0, compared to
only 36% at pH 8.5. The CO, utilization ratio previously reported for carbon com-
posite electrodes using 3 M KHCO3 (pH 8) at 100 mA /cm? is around 20%-30%. %%
The higher COs utilization ratio stems from the increased CO5 reabsorption to form
(bi)carbonates at higher pH concentrations, and not from the increase in CO2 con-
version to CO.

The results presented here contradict the hypothesis that a constant inlet pH of the
catholyte will provide a constant product selectivity as suggested earlier.54 Although
there is a clear dependency of the FEco on the inlet pH, with a higher pH leading to
a lower FEqo, for all inlet pH values a similar decline in FEco over time is observed
compared to the experiment with recycled electrolytes. Therefore, we hypothesize
that the decline in FEco during experiments must stem from changes of the elec-
trode. However, scanning electron microscopy (SEM) images (Figure showed no
visible degradation of the catalyst surface. Additionally, through inductively coupled
plasma spectroscopy (ICP) analysis (Table [C.1)), no Ag catalyst traces were found
in the electrolyte post electrolysis, but very low quantities of Fe, Na and Cl were
detected. Previous studies in COs electroreduction have suggested that catalyst de-
activation can occur due to the deposition of trace metal ions or organic impurities
in the electrolyte. 247129 By complexing these trace metal ion impurities with EDTA,
the metal deposition can be suppressed.12? Two control experiment using 0.02 M
EDTA were performed. First, 15 hour experiments with 1 L of 3 M KHCOj5 recircu-
lating electrolyte, and second a single-pass experiment using a 3 M KHCO3/K,CO3
catholyte at a constant inlet pH 9 for 6 hours were conducted. The results were
compared to the initial measurements wherein no EDTA was used and are presented
in Figure [£.4] For the longer term experiment a linear decrease of FE¢o over time

CO; utilization ratio = x 100% (4.5)
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Figure 4.4: Stability experiments using 0.02 M EDTA at 100 mA/cm? using a Ag
spray-coated cathode. Faradaic efficiency towards CO are shown comparing with and
without the addition of EDTA for (a) longer-term 15 hour run using recirculating
electrolyte, and (b) single-pass electrolyte at pH 9.

is observed. The larger initial drop at the start of the 15 hour experiment in which
no EDTA was added is therefore very likely related to the deposition of trace metal
impurities on the surface. The total decrease of the FEco for the experiment in which
EDTA was used is larger than for the experiment in which no EDTA was used. It is
hypothesized that this is related to the change in pH over time, which was measured
to be larger for the experiment in which EDTA was added (see Figure . A sig-
nificant improvement in the CO selectivity over time is observed for the single-pass
electrolyte control experiment. A total decrease of 5% FEco over 6 hours is measured.
This confirms that the decline in FEco when recirculating the electrolyte is related to
the pH and EDTA can significantly improve the stability of the system by removing
metal trace impurities from the electrolyte and protecting the electrode active surface
area. Due to the very low concentration of the impurities in the electrolyte salt (see
Table [C.2), it is difficult to measure the impurities on the electrode surface using
X-ray photoelectron spectroscopy (XPS). Wuttig et al.’2¥ managed to measure the
impurities by using a rotating disk electrode to increase the rate of diffusion-limited
metal deposition. However, for the electrode used in this study, it is not feasible to
measure the concentration of the impurities at the surface. Next to metal impurities
such as Fe, other impurities such as Ca®" and Mg?" can also affect the stability of
the electrolysis system at a larger scale. It is known from water electrolysis literature
that Ca®" and Mg?" ions can adhere to the membrane, lowering the conductivity, or
cathode surface, limiting the access to the electrode active sites.B30132 A fundamental
understanding of the electrode stability is highly desirable, including understanding
the destabilization mechanisms for COs reduction systems, caused by electrocatalytic
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degradation and changes in the catalyst microenvironment evolution during long-term
operation. 10211331134

4.3 Conclusion

In this study, the product selectivity of a bicarbonate electrolyser as a function of
time as well as the role of the electrolyte pH has been evaluated. We observed that
the product selectivity of the bicarbonate electrolyser at a fixed current density is
not stable over time. Introducing a spacing between the membrane and the catalyst
improves the product selectivity of the CO3RR towards CO, however it does not
improve the stability of the system. A decrease in FEgo of 30% during the first
three hours of operation is observed. Longer-term experiments of 15 hours show a
continuous decrease in the product selectivity, related to the steady increase of the
recirculated electrolyte bulk pH. It is found that the bulk electrolyte pH has a large
effect on the overall selectivity, where a more alkaline pH lowers the selectivity towards
CO. However, the bulk electrolyte pH was found to have no effect on the stability
of the system. Electrolytes of four different pH values (8.5, 9.0, 9.5, and 10.0) were
tested in a single-pass configuration. At a pH of 10.0, the product selectivity towards
CO was constant over time, reaching a FEco of 18% compared to an initial 55% at pH
8.5. The total amount of COg liberated at higher pH conditions is significantly lower,
hence less COs is available for the COsRR. This does improve the CO5 utilization
ratio of the system, which is only 36% at a pH of 8.5 compared to 80% at pH 10.0.
Finally, a stable FEco selectivity was obtained by using EDTA to complex the trace
metal ion impurities present in the electrolyte salt and prevent its deposition on the
electrode surface. A significant improvement in stability was measured, with a small
drop of 4% FEco during 6 hour operation.
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Chapter 5

Abstract

The integration of carbon capture and utilization technology is a promising approach
towards creating a circular carbon economy. By capturing COs in an alkaline sol-
vent, a bicarbonate rich solvent is formed, which can serve as a feed for a bicarbonate
electrolyser. In this way, the captured COs is directly converting into value added
chemicals using electrochemically COs reduction and the energy intensive solvent re-
generation step can be avoided. However, the performance of the bicarbonate electrol-
yser decreases as the electrolyte pH becomes more alkaline, limiting the feasibility of
a deep electrochemical regeneration. Therefore, in this study, the performance of the
bicarbonate electrolyser is investigated for more alkaline electrolytes (testing at pH 8,
9, and 10). It is shown that increasing the operating temperature (from ambient to
40 and 60 °C) decreases the faradaic efficiency towards CO (FEco) and COy uti-
lization, whereas it increases the total amount of released COy. However, the FEco
and COy utilization at 60 °C'is improved by increasing the catalyst Ag loading as well
as by adding 0.02 M EDTA to the electrolyte. Finally, a FEco of 53% at pH 9 is
achieved with a COy utilization of 52% at 60 °C. A similar improvement is achieved
at electrolyte pH 8 and 10. These results are a promising next step for a successful
integration of carbon capture and utilization using a bicarbonate electrolyser.
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5.1 Introduction

The removal of anthropogenic CO2 from our atmosphere is of great importance to
mitigate climate change. Several mature capture technologies exist, such as reactive
absorption for post-combustion carbon capture using amine based solvents 1020
Typically, a thermal regeneration step is performed to remove captured COs from
the solvent, which is highly energy intensive.123135136 Next to carbon capture, CO,
utilization will be crucial to replace the need for fossil fuels and to create a circular
carbon economy. Electrochemical COy reduction is a promising method to convert
waste CO, into value-added chemicals such as CO, CHy, and CoH,4.3358 Currently,
most research on COs electrolysis focuses on gas-fed electrolysers, using a pure COq
input gas stream.

A promising method to eliminate the energy intensive regeneration step of CO2
capture processes is integrating the carbon capture with direct utilization of the COq
rich solvent in an electrolyser.?%37 This can be achieved by capturing the CO5 in an
alkaline capture solvent that reacts with the COy to form a bicarbonate rich solvent
(Equation. The (bi)carbonate solvent is then used in an electrolyser, where it un-
dergoes two subsequent reactions. First, the COq is liberated from the (bi)carbonate
(Equation and near a bipolar membrane. Second, the COq is converted
at the cathode surface into value-added chemicals such as CO (Equation . The
OH™ formed as byproduct of the COy reduction reaction (CO2RR) regenerates the
(bi)carbonate capture solvent, such that it can be recycled back to the capture column
for a new capture cycle.

Capture reaction: COs(g) + CO3~ + H,0 == 2HCO3 (5.1)
CO; liberation: H™ +HCO3 == CO; + H20 (5.2)
2H" + CO3~ == CO, + H,0 (5.3)

COs reduction: COg + HyO + 2~ —— CO + 20H™ (5.4)

Recently, the electrolysis of bicarbonate solutions, commonly referred to as bi-
carbonate electrolysis, has attracted significant attention.03:6266l38 The bicarbonate
electrolyser can provide a high CO; concentration near the catalyst surface compared
to systems using dissolved COs, due to the in-situ COs liberation that occurs near
the electrode surface.®#%4 Currently, most research focuses on bicarbonate electrolysis
using a near neutral catholyte with a pH of around 8 — 8.5. For instance, Lees et al.b%
achieved a faradaic efficiency towards CO (FEco) of 82% at 100 mA /cm? using a 3
M KHCO3 and an optimized Ag GDE.

However, for the integration of a bicarbonate electrolyser with an alkaline capture
step, the connecting liquid streams must be suitable for the operating conditions of
both separate systems. For typical industrial potassium carbonate capture processes,
alkaline inlet conditions (pH around 12) are required, while the pH remains greater
than 9 at the outlet.”#13% In contrast, bicarbonate electrolysis currently performs
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best at lower pH values of around 8.5. In our recent work, a systematic investigation
of the effect of pH on FEco was performed.!#8 This showed that at a more alkaline
electrolyte pH, the FEco decreases whereas the CO5 utilization increases. In this
case, the COq utilization is defined as the amount of CO produced as a fraction of
the sum of the CO and the liberated CO4 that remains unconverted.

[CO]

CO; utilization ratio =
’ [COQ}unconverted + [CO]

x 100% (5.5)

This implies that a deep regeneration of the solvent with a bicarbonate electrolyser
is challenging. This was further stressed recently by Almajed et al.%8 who highlighted
the importance of understanding if and how the electrolyser can regenerate the capture
solvent such that it can be recycled for a subsequent capture step.

An increase in selectivity of CO3sR towards CO in a bicarbonate electrolyser at
more alkaline electrolyte pH can potentially be achieved by increasing the operating
temperature and pressure or optimizing the catalyst and electrode. Zhang et al.l6®
demonstrated that increasing the operating temperature from 20 to 70 °C at 100
mA /cm? leads to an increase in FEqo from 59% to 78%, respectively. Furthermore,
Xiao et al.®” show an increased FEco of 46% in a carbonate electrolyte (pH between
10-11) at 200 mA /cm? using a Ag catalyst with a 25 um thick TiOs layer, as compared
to around 10% without added layer. The TiO, layer separates the membrane and
electrode to achieve an optimal pH gradient. Moreover, they observe a different
optimum flow rate at different current densities, articulating the importance of the
flow rate on the product selectivity. At higher flow rates, it is hypothesized that more
mixing will take place in the space between the electrode and bipolar membrane,
decreasing the pH gradient. This will limit the total COg liberation and hence the
CO selectivity.

In this study, it is investigated how the product selectivity toward CO can be
maintained at a higher electrolyte pH. The effect of the operating temperature is
investigated for 3 different electrolyte pH conditions (8, 9, and 10). The electrolyte pH
in the electrolyser was limited to 10 as only very limited amounts of CO were detected
at this pH during initial measurements. Increasing the operating temperature can
both increase the reaction kinetics and the COy liberation. #1140 However, it is still
unclear how the operating temperature effects the FEqo at different electrolyte pH
conditions. Therefore, electrochemical experiments at constant current density and
different temperatures (ambient, 40 and 60 °C) were conducted for all three electrolyte
pH. It was found that at higher operating temperatures the FEco and the COq
utilization decreases, with larger concentrations of unreacted COy measured in the
outlet gas flow. The CO; utilization at higher operating temperatures is improved by
increasing the Ag loading of the catalyst and by adding ethylenediaminetetraacetic
acid (EDTA) to the electrolyte. This leads to a significant improvement from 30% to
53% FEco at pH 9 with a CO, utilization of 52% at 60 °C.
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5.2 Results and Discussion

5.2.1 Changing the Operating Temperature for Different Elec-
trolyte pH

Thus far, most work on bicarbonate electrolysis has used a 3 M KHCOj electrolyte. 6365
However, as discussed previously by Almajed and co-workers®, the composition of
the electrolyte is an important parameter that effects the electrolyser performance.
Therefore, in this study, initial testing was performed with varying electrolyte com-
positions to better understand electrolyte effects on the bicarbonate electrolyser per-
formance. Electrolytes with a constant pH 9 and varying K* concentrations were
prepared and tested, as can be seen in Figure [D.4] The initial FEco is highest at a
concentration of 1.5 M K* and more stable over time when compared to other K+
concentrations. Moreover, the relatively largest CO5 liberation can be obtained by
the electrolyser when using 1.5 M K™ electrolyte, as can be seen by the total CO and
COg concentration measured at the output of the electrolyser (see Figures a)).
Therefore, this study used a constant K™ concentration of 1.5 M K* throughout,
while changing the pH of the electrolyte when comparing electrolyser performance at
different conditions.

As discussed in our previous work®38 the electrolyte pH significantly influences
the FEgo. At a more alkaline electrolyte pH, the FEco decreases. For an effective
integration of carbon capture and utilization, it is important to understand how the
performance of the bicarbonate electrolyser can be improved at more alkaline elec-
trolyte pH. One potential parameter to improve FEco is to increase the operating
temperature, as temperature is known to increase the reaction kinetics and the COq
liberation. 8% In Figure the FEgo measured during 1 hour chronopotentiometry
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Figure 5.1: Bicarbonate electrolysis at constant current of 100 mA /cm? using a Ag
spray-coated cathode and recirculating 1.5 M K™ catholyte and 1 M KOH anolyte.
FEco over time for varying operating temperature and three electrolyte pH conditions
(a) pH 8, (b) pH 9, and (c¢) pH 10. Error bars indicated for duplicate measurements
with a maximum error of + 5% and a total FE of 90 + 5%.
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(CP) experiments at 100 mA /em? is plotted as a function of time. The effect of the
operating temperature for the 3 different electrolyte pH conditions using a 1.5 M K+
concentration is shown. Overall, increasing the operating temperature decreases the
FEco for all 3 pH conditions. Moreover, at higher temperatures, e.g. 60 °C, the
overall stability of the electrochemical conversion towards CO decreases.

The effect of temperature is relatively small at pH 8, where the initial FEqg is
approximately 50% for all three operating temperatures. However, over time the
difference in CO selectivity increases. Specifically, the product selectivity strongly
decreases over time for higher operating temperatures resulting in a FEco of only
30% after 1 hour of operation at 60 °C. Similarly at pH 10, the differences in initial
FEco at varying temperatures are relatively small. The initial FEqo at ambient
conditions is approximately 17%, which remains stable during the 1 hour experiment.
At an operating temperature of 60 °C, the selectivity towards CO decreases from
11% to only 4% after 1 hour of operation. At pH 9 a larger difference in FEqo is
observed between the varying operating temperatures. At ambient conditions, the
initial FEqo reaches around 45% whereas the initial FEco is 39% and 30% at 40 °C
and 60 °C, respectively. One extra temperature of 5 °C was added at pH 9, which
shows a similar however slightly more stable selectivity towards CO as compared to
ambient conditions.

In addition, the operating temperature plays an important role in the COs libera-
tion that occurs within the cell. By liberating more CO5 at higher temperatures, the
pH of the electrolyte will be increased. This is necessary for an effective integration
of a capture and conversion process, such that the outflow of the electrolyser can
meet the alkaline pH requirements necessary for the capture column. Furthermore,
operating the conversion at higher temperatures is beneficial for the systems heat in-
tegration. In Figure[D.7]and [D.§] the total amount of unreacted COy measured in the
outflow of the electrolyser and the CO5:CO ratio is shown for all temperatures and
different electrolyte pH conditions as a function of time. At higher operating temper-
atures of 60 °C, the total amount of liberated CO5 in the outflow of the electrolyser
is significantly higher for all three pH conditions. However, under the current elec-
trolyser operating conditions, not all of the liberated CO4 is converted into CO. This
is clearly shown by the CO, utilization as presented in Figure [D.9] A clear decrease
in CO; utilization as a function of increasing operating temperatures is observed for
all electrolyte pH.

It is important to note that a previous study by Zhang et al.®? showed an increase
in FEco with increasing operating temperature for a porous Ag electrode and a 3 M
KHCOj3 catholyte. The authors observed a large increase in FEqo at higher operating
temperatures, which is contradicting with the results observed in this study. It must
be pointed out that the electrode used by Zhang et al. is very different in structure
as compared to the Ag spray coated GDE used in this work. The total active surface
area of the catalyst of the porous Ag is larger, which can play a crucial role in the
increase in COy reduction products. These results, combined with our observation
that the CO5 utilization decreases with increasing temperatures, are a clear indication
that the optimal electrode structure is different for differing operating temperatures.
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5.2.2 Improving CQO, Utilization at Higher Temperatures

A standard electrolyte of 1.5 M K at pH 9 and 60 °C was used to investigate how the
COg, utilization and FEco can be improved, as these are relevant industrial operating
conditions. First, the total Ag loading on the catalyst was increased from 1 to 6
and 12 mg/cm?. In Figure a), the FEco over time are presented for 1 hour CP
experiments at 100 mA /cm?. A significant increase in FEco was obtained for a Ag
loading of 12 mg/cm? as well as a more stable product selectivity. It is hypothesized
that since a larger amount of catalyst is available, more of the liberated CO2 can be
converted. However, increasing the Ag catalyst loading can not indefinitely increase
the FEco. A control experiment with an increased Ag loading of 23 mg/cm? Ag
was tested as can be seen in Figure a). A comparable selectivity towards CO is
measured for 23 and 12 mg/cm? Ag.

In our previous study™8, the metal trace impurities present in the electrolyte salt
were shown to play a crucial role in the stability of the bicarbonate electrolyser.
Likewise, EDTA was added to the electrolyte in this study. In Figure b) the
FEco over time for 0.02 M EDTA addition to the electrolyte is compared to the base
case electrolyte at 60 °C. Interestingly, the addition of 0.02 M EDTA significantly
improves the FEco. It is of importance to not that adding EDTA to the electrolyte
acidifies the solution. Therefore, a control experiment was performed for 0.02 M
EDTA which was correct to pH 9 by adding 0.08 M KOH. As expected, this slightly
lowers the FEco and serves a more accurate comparison. It is important to note
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Figure 5.2: Performance of bicarbonate electrolysis at constant current of 100
mA /cm? and operating temperature of 60 °C using a Ag spray-coated cathode and
recirculating 1.5 M K catholyte at pH 9 and 1 M KOH anolyte. FEco over time for
(a) changing catalyst Ag loading, and (b) increasing concentration of EDTA added to
the electrolyte using catalyst loading of 1 mg/cm?. Error bars indicated for duplicate
measurements with a maximum error of + 5% and a total FE of 90 + 5%.
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that the addition of 0.02 M EDTA to the electrolyte at ambient conditions does not
improve the FEqo significantly (see Figure b)) Moreover, an increase in overall
stability of the electrochemical conversion toward CO is observed, as expected from
previous work. 138

Furthermore, as shown in Figure b)7 the addition of a higher concentration of
0.08 M EDTA further improves the FEco, however it decreases the overall stability.
By adding a larger concentration of EDTA, the change in pH of the electrolyte is even
larger. Therefore, initially more COs is liberated and converted, but the stability of
the system therefore drops. This trend is also observed for a lower pH electrolyte
as presented in Figure a). Next to that, a control experiment using a solid-
supported iminodiacetate resin (Chelex) was performed to purify the electrolyte (see
Figure. This resulted in a similar initial FEco as compared to using 0.02 M
EDTA.

In Figure a), the CO2 and CO concentrations as well as the COs utilization
are compared for different Ag loadings and operating temperatures. As previously
described, the CO4 utilization decreases significantly when the operating temperature
is increased. Increasing the Ag loading from 1 to 12 mg/cm? Ag at 60 °C shows an
increase in the COq utilization from 28% to 48%, respectively. To better understand
how the Ag loading effects the CO utilization, a control experiment with 12 mg/cm?
Ag loading at ambient conditions was conducted. Figure a) shows that for 12
mg/cm? Ag loading at ambient conditions, the FEco does not significantly increase
as compared to 1 mg/cm? Ag at ambient conditions. This is contrary to the trend
that was observed at elevated temperatures of 60 °C. This is expected to be related
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Figure 5.3: Measured CO2 and CO concentration at the outlet of the bicarbonate
electrolyser and calculated CO- utilization. Results presented at ambient temperature
and 60 °C for (a) changing catalyst Ag loading of 1 and 12 mg/cm?, and (b) increasing
concentration of EDTA added to the electrolyte.
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Figure 5.4: Performance of bicarbonate electrolysis at constant current of 100
mA /cm? and operating temperature of 60 °C using a Ag spray-coated cathode and
recirculating 1.5 M K™ catholyte at pH 9 and 1 M KOH anolyte. Comparing results
for using different Ag loadings and increasing concentrations of EDTA added to the
electrolyte. Presenting (a) FEco over time and (b) measured COs and CO concen-
tration at the outlet of the bicarbonate electrolyser and calculated COs utilization.
Error bars indicated for duplicate measurements with a maximum error of + 5% and
a total FE of 90 + 5%.

to the increase in COs liberation at elevated operating temperatures, which is not
achieved at ambient conditions (see Figure a)). Therefore, an increase in COg2
conversion is only achieved for an increased Ag loading at 60 °C.

A similar comparison in CO5 and CO concentration as well as CO5 utilization was
made for the addition of EDTA at ambient temperature and 60 °C, as can be seen in
Figure [5.3(b). The CO; utilization at 60 °C improves from 28% to 44% for no and
0.02 M EDTA addition, respectively. No change in COs utilization was observed at
ambient conditions for no and 0.02 M EDTA addition to the electrolyte. Finally, a
combination of a higher Ag loading (12 mg/cm?) and 0.02 M EDTA (pH corrected)
was tested using a 1.5 M K™ electrolyte at pH 9, for which the results are presented
in Figure A further increase in FEqo to 53% is observed as well as an increased
COs» utilization rate of 52%. Surprisingly, the FEqo exceeds the selectivity at ambient
conditions using a 1 mg/cm? Ag electrode (see Figure b)) and a relatively stable
product selectivity is maintained during the 1 hour CP experiment.

The results presented above show the improvements obtained for the bicarbonate
electrolyser using an electrolyte at pH 9. To understand how these improvements
translate to both lower and higher electrolyte pH, the bicarbonate electrolyser was
tested under similar conditions for electrolytes at pH 8 and 10. The results of the
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optimized condition (using a 12 mg/cm? Ag loading catalyst and 0.02 M EDTA
addition to the electrolyte) at 60 °C were compared to the base case conditions (using
a1mg/cm? Ag loading without EDTA addition) at 60 °C, for all three pH. The results
are presented in Figure [D-13] A similar improvement in FE¢o, both in selectivity
and stability, is observed for all three tested electrolyte pH. Moreover, an increase in
CO3 utilization is obtained.

By improving the FEco and increasing the total CO4 liberation, the possibility
of a successful integration of carbon capture and conversion is increased. However,
the main challenge will remain at the electrolyser. It has proven difficult, based on
the presented results, to release large concentrations of COs at higher electrolyte pH.
On the one hand, the electrolyser performance will decrease as the electrolyte pH
increases, and the product output of the electrolyser will therefore consist of more Hy
and less CO. On the other hand, lowering the electrolyte pH inlet for the capture will
decrease the capture efficiency and hence increase the sizing of the absorber column.
Future work will focus on what the optimal pH swing of the recycling stream is, such
that both the capture and the electrolyser can work efficiently.

5.3 Conclusion

In this study, the performance of the bicarbonate electrolyser at more alkaline elec-
trolyte conditions was investigated using three electrolyte pH (8, 9, and 10). Firstly,
the effect of higher operating temperatures on the performance of the bicarbonate
electrolyser was tested at ambient conditions, 40 and 60 °C. It was found that the
total amount of unconverted COs in the outlet gas flow of the electrolyser increased
significantly with increasing temperature. Consequently, at elevated operating tem-
peratures, the FEco as well as the total CO5 utilization decreased. Furthermore, the
overall stability of the electrochemical conversion toward CO decreased significantly
with increasing operating temperature. This effect was most notable for an electrolyte
with pH 9. Therefore, an electrolyte with pH 9 was used for further investigation.

An increased COs liberation in combination with an increased CO, utilization
is beneficial for a more effective integration of carbon capture and conversion and
improved heat integration. Therefore, the performance of the bicarbonate electrolyser
was tested at 60 °C for different operating conditions to improve both the FEco and
the COq utilization. It was found that by increasing the Ag loading of the catalyst
from 1 to 12 mg/cm?, an improved CO; utilization and FEgo as well as a more
stable product selectivity was observed. Additionally, it was found that the addition
of 0.02 M EDTA to the electrolyte created a similar improvement on both the COq
utilization and FEgo. Finally, a combination of a higher Ag loading (12 mg/cm?)
and the addition of 0.02 M EDTA to the electrolyte was tested. This combination
resulted in the best performance with an increase in FEqo from 18% to 53% and a CO4
utilization increase from 28% to 52% at electrolyte pH 9 and operating temperature
60 °C. A similar improvement, both in FEco and CO5 utilization, was measured for
electrolytes at pH 8 and 10 operated at 60 °C.

60



5.3 Conclusion

These results are a promising next step for a successful integration of carbon capture
and utilization using a bicarbonate electrolyser. With an increase in CO5 removal
from the electrolyte, a deeper regeneration can be obtained, which is beneficial for
the performance of the alkaline capture step. Future work will further investigate
what an optimal pH swing could be for a feasible system integration, such that both
the capture and the conversion process perform efficiently.
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Abstract

Direct air capture and COy conversion will play a vital role in a future circular carbon
economy. Here, we propose a novel system for integrated COsy capture and conversion
through the combined use of solid and liquid sorbents, and demonstrates its technical
feasibility. COs is initially captured from the air using an amine-functionalised solid
sorbent that is regenerated by rinsing with an aqueous carbonate-rich solution. The
resulting bicarbonate-rich solution is fed to an electrolyser converting the bicarbonate
electrolyte to syngas. Through our experiments, we demonstrate that the dual-sorbent
system is capable of capture from air, as well as solid sorbent regeneration and COs
conversion. We use a simplified process model based on experimental results to explore
the effects of scaling the components of the proposed system. We find that that the
pH-swing between the rich and lean solutions is a dominant design parameter, which
is almost exclusively governed by the electrolyser sizing. A small pH swing results
i an improved electrolyser performance and beneficial syngas composition, whereas
a large pH swing results in efficient solid sorbent use and decreased water loss. Our
results further highlight the fundamental trade-offs that are present when designing
integrated capture and conversion systems.
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6.1 Introduction

6.1

Direct Air Capture (DAC) of carbon dioxide is expected to play a vital role in human-
ities roadmap to a net-zero COy economy?4: both as CO5 removal technology and as
carbon source for sustainable products. Efficiently capturing CO5 from a stream as di-
lute as ambient air (=425 ppm"44) presents a formidable engineering challenge. Since
its introduction by Klaus Lackner in 1999443 a plethora of process routes for DAC
have been suggested. The currently most prevalent ones are the amine-functionalised
solid sorbent process as developed by, among others, Gebald!44 and Wurzbacher14>
and commercialised by Climeworks!4% and Global Thermostat!4”, and liquid-based
alkali scrubbing processes such as those developed by e.g., Zeman and Lackner43 and
Keith!48 and commercialised by Carbon Engineering.#? Both processes offer unique
advantages and disadvantages. However, large barriers remain for the gigatonne-scale
implementation of DAC, most notably its high costs (>1 000 $/tonne*Y) and energy
demands (>500 kJ/mol.154)

In the solid sorbent process, the incoming air is contacted with an amine func-
tionalised porous material (e.g. cellulose or silica-based), on which COs is adsorbed
through the formation of carbamates and bicarbonates. A combination of elevated
temperature (> 120 °C), reduced pressure (> 30 mbar) and optionally steam purging
(Steam-assisted Temperature Vacuum Swing Adsorption, S-TVSA) can be used to
release CO, and regenerate the sorbent. The major energy demand (up to 76%%22)
in this DAC process is associated with the thermal cycling of the sorbent, considering
the combined effect of the large thermal capacity of the contactor, and the energy
spent on evaporation of the adsorbed water. Furthermore, the elevated temperatures
are associated with accelerated degradation of the sorbent, limiting its lifetime (1-3
years) and forming a major cost-driver.123

Contrarily, in the alkali scrubbing process the air is contacted with a sodium or
potassium hydroxide solution in a cooling tower-like structure. The resulting carbon-
ate solution is causticized with calcium hydroxide to regenerate the capture solution
and form calcium carbonate crystals, which are calcined to release the CO5. Finally,
a steam slaking step converts the formed calcium oxide to calcium hydroxide, and
closes the calcium loop. A major drawback of this process is the high temperature re-
quired for the calcining process (= 900 °C)“8, which is currently only achieved through
combustion of natural gas. Such a fossil fuel-dependency is clearly undesirable in a
carbon-neutral economy. Additionally, the direct contact of the capture solution and
large volumes of air leads to evaporation of the solvent and thus loss of water from
the system. Water losses can reach up to 20 tonne water per tonne CO5.124 With half
of earth’s population predicted to face severe water stress by 2030122, losses should
be minimised to conserve this critical resource.

Various steps can be taken to alleviate these challenges in DAC. The calcium loop
with calcining step can be replaced by an electrochemical pH-swing to release the
CO;. This concept was for example demonstrated by Shu et al.*2%| who employed a
Hs-recycling electrochemical system to generate the sodium hydroxide solution and
achieved a energy consumption of 374 kJ/mol COg. Sabatino et al.2>” modelled a
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similar system using bipolar membrane electrodialysis instead, and predicted a min-
imum energy consumption of 236 kJ/mol CO5. In experiments of the same process,
Eisaman et al.128 demonstrated values in a similar range.

Rather then only releasing the COs, electrolysis can be used to simultaneously re-
lease and convert COg from a (bi)carbonate solution. This concept has been demon-
strated extensively in for instance our own lab™38 and other research groups.5U63H159
For bicarbonate electrolysis to CO, the smallest of C-products, Li et al. have demon-
strated a faradaic efficiency (FE) of 82% at 100 mA/cm? and a cell voltage of 3.5
to 3.8 V, corresponding to an energy consumption of 859 kJ/mol CO produced.®*
Integration of the capture and conversion steps provides the added benefit of produc-
ing valuable products, potentially at a lower energy penalty than separate capture
and conversion processes, e.g. through heat integration.*®? Simultaneously, process
integration constrains the design space, leading to trade-offs that must be carefully
considered.!8! This was highlighted by Almajed et al.%¥in a recent letter, who marked
the pH-mismatch between the capture (13.70 < pH < 14.00) and conversion (10.40
< pH < 11.15) steps as one of the largest challenges for the integration of DAC and
bicarbonate electrolysis.

Shu et al. proposed a dual sorbent system, where COs is initially captured on an
amine-functionalised solid, which is then rinsed with a sodium hydroxide solution to
remove the COs, while the resulting bicarbonate solution is regenerated electrochem-
ically.192 This eliminates the thermal cycling of the solid sorbent and the associated
energy penalty and sorbent degradation, while also avoiding the direct contact be-
tween the air and the alkali solution, reducing the resulting water loss by 63%. It
should be noted that in this process, CO5 is merely released as a pure stream and is
not converted into higher-value products.

In this work, we demonstrate the integration of a dual sorbent system with bicar-
bonate electrolysis for direct air capture of CO5 and conversion to CO. This process
combines the aforementioned advantages of no thermal cycling and low water loss,
while the use of an intermate amine-sorbent works to close the pH-gap between the
capture and conversion steps. In Section we outline the process and our set-up.
In Section [6.3] we discuss our experimental results and use them in a simplified pro-
cess model to explore the scaling of the integrated system. We demonstrate that the
loaded solid sorbent can be regenerated with the electrolyser outlet stream. We also
show how the electrolyser performance is strongly pH dependent and how this influ-
ences the capture step and the overall process. Finally, we provide a perspective on
how this technology can further developed and contribute to sustainable development
goals.
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6.2 Process Outline

6.2 Process Outline

Figure shows the process flow diagram of our proposed system for the integrated
direct air capture (DAC) and electrochemical conversion using combined solid and lig-
uid sorbents. Firstly, the COs is captured by adsorption using an amine-functionalized
solid sorbent. This sorbent provides a chemical adsorption mechanism with a large ad-
sorption capacity, rapid kinetics, and stability under the relevant DAC conditions.™63
In this study, LEWATIT® VP OC 1065 is used, a commercially available, primary
amine-functionalised sorbent frequently employed in DAC studies.T5¥64 Tt forms a
carbamate species with the captured CO5 according to Equation [6.1

2RNH; + COy == RNH; + RNHCOO~ (6.1)

In this system, a mixture of (humidified) No and COs2 (425 ppm) was blown over the
solid sorbent in the adsorber column until breakthrough was achieved. The outlet flow
of the column was directly connected to a CO5 gas analyser continuously measuring
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Figure 6.1: Process flow diagram of integrated DAC and electrochemical conversion.
Through the various process steps, different parts of the system are active. During
adsorption, simulated air is fed to the column, with its outlet connected to the CO9
gas analyser. During desorption, the solvent is recirculated over the column. For the
conversion step, the loaded solvent is recirculated through the electrochemical cell,
with the gaseous output connected to a gas chromatograph.
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the CO4 concentration. Both before and after the column, the relative humidity of
the air was monitored (see Figure a)).

An alkaline 0.5 M K»CO3 solution was used to rinse the saturated sorbent (see
Figure b)) In this step, the adsorbed carbamate is hydrolysed and released from
the resin to form KHCOj, regenerating the sorbent according to Equation [6.2] and
165 Though mechanistic studies for similar systems exist (e.g. Said et al.162
Matsuzaki et al.76)  the exact mechanism through which LEWATIT® VP OC 1065
is regenerated by the (bi)carbonate solution is unknown and is a subject for further
study.

RNH{ : HCO; + K2CO3 == RNH, + 2KHCO; (6.2)
RNHCOO™ + RNHZ + H,O == RNHj : HCO; + RNH, (6.3)

Secondly, the regeneration of the liquid capture solvent is achieved by electrochem-
ical conversion of the solution using a bicarbonate electrolyser (see Figure and
. In the electrolyser, the COs is first liberated in situ by the acidic environment
close to the bipolar membrane (Equation and . Next, the liberated COg is
reduced on the Ag catalyst (Equation .

COy liberation: H' + HCO3 == CO; + H,0 (6.4)
2H" + CO3™ == CO, + H,0
COg reduction: COz +Hy0 +2¢~ — CO +20H™ (6.6)

The bipolar membrane provides a constant flux of H' to the cathodic compartment,
creating the acidic environment required for the COs liberation. This results in a
higher local CO5 concentrations near the catalyst surface as compared to system using
dissolved COs, as the these systems are limited by the CO, solubility in water. 0364
By removing the CO5 from the solution, the pH is increased such that it can be
recycled back to the capture step for a new cycle of resin regeneration. In Figure [E-4]
the full experimental setup that was used is depicted.
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6.3 Results and Discussion

6.3.1 Experimental Results

The integrated capture and conversion process was tested consecutively for the di-
rect air capture, both adsorption and desorption, and the conversion process. In
Figure (a), the breakthrough curve for the amine-functionalized solid sorbent is
presented for the initial dry sorbent (orange line) and the carbonate rinsed sorbent
(yellow line). Breakthrough was obtained after 5-6 hours with a total capture ca-
pacity of 0.91 mmol COs/g sorbent using a fresh batch of the solid sorbent, in good
correspondence with previous literature data.t5% After regeneration by rinsing with
a carbonate solution, the measured breakthrough capacity was 0.87 mmol CO/g,
indicating the sorbent bed maintained its absorption capacity. However, after re-
generation, a significant decrease in the adsorption rate was observed. We observe
that the particle bed remains saturated with liquid after draining due to the small
particle size and resulting strong capillary forces, and then dries over the course of
the adsorption time. Therefore, we hypothesize that the CO5 mass transfer is slowed
down due to the liquid blocking the pores. This effect increases the adsorption time
for the second and any consecutive cycle.

Initial desorption experiments show a minimal decrease in pH of the solvent, due to
the relatively low mass of COq capture in the lab-scale capture column (using a total
of 20 g of LEWATIT® VP OC 1065 sorbent). The optimal operating conditions for
the bicarbonate electrolyser are at a near-neutral pH of around 8.5.138 Therefore, the
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Figure 6.2: Experimental results for the integrated capture and conversion process.
(a) Breakthrough curves for the fresh and dry adsorbent (orange line) and carbonate
rinsed sorbents (yellow line). Electrolyser performance using the obtained electrolyte
after desorption (pH 10.3) and electrolyte at pH 9 and 10 presented in (b) faradaic
efficiency towards CO as a function of inlet pH (bars), as well as the CO4 utilization
(markers).
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same solvent was ran through multiple desorption cycles, obtaining a progressively
lower solvent pH each cycle. In Figure a) the dissolved inorganic carbon (DIC)
concentration and pH of the solvent are presented as a function of four adsorption-
desorption cycles. As the pH decreases, the COy capture capacity of the solvent
decreases, leading to a less deep regeneration of the solid sorbents with each cycle
and simultaneously reducing the capture capacity of the solid sorbents. The solvent
initially had a pH of 11.9 and dissolved inorganic carbon (DIC) concentration of
0.49 M. After the four cycles, the pH decreased to 10.3 and the DIC concentration
increased to 0.74 M.

The final capture solution obtained after four adsorption-desorption cycles with a
pH of 10.3 was then used directly as input for the electrochemical conversion in the
bicarbonate electrolyser. The performance of the bicarbonate electrolyser, shown in
Figure b), is highly dependent on the electrolyte pH, therefore two other solvent
pH points were included to highlight the change in performance as a function of pH. A
faradaic efficiency (FE) towards CO of 14% is obtained at an inlet pH of 10.3, resulting
in an energy consumption of 5383 kJ/mol CO produced and a voltage efficiency of
39.2% (see Section for calculation). The performance can be improved to 36%
FEco (2131 kJ/mol CO, 41% voltage efficiency) by decreasing the pH to 9. The total
output gas flow of the electrolyser includes a mixture of CO, Hs,and unconverted COs,
creating a relevant syngas mixture. In Figure b), the total concentrations of CO
and CO5 measured at the outlet of the electrolyser are presented as a function of pH.
These values were used to calculate the CO5 utilization. Here, the CO5 utilization is
defined as the fraction of CO over the sum of CO and CO5.138 The utilization of COs
is approximately 90% for all three tested solvent pH. Therefore, the concentration of
unconverted COs in the outlet is limited.

6.3.2

Next, we used our experimental electrochemical results obtained as input for a simpli-
fied process model. These calculations evaluate the process conditions at steady state,
when the capture and conversion steps are in equilibrium with each other. They are
based on the chemical equilibria between the dissolved and adsorbed carbon species
during sorbent regeneration, and the electrolyser performance metrics (faradaic effi-
ciency and COs utilisation) observed in our experiments. We used these calculations
to assess how the integrated system performs when the relative sizing of the capture
and conversion devices are altered. A detailed description of the model calculations
and parameters used is provided in Section

Here, we present our model results as a function of the normalised electrode area
and normalised solid sorbent mass. The horizontal axis represents the electrode area
available per volumetric liquid flow rate, and should be interpreted analogous to
the electrolyser size or the residence time of the liquid in the device. The vertical
axis represents the liquid-solid ratio during the regeneration step, and should be
interpreted as the adsorption column size relative to the liquid flow. Our experimental
conditions correspond to the central point in each figure (A./¢y = 9 s/mm, My/V;
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Figure 6.3: Calculated results of pH of (bi)carbonate-rich solution (pH,;,), (a) and

pH-difference between (bi)carbonate-rich and (bi)carbonate-lean solutions (pH,, . -
pH, i), (b) as function of electrolyser size (A./¢v, electrode area per volumetric
solvent flow rate) and column size (M, /V;, sorbent mass per solvent volume). Results
were obtained from the model described in the Section

= 100 kg/m?).

Figure [6.3((a) shows the pH of the (bi)carbonate rich solution at the adsorber out-
let. We observe almost semicircular isolines; for a constant electrode area, increasing
the sorbent mass first decreases the outlet pH to a minimum value, then increases the
pH again. For a small sorbent mass, the solvent pH is limited by the availability of
CO4 on the loaded sorbent. The lowest pH at the electrolyser inlet is achieved when
the capture and conversion steps are carefully balanced. When the column is further
over-sized, the sorbent working capacity (Figure a)) is limited by regeneration in
the electrolyser, again raising the pH and resulting in a decrease of electrolyser perfor-
mance. The achievable pH swing between the rich and lean solutions (Figure [6.3|b))
is governed almost exclusively by the electrolyser sizing and is mostly invariant to the
sorbent mass.

The most efficient use of the sorbent (Figure a)) is found at a large electrode
area, capable of achieving a large pH swing. For a small electrode area, the re-
generation efficiency (fraction of adsorbed COy removed from the sorbent during
regeneration) can be as low as 1%, whereas a large electrode area can boost the re-
generation efficiency as high as 60%, comparable to TVSA processes.*>! However, the
high regeneration efficiency comes at the cost of decreased electrolyser productivity
(Figure b)) As described in previously, the electrolyser performance strongly
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depends on the electrolyte pH. An excessively large electrode area results in a di-
minishing faradaic efficiency and COs conversion, corresponding to a decreasing CO
content in the product stream, both from increasing Hy production and decreasing
COy conversion (Figure . Combined, these effects confirm that careful balancing
between capture and conversion steps is needed to make efficient use of the equipment.

Figure a) shows the solvent productivity, which is governed by the (bi)carbonate-
lean and rich stream pH values. It is largely determined by the pH swing between
them, and therefore only dependent on electrode area. A notable exception is found
for the combination of a large electrode area and small sorbent mass, in which case the
solvent productivity decreases sharply. The high pH under these conditions places the
process in a window where little bicarbonate-carbonate interconversion occurs, lead-
ing to a decreased uptake/liberation capacity and, by consequence, poor electrolyser
performance.

One of the potential advantages of the presented process is a lower water loss
compared to liquid-DAC, as it avoids direct contact between the solvent and air
streams. In our experiments, we observed a water loss equal to the entire interstitial
volume of the adsorber column. Applying this to our model, Figure b) shows
that in the current unoptimized column design, water loss is significantly higher than
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Figure 6.4: Calculated results of regeneration efficiency (Aq/q;,, loading difference
before and after regeneration over initial loading, (a) and electrolyser productivity
(Rco,/Ae, CO2 capture mass rate over electrode area, (b) as function of electrolyser
size (A./¢v, electrode area per volumetric solvent flow rate) and column size (M, /V;,
sorbent mass per solvent volume). Results were obtained from the model described

in Section @
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Figure 6.5: Calculated results of solvent productivity (Mco,/M;, CO2 capture mass
rate per solvent mass flow rate), (a) and water loss (Mp,0/Mco,, water mass per
CO2 mass), (b) as function of electrolyser size (A./¢y, electrode area per volumetric
solvent flow rate) and column size (M, /V;, sorbent mass per solvent volume). Results
were obtained from the model described in Section @

in liquid-DAC, by a factor ~8. By changing the sizing of adsorption and conversion
steps, it can be reduced to 10-20 kg/kg, comparable to liquid-DAC.*># The minimum
water loss is found at maximum sorbent utilisation, meaning the sorbent goes through
fewer regeneration cycles per kg COs captured.

6.3.3 Future Perspective

The proposed novel integration of direct air capture using a dual sorbent system with
the electrochemical conversion in a bicarbonate electrolyser is a promising yet chal-
lenging method. As previously discussed by Almajed et al.%®, the most challenging
part of integrated carbon capture and conversion is the coupling of the electrolyte
streams at a pH conditions that is suitable for both systems. The electrolyser prod-
uct selectivity decreases with an increasing electrolyte pH, whereas the CO4 capture
capacity increases for an increased electrolyte pH. The integrated nature of the pro-
cess provides a constrained design space. 18U A trade-off between an optimal capture
and conversion conditions is therefore inevitable.

In the presented study, the electrolyser produces a mixture of CO, Hy, and un-
converted COs, creating a syngas. The ratio in which this gas mixture is obtained
determines the application of the syngas and therefore the relevance of the product.
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Typically, a 2:1 Hy:CO syngas ratio is required for Fischer-Tropsch synthesis of long-
chain hydrocarbon products, such as synthetic fuels. 157 Correction of the product gas
composition can be achieved through for instance a high-temperature reverse water-
gas shift step. However, preferable over adjusting the syngas ratio, we believe it is
crucial to improve the performance of the electrolyser, specifically at a higher pH. By
improving the FE at a higher pH, the pH swing can be enlarged, allowing for a more
efficient use of the sorbent by consequence. We therefore see a role for the further
development of electrocatalysts for bicarbonate reduction. Additionally, increasing
the operating temperature is expected to improve the electrolyser performance as the
COq, liberation from the (bi)carbonate solvent is enhanced and the reaction kinetics
increased.?

One of the additional potential benefits of the proposed system is the decrease of
water loss by elimination of direct contact between the liquid solvent and the air.
However, our present results instead show a remarkably higher water loss, roughly 8
times higher than liquid-DAC. We have identified that this can be reduced to levels
comparable to liquid-DAC by adjusting the electrolyser sizing. However, more impor-
tantly than sizing, the water loss can be reduced through improved column design.
In our experiments and calculations, the water loss was equal to the static liquid
holdup in the column after regeneration. Without any additional purging or drying
steps, this is the water volume evaporated to the atmosphere during the subsequent
adsorption cycle. In our current column design using commercial LEWATIT® VP
OC 1065 sorbent, we observed the static holdup to be equal to the entire interstitial
volume (37% of the column volume), due to the small particle size (~ 500 pm“¥) and
resulting strong capillary forces. In contrast, structured packings for trickle columns,
such as the Mellapak Y packing often employed in liquid-DAC set-ups®?, can have a
static holdup as low as 3%.17Y We envision that water loss can be reduced up to an
additional factor 10 by optimising the sorbent material and shape (increasing particle
size and contact angle) and operating procedure.

Lastly, one parameter left untouched in our analysis is the type of solid sorbent
material used. Our choice was based on a commercially available ion exchange resin
(LEWATIT® VP OC 1065), functionalised with benzylamine groups (pKa = 9.3417L),
Choosing a material with a lower pKa will likely result in a lower absorption capacity,
but will also allow for a deeper regeneration at lower pH. This once again underlines
the fundamental trade-off between the capture and conversion steps.
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6.4

In this work, we have demonstrated a novel dual-sorbent system for integrated Direct
Air Capture and conversion of CO; for the production of syngas from ambient air
and (renewable) electricity. Through the combination of a solid, amine-functionalised
sorbent and an alkalic solvent, this system is able to bridge the pH-gap between
the capture and conversion steps found in single-sorbent systems.®® Based on our
experimental and model results, we conclude that the proposed system is technically
feasible and capable of producing syngas with limited (<13 mol%) COs2 content, albeit
at relatively high (H2:CO = 4-5) syngas ratios. The pH swing between the capture and
conversion steps is a vital design parameter, and is mainly governed by the electrolyser
sizing. A large pH swing results in diminishing electrolyser productivity through
decreased faradaic efficiency and CO- utilisation. Conversely, a small pH swing results
in inefficient use of the solid sorbent and excessive water loss. As such, a careful
trade-off between these opposite effects must be made when considering the design
of this integrated capture-conversion process. We identified the electrolyser faradaic
efficiency at high pH (>9) as the main constricting factor for the process performance,
highlighting a focus area for future electrocatalysis development. Furthermore, to
reduce water losses to feasible levels, it is vital to revisit the packing design and
minimise capillary effects.
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Chapter 7

Abstract

This final chapter on the feasibility of integrating carbon capture and bicarbonate elec-
trolysis discusses the hurdles related to carbonate capture and bicarbonate electrolysis
and provides insight into possible optimization options. The main challenges are re-
lated to the slow reaction kinetics of the carbonate capture system and the decrease
in electrochemical COy conversion in more alkaline electrolytes. The capture per-
formance can be improved by increasing the operating temperature and pressure, as
this increases the reaction kinetics. The effect of temperature and pressure on the
performance of the bicarbonate electrolyse have, until now, been discussed separately.
Therefore, in this chapter, a bicarbonate electrolyser is tested at elevated temperatures
(60 °C) and pressure (5 bar) at varying electrolyte pH values. Experimental results
show that increasing the temperature and pressure only improves the FEco when us-
ing an electrolyte pH above 10. At a lower electrolyte pH, increasing the pressure
does not improve the FEco. Overall, significant reductions of the cell potential and
improvements of the FEco at higher electrolyte pH are crucial challenges that need
to be overcome in order for the system to be feasible.
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7.1 Introduction

7.1

In the recent literature there is a significant interest in using bicarbonate electrolysis
to integrate COs capture and conversion. In this thesis, bicarbonate electrolysis has
been discussed extensively in Chapters 4 to 6. Bicarbonate electrolysis performance
was discussed in terms of (i) the stability toward CO production during electrolysis
and (ii) the effect of electrolyte pH conditions. The performance of the bicarbon-
ate electrolyser significantly decreases as the electrolyte pH increases, making the
integration with a capture system more challenging. The possibility of integrating
a bicarbonate electrolyser with a direct air capture system by using a dual sorbent
system was investigated. Here, the performance of the bicarbonate electrolyser is
the dominating design parameter as this controls the CO5 capture capacity in the
following cycle.

For instance, Almajed et al.8 examined the integration of a direct air capture
(DAC) with a bicarbonate electrolyser by using mass-balance, microkinetic, and multi-
physics modelling. They conclude that the accumulation of bicarbonate in the solvent
stream, caused by the inability of the electrolyser to convert enough bicarbonate into
products, leads to a decrease in capture efficiency in the capture column. Therefore,
the sizing of the capture column significantly increases in contactor volume to achieve
sufficient carbon capture. The authors suggest to add an external pH adjustment step
after both the capture and conversion process. However, the economic feasibility of
an integrated system with external pH correction processes is questionable.

Moreover, Gutierrez-Sanchez et al.12? performed a proof-of-concept study for the
integration of a DAC system with electrochemical conversion of CO5 to formate. A
FEformate 0f 16% was achieved at 50 mA / cm?. Furthermore, Kim et al.17 investigated
the integration of carbon capture and conversion using a bicarbonate electrolyser in
a small scale lab setup. They designed a packed-bed capture column for the reactive
absorption of COs5 in a carbonate rich solution coupled to a bicarbonate electrolyser.
A simulated flue gas stream of 20% COy and 80% Ny at 1000 sccm was used in
combination with a 1.0 M K2COg3 capture solution at 100 mL/min (gas/liquid volume
ratio of 10). The solvent was circulated between the electrolyser and capture column
continuously. At the start of the experiment, the solvent pH was around 11 and the
performance of the bicarbonate electrolyser was limited to only 5% faradaic efficiency
towards CO (FEco) at 100 mA/cm?. After 23 hours of recirculating the solvent,
the pH dropped to around 9 and the FEco increased to 35%. The addition of 0.1 M
piperazine and glycine both helped in increasing the capture rates by 4 and 2 times for
piperazine and glycine, respectively. However, the use of 0.5 M piperazine suppressed
the FEco to 5%, whereas when using 0.5 M glycine the FEco remained around 25%.
A capture efficiency of only 1.5% is obtained when doping the 1.0 M K;CO3 solvent
with 0.1 M glycine and using a simulated flue gas stream of 20% CO5 at 1000 sccm.
The capture efficiency of the unpromoted solvent is not reported.

Based on this, two main challenges can be identified for the integration of capture
and conversion systems. First, the reaction kinetics of carbonate capture are slow
and promoters such as the tested piperazine and glycine, can only marginally im-
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prove this. Second, the electrolyser performance at more alkaline solvent conditions
decreases significantly, and therefore no deep regeneration of the capture solvent can
be achieved. This limits the capture capacity when recycling the solvent back to the
capture column.

In this chapter, these challenges are addressed and quantified. Firstly, the reaction
kinetics of the carbonate capture system are discussed and how they can be improved
by using different types of promotors or higher operating temperature and pressure
based on the literature available. Secondly, the performance of the electrolyser at el-
evated temperatures and pressure is investigated experimentally. Increased operating
temperatures can improve the COs liberation and COs utilization. Pressure is known
the increase the CO; solubility and is therefore expected to improve the electrolyser
performance, specifically at more alkaline electrolyte pH. Then, based on these im-
provements, the feasibility of an integrated system design is discussed. Finally, the
findings are compared to the current non-integrated system design for capture and
conversion in terms of energy requirements.

7.2

In Figure the results of explorative carbonate capture experiments are presented.
A hollow fiber membrane contactor (2.5 x 8 Extra-Flow Membrane Contactor with
X50 membrane fiber, LiquiCel) was usedg in counter flow mode. The liquid flow rate
was kept constant at 50 mL/min, in line with the electrolyte flow rate used in the
bicarbonate electrolysis experiments. The gas flow rate was varied to obtain for a high
COg capture efficiency (>80%). A simulated flue gas mixture of 20% COy with Ny
was used as input gas. Two capture solvents were used: 1 M KOH and 1 M K5COsg.
The reaction kinetics for COy capture using KoCOj3 solution are significantly slower
compared to KOH solvents.?23 Therefore, the gas flow rates used for capturing CO,
with a KoCOj3 rich solution are much lower to ensure enough contact time between
the gas and liquid as compared to KOH. A decrease in pH from 12.4 to 10 is obtained
using a KOH capture solvent while maintaining a capture efficiency of 83%. When
using a 1 M K5COg solvent, the initial pH was 10.8 and decreased to 10.6 in order to
maintain a capture efficiency of 84%.

These results confirm that the capture of CO5 with a carbonate rich solution is
limited by the CO5 concentration in the gas flow. The molar flux of COy transported
through the membrane area increases with an increasing G/L ratio, whereas the cap-
ture efficiency decreases. In industry, this results in taller absorber columns to achieve
a high absorption efficiency by increasing the gas-liquid contact time, resulting in
high capital investment costs.?2"73 Therefore, research has focused on finding differ-
ent methods to increase the kinetics by using promotors. Monoethanolamine (MEA),
piperazine (PZ), boric acid, and carbonic anhydrase (CA) are the most widely studied
promoters in carbonate solutions. Other methods that have shown improved reaction
kinetics are by increasing the operating temperature and pressure.

MEA is a widely used solvent for CO5 capture due to its fast kinetics, large absorp-
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Figure 7.1: CO2 molar flux [mol CO2 m~2s71] (circles) and solvent pH (squares) of
carbonate capture system using a hollow fibre membrane contactor for (a) 1 M K2COj3
and (b) 1 M KOH solvent. The gas flow rate is varied during the experiment, whereas
the liquid flow rate is fixed at 50 mL/min passing through the system in single-pass.

tion capacity, and good selectivity. However, MEA is also known to cause corrosion
and degradation. Therefore, several studies have used a mixture of carbonate and
MEA, because of the slow reaction kinetics of carbonate, and shown improved cap-
ture performance. 3% Piperazine (PZ) is a amine promotor that is comparable to
MEA in performance. It has low degradation and corrosion properties and a good
promoting performance.®? The solubility of PZ is limited, therefore precipitation is-
sues have been observed that cause a decrease in capture efficiency and an increase
in potential operational issues.”® Promotors such as boric acid have the advantage of
being environmentally friendly and affordable. However, adding an acid to the car-
bonate solutions reduces the solvent pH. Therefore, the capture capacity of the solvent
decreases as the OH™ concentration decreases. 17 Lastly, carbonic anhydrase has
been shown to improve the COq absorption, however, only at low temperatures (298
K).22170 Tnereasing the operating temperature will lead to the denaturation of the
enzyme, diminishing the promoting properties.

In a recent study by Fink et al.’“ the influence of using a carbon capture solution
containing carbonic anhydrase (CA) in an electrochemical flow cell was investigated.
It was shown that the presence of CA decreased the faradaic efficiency towards CO
(FEco) to 16%, in comparison to 56% when using a bicarbonate solution without
CA at 100 mA/cm?. This is due to deactivation of the electrode surface by CA.
This demonstrates a major challenge for using promotors in the carbonate capture
system when integrating with electrochemical conversion systems. Furthermore, it
is hypothesized that the in-situ liberated COs inside the bicarbonate electrolyser
is again captured by the promotor, limiting the COs available for the CO3;RR. A
possible solution could be to remove the promotors from the carbonate solution prior
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to feeding the solvent to the electrochemical cell. This can be achieved by using
a selective membrane to remove the promotor from the solvent after the capture
step.18 In this way, the promotor maintains in the capture cycle without disrupting
the electrochemical conversion process.

Next to adding promotors to the carbonate capture solvent, the reaction kinetics
can also be enhanced by increasing the operating temperature, which is also known as
the hot potassium carbonate (Benfield) process.?? Operating at higher temperatures
increases the carbonate solubility and improves the absorption of CO, 23139 Capsol 72
has developed a commercial hot potassium carbonate capture technology and build
units capturing over 200,000 tons of COs per year, operating their process at 8-20
bar and 110-120 °C and a gas/liquid mass ratio of 0.1.18¢ With their technology, a
reduction in energy cost for the capture of CO5 of 12.5% is achieved.

When integrating bicarbonate electrolysis with a hot potassium carbonate capture
process, the electrolyser is ideally operated at the same temperature and pressure. In
Chapter 5, it was shown that the performance of the electrolyser can be improved
in terms of COq liberation and CO4 utilization when increasing the temperature to
60 °C. A previous study by Zhang et al.® investigated the effect of temperature and
pressure separately. However, the combined effect of temperature and pressure has
not yet been studied. Therefore, in this chapter, the experimental performance of the
bicarbonate electrolyser at a combined high temperature (60 °C) and pressure (5 bar)
is investigated. The results are discussed in the next section.

7.3

In Figure the faradaic efficiency towards CO (FEco) over time is presented for
varying operating conditions and electrolyte pH. All experiments were conducted for
1 hour at a constant current density of 100 mA/cm? and operating temperature of
60 °C. The electrolyte pH was varied to 8, 9, 10, and 11 while maintaining a constant
K™ concentration of 1.5 M.

Figure (a) compares the electrolyser performance at different pH using a 1
mg/cm? Ag electrode and a 12 mg/cm? Ag electrode with 0.02 M EDTA added
to the electrolyte. The increased Ag loading increases the active sites of the electrode
available for the in-situ liberated COs to be converted, whereas EDTA complexes the
metal trace impurities present in the electrolyte. Consequently, the metal trace impu-
rities cannot deposit on the electrode surface. In this way, a significant improvement
in product selectivity is obtained for all measured electrolyte pH values. At pH 8, the
selectivity increases from an initial FEqo of 47% to 65%. However, the selectivity
decreases slightly over time for both electrode conditions with a final FEco of 54%
when using 12 mg/cm? and 0.02 M EDTA. This is expected to be due to the increase
in electrolyte pH as COs is being used during the experiment, since a volume of only
200 mL is continuously recirculated through the electrolyser. A similar improvement
is observed for electrolyte with pH 9, for which the initial FEco of 30% increased to
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Figure 7.2: Product selectivity towards CO over time for bicarbonate electrolysis
at 100 mA/cm? and 60 °C using a Ag spray-coated electrode and recirculating 1.5
M KT catholyte at varying pH for (a) 1 mg/cm? Ag (open diamonds) electrode
and 12 mg/cm? Ag electrode with 0.02 M EDTA addition to the electrolyte (closed
diamonds), and (b) 12 mg/cm? Ag electrode with 0.02 M EDTA addition to the
electrolyte at 1 bar (closed circles) and 5 bar (open circles). Error bars indicate
duplicated measurements with a maximum error of & 5%.

53%. Again, a more stable product selectivity is obtained when increasing the Ag
loading and adding EDTA to the electrolyte. Furthermore, at electrolyte pH 10 the
FEco improved to 23% with a constant product selectivity over time.

Figure (b) shows the effect of the operating pressure on the performance of the
bicarbonate electrolyser. The most optimal electrolyser configuration (12 mg/cm?
Ag loading and 0.02 M EDTA addition to the electrolyte) was tested at 5 bar for
an electrolyte pH of 8, 9, 10, and 11. Increasing the operating pressure increases
the CO5 solubility which enhances the CO5 reduction reaction. It is observed that
at a more alkaline pH of 10, the effect of pressure has a significant impact on the
FEco. An increase in FEqo from 23% at 1 bar to 34% at 5 bar was achieved. When
increasing the pH to 11, the effect of pressure is very limited. At ambient conditions,
the FEqo obtained when using an electrolyte at pH 11 is only 8% (see Figure and
the total COq utilization is 93% (see Figure . Therefore, increasing the pressure
does not improve the performance, since there is not enough in-situ liberation of COs
happening at these alkaline conditions. Hence, the solubility of CO5 can also not be
improved further.

Interestingly, at a lower electrolyte pH of 8 and 9, the effect of pressure is minimal
as well. No change in FEgo was observed for pH 9 and at pH 8 a small decrease
was measured. This indicates that the availability of COs near the electrode surface
is not limiting at a lower electrolyte pH. Figure shows the total CO and COs
concentrations at the outlet of the electrolyser and the calculated CO5 utilization as
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defined by Equation [7.1

(O]
[COQ] unconverted T [CO]

As expected, there is a minimal change in the CO and COs concentrations and
COs utilization is for both electrolyte pH 8 and 9 when compared the operation at 1
bar and 5 bar. At pH 10, an increase in total COs liberation is measured as well as
an increase in COq utilization. For pH 11, the CO4 liberation is very low, resulting
in a total CO, utilization of 97%.

The results obtained in this study at higher operating pressures are contradicting
with the results previously reported by Zhang et al. 8% They observed a strong increase
in FEco when increasing the pressure from 55% at 1 bar to 95% at 4 bar. The
electrolyte concentration used by Zhang et al. was 3 M KHCO3 instead of 1.5 M K+
that was used in this study. Therefore, a control experiment was performed using
a similar electrolyte, operated at 5 bar (see Figure . No significant differences
in performance are observed in comparison to the electrolytes at 1.5 M KHCOs3.
Therefore, the difference is performance can be related to the electrode used. In our
experiments, a spray-coated Ag GDE electrode is used, whereas Zhang et al.® used
a porous electrode. It is expected that the flow behaviour inside the electrode and
in between the membrane and electrode is very different, resulting in a different pH
gradient. This affects the COs liberation and COs available for the CO5 reduction
reaction at the catalyst surface. Nevertheless, the differences in performance are very
large. Therefore, further investigation into the effect of operating temperature and
pressure for the electrolytic reduction of bicarbonate is required.

COx;, utilization ratio = x 100% (7.1)
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Figure 7.3: Concentration of CO and COs at the electrolyser gas outlet measured
during the electrolysis of bicarbonate electrolyte at 60 °C using 1.5 M K™ at varying
pH and constant current of 100 mA /cm? and the calculated COy utilization using a
12 mg/cm? electrode and 0.02 M EDTA addition to the electrolyte at (a) 1 bar and
(b) 5 bar.
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7.4

Effective regeneration of the solvent to achieve optimal operating conditions for both
the capture step and conversion step is the biggest challenge when integrating a car-
bonate capture system with an electrochemical conversion. An improved electrolyser
performance was achieved at higher operating temperature (60 °C) and pressure (5
bar), with larger COs liberation as well as COq utilization, while maintaining a rea-
sonable FEco. However, it is yet unclear whether these improvements sufficiently
improve the solvent regeneration to make the system integration feasible.

The electrolyte pH is the dominating parameter that defines the efficiency of the
integrated process. When operating at an alkaline pH, the capture capacity is high,
whereas the FEco obtained in the bicarbonate electrolyser is low. The optimum
switches when the electrolyte pH is near neutral, where a high CO2 conversion (FE¢o)
is obtained and a low capture capacity. In Figure [7.4] these opposing operating
performances are visualized as a function of electrolyte inlet pH. With these conditions
in mind, three operating scenarios for an integrated capture and conversion system
are proposed.

In the first scenario, the electrolyser performance is maximized and the electrolyte
pH used remains within a range of 8 to 10. This results in a favourable Hs:CO
product ratio, while penalizing the capture capacity. Consequently, this would result
in a relatively large capture column and increased use of solvent. A second scenario
would be to maximize the capture fraction and operate only at more alkaline pH range
between 9 and 11. Under these circumstances, the H2:CO ratio and the electricity
costs for the electrolyser will be high. Additionally, in a third scenario, a pH mid-
range could be chosen between for instance pH 9 to 10. This would result in sub-
optimal performance for both the capture capacity and the conversion efficiency. A
more detailed techno-economical analysis should be performed to understand the
trade-offs for each of these scenarios and the consequences on the overall system
performance. An important parameter that should be included in this analysis is the
CO; concentration of flue gas stream used, , as the capture efficiency decreases due

Figure 7.4: Schematic representation of the operating performance of the bicarbonate
electrolyser in terms of FEgo and the carbonate capture system in terms of capture
capacity as a function of solvent pH.
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to the limited COs concentration. If the capture capacity can be improved by using
a different CO5 source stream, such as high COs concentration biogas, it is expected
that a more feasible integrated process can be obtained.

Next to improving the FEco at more alkaline conditions, it is also possible to
make use of these alkaline conditions to produce Co4 products such as CoHy or
ethanol. Several studies have investigated carbonate electrolysis, achieving FEc, 1, of
34% at 300 mA /cm?.128 A possible system design could include multiple electrolyser
stacks each operating at a specific pH range. This would allow for using different
electrodes at different electrolyte pH to produce a wider range of products. This will,
however, require extra down stream separation processing. This is not desirable as
it will significantly affect the capital costs, but also the recyclability of the solvent.
The build up of product such as ethanol and methanol that remain in the solution
will be stripped out in the capture process. Therefore, the most likely pathway
for an integrated COq capture and electrochemical conversion process is for higher
CO; concentration flue gas streams focusing on producing CO. The obtained product
stream of CO and Hy can directly be used for the production of for example methanol.

The bicarbonate electrolyser shown in this work has an energy consumption in
the range of 500 to 4000 kJ/mol CO produced, where a more alkaline electrolyte pH
results in a higher energy consumption (see Table [F.1)). The energy consumption
significantly increases as the electrolyte pH increases to more alkaline conditions,
resulting in a decrease in FEqco and increase in cell potential. This is comparable to
what has been reported in the literature for bicarbonate electrolysers performing at
near neutral pH conditions achieving FEgo of 82% at 100 mA /cm? and a cell voltage
of 3.5 to 3.8 V, resulting in 416 kJ/mol CO produced.®® Comparatively, conventional
CO production through electrolysis approximately requires 240 kJ/mol CO produced
assuming a FEco of 90% and cell potential of 3 V.181

In order to put the energy requirement into perspective, a comparison with a non-
integrated system is made. COs capture with an electrical regeneration is assumed,
using an electrochemical cell to perform a pH swing. 192182 The liberated CO; is
subsequently converted into CO using the reverse water gas shift reaction (see Sec-
tion . This results in a total of around 5.5 MJ/kg COs captured required. For
comparison, a more conventional regeneration using thermal energy requires approx-
imately 3.6 MJ/kg CO4 captured, which is equivalent to an electric energy of about
1.2 MJ/kg COs2 captured. This would further lower the total energy required for a
non-integrated system to around 2.2 MJ/kg CO4y captured. An integrated COs cap-
ture and conversion system, based on the experimental results obtained in this study,
requires 11 to 90 MJ/kg CO, captured (where a more alkaline electrolyte results in
a larger energy consumption). This significant difference highlights the importance
of improving the energy efficiency of the bicarbonate electrolyser. A cell potential of
around 2.6 V, as compared to 3.65 V in the current system, is required to compete
with the assumed non-integrated CO; capture and conversion system. Therefore,
future research should focus on reducing the electrochemical cell potential under at
industrially relevant current density.

In literature, several studies have investigated the techno-economic feasibility of
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electrochemical CO, reduction using a bicarbonate electrolyser. 1831186 Noreno-
Gonzales et al.™ found that syngas production through integrated carbonate capture
and conversion is ~50% more expensive than conventional gaseous electrolysis routes.
Here, the cost for renewable electricity has the biggest impact on the cost price. /U184
Current bicarbonate electrolysers operate at high cell potentials, making the elec-
trolysers not commercially viable. Similarly, Salvatore et al.*®7 reported that cell
potentials below 2 V are required for commercial applications of electrolysers. Cur-
rent bicarbonate electrolyser operate at a cell potential of 3.5 to 4 V. A recent study
by Venkataraman et al.183 investigated the process and techno-economic feasibility of
ethylene produced in a carbonate electrolyser for the production of CoHy. A similar
result was found, indicating that a carbonate electrolyser can only be more feasible
than conventional COs electrolysis with significant reductions the cell potential and
increased product selectivity.

7.5

In conclusion, the integration of COgy capture and electrochemical conversion is a
promising pathway. However, key challenges have to be overcome to make the in-
tegrated system a feasible system at industrially relevant scale. First and foremost,
further research is required into decreasing the overall cell potential of the bicarbon-
ate electrolyser at industrially relevant current densities. The energy requirement of
an integrated system is a two-fold higher than for a non-integrated system. This re-
quires significant improvements in the cell potential, ideally reaching a cell potential
below 2.6 V. Furthermore, the COy reduction selectivity towards CO has to be im-
proved significantly at more alkaline pH conditions. Next to that, trade-offs between
the optimum operation of the capture system and electrochemical conversion system
will have to be made. Therefore, a detailed techno-economic analysis is required to
find the optimum operating window in terms of the electrolyte pH used and COs
concentration in the flue gas.
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8.1 Conclusions

8.1

To mitigate the effect of climate change, new technologies to remove CO4 from the
atmosphere as well as technologies that can produce carbon based products out of CO4
are required. With these technologies a circular carbon economy can be established,
in which CO; is reused, reduced and removed from the atmosphere. This thesis
investigates two different pathways to integrate carbon capture and electrochemical
conversion to CO and Cyy products, using physical and reactive absorption. Route
A explores the use of the non-aqueous electrolyte propylene carbonate and route B
the use of a (bi)carbonate electrolyte.

In Part I, the use of propylene carbonate as an organic electrolyte was studied.
Non-aqueous solvents have a larger COs solubility compared to aqueous solvents.
Therefore, a larger concentration of COs can be captured with an organic electrolyte
and the mass transport of CO5 to the electrode surface can be improved in the elec-
trochemical cell. In Chapter 2, the use of propylene carbonate with 0.7 M TEACI
in combination with a polycrystalline Cu electrode was investigated for the forma-
tion of CoH4. However, mainly Hy, CO, and formic acid were measured and no was
CoHy detected. The lack of water and protons present in non-aqueous electrolyte is
often discussed to limit the current densities of the COs reduction reaction as HT is
required. However, by adding 10 v% water, the formation of Hy and CO increased
while decreasing formic acid formation. Due to the aqueous nature of the anolyte (0.5
M H3S0,), water diffused through the membrane to the catholyte, therefore increas-
ing the water concentration, and increasing the Hy formation. Therefore, the anolyte
was replaced with a similar non-aqueous electrolyte as the catholyte, to suppress the
water crossover and control the water concentration in the catholyte. This resulted
in the suppression of Hy formation and an increase in CO and formic acid selectivity.
Water remained present in the electrolyte in small concentrations, mostly due to the
water present in the membrane used. Furthermore, the effect of the operating tem-
perature was studied. This showed that an increase in temperature increases the CO
selectivity. However, increasing the temperature also increases the water diffusion
through the membrane, resulting in a larger concentration of Hy formed at 60 °C.
Replacing the anolyte or increasing the operating temperature did not result in the
formation of CoHy. In Chapter 3, It was shown that the size of the cation plays a
crucial role in the product selectivity. The effect of the salt dissolved in the electrolyte
was studied, by varying both the cation and anion. When using a larger cation with
a weaker hydration shell, a more hydrophobic surface is obtained. Therefore, using
0.7 M THACI in PC and a Cu electrode resulted in the largest concentration of CoHy
(22% FEc,u,)-

In Part II, the use of a (bi)carbonate electrolyte was studied in Chapters 4 and
5. By using a (bi)carbonate electrolyte, carbonate capture can be directly integrated
with electrolytic bicarbonate reduction, making use of the acid-base equilibrium re-
action between CO, and carbonate. Contrary to conventional electrolysis systems,
when using a bicarbonate electrolyser, there is no gaseous CO5 supplied to the elec-
trolyser. Instead, the COs is liberated inside the electrolyser in the acid layer near
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the bipolar membrane. In Chapter 4, it was shown that increasing the distance be-
tween the electrode and membrane improves the pH gradient within the electrolyser,
facilitating the right conditions for both the COs liberation near the membrane and
COs reduction at the electrode. However, a significant decrease in FEgo of 30% was
observed in the first 3 hours of continuous operation at a constant current. It was
found that both the increasing electrolyte pH and the trace metal impurities present
in the electrolyte caused this decrease in selectivity. A set of single-pass electrolyte
experiments were conducted, identifying the FEqco for bicarbonate electrolysis at a
pH 8 to 10. As the electrolyte pH becomes more alkaline, the FEco decreases, limit-
ing the electrochemical regeneration of the solvent. In Chapter 5, the COq liberation
and utilization were improved by increasing the operating temperature (60 °C) and
increasing the Ag loading of the catalyst. Furthermore, a complexing agent (EDTA)
was used to complex the trace metal ion impurities present in the electrolyte, to avoid
the deposition of these metals on the catalyst surface. This significantly improved the
overall stability of the bicarbonate electrolyser, as was shown in Chapter 4 in a single
pass electrolyte experiment using EDTA. A small decrease of only 4% in FEco after 6
hours of operation was measured. Similarly, in Chapter 5, the FEco measured when
operating at 60 °C was constant over time when adding EDTA to the electrolyte.

In the final Part III of this thesis, the feasibility of integrating the bicarbonate
electrolyser with carbon capture are evaluated. In Chapter 6, a DAC system using a
solid adsorption and liquid desorption is coupled with a bicarbonate electrolyser. Ex-
perimental validation for the solid adsorption, liquid desorption, and electrochemical
conversion are presented, demonstrating a proof-of-concept. The pH swing between
the COq rich and CO4 lean solvent is identified as the dominant design parameter and
is almost exclusively controlled by the electrolyser sizing. This is caused by the de-
crease in electrolyser performance at more alkaline electrolyte conditions, limiting the
regeneration of the solvent. Consequently, using a small pH swing results in inefficient
solid sorbent use and excessive water loss.

Finally, in Chapter 7, a perspective on the feasibility of post-combustion carbonate
capture with bicarbonate electrolysis is evaluated. The electrolyte pH is identified as
the dominant parameter in identifying the efficiency of an integrated system, as it
controls the capture and conversion efficiency. As previously discussed in Chapter 5,
the CO4 liberation and FEgo can be improved at elevated operating temperatures
by increasing the Ag loading and adding EDTA to the electrolyte. In Chapter 7, it is
shown that an increase in operating pressure to 5 bar can further improve the FEco
at more alkaline electrolyte pH, which improves the deep regeneration of the solvent.
A flue gas stream with high COg partial pressures will result in the most feasible
integration of CO4y capture and electrochemical conversion.
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8.2

Based on the findings discussed in this thesis, the following recommendations for
future research are given:

o Electrochemical CO3 reduction on a Cu electrode in non-aqueous solvents does
not effectively produce Coy products, as compared to aqueous systems. In
Chapter 3, the use of a large cation with a weak hydration shell showed that
the selectivity of CO5 reduction towards CoHy could be significantly improved.
However, it remains unclear what exactly happens on the electrode surface
and what is preventing the reduction of CO5 to hydrocarbons. It is therefore
recommended to better understand the mechanistic pathways that occur on
the surface of the electrode by using operando techniques, such as Raman.
Furthermore, computational techniques such as density function theory (DFT)
could be used. Moreover, the current densities achieved for COs reduction in
non-aqueous solvents are currently very low. Therefore, future research should
focus on achieving significant improvements on the current density and product
selectivity for industrially relevant applications.

o In bicarbonate electrolysis, where a bipolar membrane is used, a large cell po-
tential is attained. Future research should focus on improving the cell potential
under industrially relevant conditions for a feasible application. Furthermore,
the faradaic efficiencies as well as COg liberation, specifically at a more alkaline
electrolyte pH, should be improved for deeper electrolyte regeneration. This
could be achieved by for instance improving the catalyst utilization or by in-
creasing the operating pressure. Ideally, the capture and conversion process op-
erate at the same temperature and pressure, reducing the need for compressors
and heat integration. Additionally, the stability of the bicarbonate electrolyser
for long term operation should be investigated for industrial applications.

o A detailed model of the integrated carbonate capture and bicarbonate conver-
sion system, based on the obtained experimental results, is recommended to
evaluate the current feasibility of the system and to better understand what
challenges are remaining. Moreover, a techno-economic evaluation of the inte-
grated system, including an optimized heat integration, for different scenarios
with varying pH ranges is recommended.

o In this thesis, bicarbonate electrolysis towards CO was investigated. CO is
valuable product, both on its own and as a syngas to produce other carbon based
molecules. However, future research should investigate the possible pathways
for producing Co4 products by bicarbonate electrolysis. This could be achieved
by directly converting bicarbonate to Coy products, as already shown in several
studies, or by converting the CO to Cs products in a second CO electrolyser.
Most likely, a second capture step is then required in between the first and
second electrolyser, to remove the unconverted COs.
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o Lastly, future research could investigate other potential integration methods for
CO; capture and conversion. As shown in this thesis, the bicarbonate electrol-
yser currently cannot effectively regenerate the solvent. Therefore, a comparison
with non-integrated system using a gas-fed electrolyser would be interesting in
future research.
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A.1 Experimental Section

A.1 Experimental Section

A.1.1 Electrode Surface Area Preparation

Copper foil (Aldrich 99.999%, 1 mm thickness, 2.5 cm x 2.5 cm) was used as working
electrode. Initial sanding (up to grain size 2000) and polishing (up to 1 pum grade
diamond paste) of the copper electrode were done to make sure no visible scratches
were present on the copper. Prior to each experiment, electropolishing of the copper
in phosphoric acid (85% in HoO, Aldrich) at 2.1 V versus a graphite rod as counter
electrode was performed for 3 min, based on Kuhl et al.2? SEM and EDS were used
to characterize the electrode surface before and after electrolysis.

A.1.2 Electrochemical Cell

All experiments were performed in a two-compartment batch electrolyzer, based on
the design of Lobaccaro et al. ¥ CO, was continuously bubbled at 8 mL min~?
through the catholyte during the chronoamperometry experiments. The anolyte used
was a 0.5 M aqueous H2SO, (except otherwise stated) and the catholyte 0.7 M
tetraethylammonium chloride (TEACI) in propylene carbonate (PC) with different
concentrations of water (0, 10 and 90 v%). To prevent any contamination, the cell
was stored in 20% v/v nitric acid and rinsed with MilliQ) water before use.

Furthermore, a platinum counter electrode (MaTeck 99.99%, 0.1mm thickness, 2.5
cm x 2.5 cm) and a leak-free Ag/AgCl reference electrode (Innovative Instruments
LF-1-45) were used. A cation exchange membrane (Nafion-117) separated the anolyte
and catholyte compartments. A potentiostat (SP-200, BioLogic) was used to perform
the CV and chronoamperometry experiments.

The two-compartment electrochemical cell was modified for the high temperature
experiments (see Figure . The back plates were replaced with aluminum back
plates, which were heated using a water bath. The heated back plates were indi-
rectly in contact with the electrodes and thus heating the electrolyte. An electrically
insulating rubber gasket was placed in between the aluminum back plates and the elec-
trodes, to prevent electricity passing through. The temperature of the anolyte was
continuously measured during the experiment and kept constant. The thermocou-
ple interfered with the measured current signal by the reference electrode; therefore
it was not possible to measure the catholyte temperature during electrolysis. How-
ever, the anolyte and catholyte temperatures can be presumed to be equal. The
chronoamperometry experiment was started as the soon as the anolyte was at the
desired temperature.
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A.1.3 Gas and Liquid Product Analysis

The compact H-cell was coupled to a gas chromatograph (Compact GC 4.0, Inter-
science) equipped with two thermal conductivity detectors and one flame ionization
detector that measured the gaseous products formed in the cathode compartment
with 2 min intervals during experiments. At the end of the experiment, samples of
the electrolytes were analyzed using a high-pressure liquid chromatograph (HPLC)
(1290 Infinity II, Agilent). For HPLC analysis, 5 uL of the catholyte solution was
injected on two Aminex HPX-87H columns (Biorad) placed in series. The columns
were heated to 60 °C, using an eluent containing 1mM H5SO, in ultrapure water
and a refractive index detector (RID) for the detection of products. Coulometric KF
(Metrohm 756 KF Coulometer) was used for the water content measurement before
and after the experiment.
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A.2 Electrochemical Setup for High Temperature
Experiments

Figure A.1: Modified batch cell for the electrolysis at different operating temperatures.

Figure A.2: Thermocouple positioned in anolyte compartment to measure the elec-
trolyte temperature during the chronoamperometry experiment.
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A.3 Effect of Water

In Figure[AZ3|the water concentrations measured with coulometric Karl Fischer titra-
tion are presented for each electrolyte water concentration. The blank measurements
represents the water concentration of the electrolyte before electrolysis. There is
around 0.2 w% of water present in the propylene carbonate at the start of the elec-
trolysis experiment.

% H 9 9

12 @ 0v% H,0 12 o 10v% H,0O 100 o 90 v% H,0
<} <) <} C,
2101 2101 S 80|
5 g 5 g 5
§ B @ 1 1:5 60
5 6 5 6 5
2 2 2 404
8 4 g 4 8
o] o] o)
8 2 8 2 B 207
s s s

0+ 0+ 0+

Blank -1.6V -1.8V -2.0V Blank -1.6V -1.8V -2.0V Blank -1.6V -1.8V -2.0V

Figure A.3: Water concentrations before and after CA at different potentials, for
propylene carbonate with (a) 0 v% H2O, (b) 10 v% H30, and (c) 90 v% HO.

100



A 4 Effect of Water Concentration — Product Distribution over Time

A.4 Effect of Water Concentration — Product Dis-
tribution over Time
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Figure A.4: Product distribution as a function of time for different water concen-
trations in PC electrolyte, measured for 1 hour chronoamperometry experiment on
copper electrode at -1.8 V vs. Ag/AgCl. Faradaic efficiency presented for (a) hydro-
gen, (b) carbon monoxide, (c) methane, and (d) ethylene.
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A.5 Effect of Salt on Product Distribution

Due to solubility limitations of alkali metal salts in PC, it was not possible to perform a
one on one comparison. Therefore, the 0.1 M KCIO4 was dissolved in PC90. However,
when using 0.1 M TEACI, the addition of 10 v% water to PC results in a two-phase
system. Therefore, the comparison was made with 0.1 M TEACI in pure PC, 0.7M
TEACI in PC with 10 v% water, and 0.7 M TEACI in pure PC.
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Figure A.5: Faradaic efficiencies for (a) 0.7 M TEACI in PC100, (b) 0.1 M TEACI
in PC100, (¢) 0.1 M KClO4 in PC90, and (d) 0.7 M TEACI in PC90 electrolyte,
measured for 1 hour chronoamperometry experiment on copper electrode at -1.8 V
vs. Ag/AgCl.
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A.6 Effect of Temperature — Product Distribution
over Time
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Figure A.6: Product distribution as a function of time for different operating temper-
atures, measured for 1 hour chronoamperometry experiment on a copper electrode
at -1.8 V vs. Ag/AgCl with propylene carbonate electrolyte containing 0 v% HzO.
Faradaic efficiency presented for (a) hydrogen, (b) carbon monoxide, (c) methane,
and (d) ethylene.
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Figure A.7: Partial current densities as a function of time for different operating tem-
peratures, measured for 1 hour chronoamperometry experiment on a copper electrode
at -1.8 V vs. Ag/AgCl with propylene carbonate electrolyte containing 0 v% HzO.
Faradaic efficiency presented for (a) hydrogen, (b) carbon monoxide, (c) methane,
and (d) ethylene.
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A.7 Scanning Electron Microscopy

TU DELFT S S| 15.0kV X1,000 WD 7.tmm 10um TU DELFT S S| X5,000 WD 7.1mm

TU DELFT Sl S 15.0kV X1,000 WD 20.8mm 10pm TU DELFT SEM S 15.0kV X5.000 WD 20.8mm

Figure A.8: SEM images of the Cu electrode after (a) and (b) electropolishing, and
(c) and (d) after chronoamperometry at -1.8 V for in a 0.7 M in propylene carbonate
solution with 0 v% water additions, at 25 °C.
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A.8 Energy Dispersive X-ray Spectroscopy
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Figure A.9: Elemental weight percentage for C and O at the Cu electrode surface
after electrolysis at 60 °C, at different positions on the Cu surface.

Table A.1: EDS results for post mortem Cu foil for electrolysis at 25 °C and 60 °C.

Post mortem at 25 °C Post mortem at 60 °C
Element Element Wt% Wt% error Element Wt% Wt.% error
C 1.02 + 0.05 0.99 + 0.04
O 0.07 + 0.04 0.16 + 0.03
Cu 98.91 + 0.73 98.85 + 0.57
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A.9 Inductively Coupled Plasma Spectroscopy

Table A.2: Overview of different components measured by ICP in the anolyte and
catholyte, before and after electrolysis with 0 v% water in the catholyte, operated at
25 °C. All values are in mg/kg.

Sample Al B Ba Ca Cu Fe K Mg Na Zn PO, Si

g‘;ﬁlkyte 1.61 416 0.03 076 005 005 047 003 517 001 034 3.34
glz'ﬁflyte 0.04 004 001 030 000 025 341 005 018 005 2120 0.0
Anolyte after g0 500 004 236 013 009 2673 011 651 005 153 377
electrolysis

Catholyte after ) o 92 001 041 794 012 524 005 040 011 2240 0.0

electrolysis
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B.1 Experimental Section

B.1

B.1.1

All chronoamperometry experiments were performed using a twocompartment H-cell,
based on the design by Lobaccaro et al.24” The cell was stored in 20% v/v nitric
acid to prevent any contamination and rinsed thoroughly with MilliQ water before
use. A copper foil (Sigma Aldrich 99.999 1 mm thickness, 2.5 cm x 2.5 cm) was
used as working electrode. Initial sanding was performed (up to grain size 2000),
followed by mechanical polishing (up to 1 pm grade diamond paste). Before each
experiment the copper foil was electropolished using phosphoric acid solution (85 in
H50, Sigma Aldrich) at 2.1 V versus a graphite rod for 3 min, based on a proce-
dure by Kuhl et al.2% A platinum counter electrode (MaTeck 99.99 0.1 mm thickness,
2.5 ¢cm x 2.5 cm) and a leak-free Ag/AgCl reference electrode (Innovative Instru-
ments, LF-1-45) were used. A cation exchange membrane (Nafion-117) was used to
separate the anolyte and catholyte compartment. The anolyte used was a 0.5 M aque-
ous HySO, (Sigma Aldrich) and catholyte were prepared using propylene carbonate
(Sigma Aldrich, anhydrous 99.7%) with either 0.7 M TEACI (98%, Sigma Aldrich),
TBACI (97%, Sigma Aldrich), THACI (96%, Sigma Aldrich), TEABF, (99%, Sigma
Aldrich), TBABF4 (99%, Sigma Aldrich), THABF, (97%, Sigma Aldrich), TEAPFg
(99%, Sigma Aldrich), TBAPFg (98%, Sigma Aldrich) or THAPF¢ (98%, Alfa chem-
istry). A potentiostat (SP-200, BioLogic) was used perform the cyclic voltammetry
and chronoamperometry experiments. A continuous COs gas stream of 8 sccm was
supplied at the bottom of the cathode compartment. The outlet was connected to
an inline gas chromatograph (Compact GC 4.0, Interscience), equipped with two
thermal conductivity detectors (TCD) and one flame ionization detector (FID), that
measured the gaseous products formed in the cathode compartment with 2 minute
intervals. The reported faradaic efficiencies are calculated as the average value of the
stable period during the last 15 minutes of the experiment. Liquid samples were taken
at the end of the 1 hour experiment for which the product analysis was done by high
pressure liquid chromatograph (HPLC,1290 Infinity II, Agilent). For HPLC analysis,
5 pL of the catholyte solution was injected on two Aminex HPX-87H columns (Bio-
rad) placed in series. The columns were heated to 60 °C, using an eluent containing 1
mM H2SOy in ultrapure water and a refractive index detector (RID) for the detection
of products. Coulometric Karl Fischer titration (Metrohm 756 KF Coulometer) was
used for the water content measurement before and after the experiment.

B.1.2

The FTIR experiments were performed using a Bruker Vertex 80 V IR spectrometer
in combination with an Autolab PGSTAT12 potentiostat. A three electrode spectro-
electrochemical cell configuration was used in combination with a 60° CaFs prism
pressed to the bottom of the cell. 188 A polycrystalline Cu foil working electrode
(MaTeck 99.99%), platinum coil counter electrode (MaTeck 99.99%), and Ag/Ag™
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reference electrode (Alvatek) were used. Spectra were collected in a thin-film con-
figuration in the wavenumber range 4000 to 900 cm ™! by varying the potential from
-1.0 V to -2.5 V vs. Ag/AgCl with steps of 0.1 V under Ar and CO, saturated
conditions (see Figure and Figure . A reference spectrum was obtained and
subtracted from the spectra at the measured potentials. The spectra are presented
as absorbance spectra, according to A = — log(P%) where R and Ry is the reflectance
corresponding to the single beam spectra obtained at the sample and reference poten-
tial, respectively. Therefore, negative bands correspond to consumed species on the
surface, whereas positive bands correspond to the formation of species. Prior to the
experiment, the Cu electrode was electropolished using the same method as described
in the previous section, except the polishing was done for 15 seconds only.
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B.2 Overview of Chronoamperometry Results
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Figure B.1: COy reduction product distribution after 1 hour chronoamperometry
(CA) on a Cu electrode using PC solvent with different salts at 0.7 M grouped per
cation, at -2.0 V vs. Ag/AgCl. Error bars indicate differences between duplicate
measurements.
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Figure B.2: Partial current densities after 1 hour chronoamperometry (CA) on a Cu
electrode using PC solvent with different salts at 0.7 M at -2.0 V vs. Ag/AgCl. Error
bars indicate differences between duplicate measurements.
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Figure B.3: CO; reduction product distribution after 1 hour chronoamperometry
(CA) on a Cu electrode using PC solvent with different salts at different concen-
trations at -2.0 V vs. Ag/AgCl. Error bars indicate differences between duplicate

measurements.
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B.3 Non-aqueous Anolyte

B.3
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Figure B.4: Faradaic efficiencies of COs reduction products during 1 hour chronoam-
perometry on a Cu electrode using 0.7 M TEACI in PC and 0.7 M THACI in PC
as catholyte combined with either an aqueous 0.5 M H3SO4 anolyte or similar PC

anolyte. The error bars indicate differences between duplicate measurements.

115



Appendix B

B.4
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Figure B.5: Water concentrations (ppm) of the different electrolytes used during CO4
reduction at -2.0 V vs. Ag/AgCl before and after electrolysis.
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Figure B.6: Water concentration (ppm) of the different electrolytes used during COq
reduction at -2.0 V vs. Ag/AgCl before and after electrolysis, comparing an aqueous
H5SO4 and non-aqueous propylene carbonate anolyte.
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Figure B.7: FTIR spectra from -1.1 V to -2.6 V vs. Ag/AgCl for the different salts

(0.7 M) dissolved in PC, for Ar saturated conditions, using a Cu electrode.
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Figure B.8: FTIR spectra from -1.1 V to -2.6 V vs. Ag/AgCl for the different salts

(0.7 M) dissolved in PC, for CO5 saturated conditions, using a Cu electrode.
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Figure B.9: Cyclic voltammetry for the different TEA and TBA salts at varying
concentrations in PC, both for Ar and COsy saturated electrolytes.
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Figure B.10: Cyclic voltammetry for the different THA salts and concentration in

PC, for Ar and CO4 saturated electrolytes.
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C.1 Experimental Section

C.1 Experimental Section

C.1.1 Bicarbonate Electrolysis

A commercial ElectroCell flow cell (Micro Flow cell 10 cm? MFC30010) was used to
perform the bicarbonate electrolysis experiments. An exploded view of the cell and
the different components can be seen in Figure A nickel foam (2 mm thickness,
ElectroCell) was used as the anode and a bipolar membrane (Fumasep FBM-PK) was
used to separate the cathode and anode. The bipolar membrane (BPM) was stored in
1 M NaCl and reused multiple times, but replaced regularly. The Ni foam was stored
in water and sonicated for 5 minutes prior to experiments, and replaced regularly
as well. A 3 M KHCOj3 (99.97%, Sigma Aldrich) solution was prepared in 1 L stock
solutions at a time and the pH measured. For the single-pass pH experiments, different
pH buffer solutions of KHCO3 and Ko CO3 were mixed to obtain the required pH. The
anolyte used was 1 M KOH (<85%, Sigma Aldrich). A mixed cellulose ester (MCE,
8 um pore diatemeter, MF-Millipore) membrane was used as a spacer between the
membrane and the cathode. The membrane was wetted with MilliQ water after which
it was stored in the catholyte solution for about 5 minutes to ensure full saturation
prior to assembling the electrochemical cell. To assemble the cell, the EPDM sealing
gaskets supplied by ElectroCell were used, as well as a thinner silicon gasket for the
cathode. On the anode side, a Ni current collector was used whereas on the cathode

@ Gasket ®)
Ni foam
gasket

GDE
gasket

Gasket

End plate

Ni current e N /O N\ N .

collector d L s !
~®
Interdigitated flow . 2
plate and current Bipolar oy
collector membrane O 1 i
— Y

End plate

Figure C.1: Schematic of the lab-scale bicarbonate electrolyser. (a) Exploded view of
flow cell including all the different components, (b) stacked electrolyser, (c) drawing
of the interdigitated flow plate, all dimensions in mm.
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Figure C.2: Lab-scale bicarbonate electrolyser. (a) and (b) commercial flow cell
electrolyser, (c) components used in the stack of the electrolyser: 1) End plate, 2)
Gasket (1 mm thickness), 3) Ni current collector, 4) Flow pattern gasket (2x 1 mm
thickness), 5) Ni foam anode (2 mm thickness) and flow distributors, 6) Bipolar
membrane, 7) Gasket (200 pm thickness) and Ag GDE, 8) Titanium interdigitated
flow pattern and current collector, 9) Gasket (1 mm thickness), 10) End plate.

side a Ti interdigitated flow plate was used as current collector. The interdigitated
flow plate had 1 mm wide flow channels and bridges (see Figure c)). The electrode
stack was closed evenly by 6 bolds, using a torque wrench at 3 Nm. In Figure[C.2] all
components used in the bicarbonate flow cell are depicted. For the 3 hour experiments,
a catholyte volume of 70 mL and anolyte volume of 140 mL were used. The overnight
15 hour runs used 1000 and 500 mL of catholyte and anolyte respectively. For the
single-pass experiments, the anolyte volume was kept at 140 mL and the catholyte
volume was increased to 5 L. An inline pH probe (InPro3250i with Transmitter M300
Water 2-channel, Mettler) was installed at the outlet of the bicarbonate electrolyser,
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to measure the output pH continuously during an experiment. A peristaltic pump
(BT100-3J Basic Peristaltic Pump, Darwin Microfluidics) was used in combination
with 2 pump heads (YZ1515X-B, Darwin Microfluidics) and silicon tubing (#25,
Darwin Microfluidics). A flow rate of 50 mL/min was used for both electrolytes.
A potentiostat (SP-200, Biologic) was used as the current supply, using the EC-lab
software. A constant current of 500 mA was applied to the cathode, which corresponds
to 100 mA /cm? as the active area of the cathode is 5 cm?.

C.1.2 Electrode Preparation

The Ag catalysts were prepared by spray-coating (Custom Micron Absolute Precision,
Iwata) a Ag nanoparticle (20-40 nm, Thermo Fisher Scientific) ink onto a carbon
support layer (Sigracet 39BB, Fuelcell Store). The carbon support layers were cut
into pieces of 25 x 30 mm to allow extra space to hold the electrode in place during
spray-coating. An area of 25 x 25 mm was spray-coated and the excess material
was cut off post electrode preparation. Prior to spray-coating, the carbon material
was sonicated in acetone and MilliQQ water subsequently, for 10 minutes each. The
electrodes were dried on a hot plate (covered with aluminium foil) at 90 °C for about
10 minutes until completely dry. The dry electrodes were weighed to determine the
pre-spray-coating weight. Before spraying, the heat of the hotplate was reduced to
70 °C to ensure rapid evaporation of the isopropanol and curing of the Ag-Nafion
layering. For the ink, 84 + 2 mg of Ag nanoparticles (20-40 nm, Thermo Fischer
Scientific) were mixed with 8 mL of isopropanol (VWR Chemicals) and 80 uL of
Nafion binder (Nafion 1100W, 5 wt% in water and propanol, Sigma Aldrich). The
ink was sonicated for 30 minutes in an ultrasonic bath (2800 Ulstrasonic cleaner 2.8L,
Branson) and used within 30 minutes of preparation. Using a spray gun (Custom
Micron Absolute Precision, Iwata) connected to a Ny gas line at a pressure of 0.6
bar, the ink was dispersed onto the carbon papers. Before using the ink, the ink was
vortexed for about 10 seconds. A total of 2 mL of ink was pipetted into the cup of
the spray gun, which was used to spray the first layer onto 2 electrodes. This was
repeated again with 2 mL of ink, to make two electrodes with a loading of 1 + 0.3
mg Ag/cm? and 4 wt% Nafion. The prepared electrodes were kept on the hot plate
for 10 more minutes to ensure all isopropanol had evaporated, after which they were
weighed again to measure the loading.

C.1.3 Gas Product Analysis

The gas products formed were measured inline using a gas chromatograph (Compact
GC 4.0, Interscience). The GC was equipped with two thermal conductivity detectors
and one flame ionization detector. Samples were measured at 3 minute intervals
during the experiments. Argon was used as flushing gas, which was purged in the
head space of the catholyte vessel at a constant flow rate of 100 mL/min using a mass
flow controller (Bronkhorst). The outlet gas stream of the catholyte vessel passed
through a liquid trap filled with silica beads (Sigma Aldrich) and a mass flow meter
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(Bronkhorst), before it entered the GC. The GC was equipped with a pump at the
outlet, which pumps in a constant amount of gas into the channels of the GC before
a sample is taken, otherwise the gas is vented off. This allows the use of a larger
gas flow without building up pressure in the lines. The gas flow going into the GC
is a mixture of the products, unreacted COy and the argon carrier gas. The MFC
used was calibrated for COg, hence the measured flow (Q,,,) had to be corrected for
the actual flow (Q,) by using the gas conversion factors (GCF;) for each separate
component.

PN, - CPN2

GCF; =
Pi Cpi

(C.1)

Then, the GCF for the mixture (GCFmix) was calculated and the actual flow (Qr)
can be determined.

C; C; C
GCszx: < : + il + -+ n +

GCF;  GCFiq GCF,
106—(Ci+ci+1+--~+cn) -t 6
-10 C.2
GCF a, (©-2)
GCFmix
Qr - Qm : GCFCOZ’ (03)
The corrected gas flow was used to calculate the faradaic efficiency (FE)

_nc-F-Qr-p

FE = RT.1 100% (C.4)
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C.1.4 Gas Chromatograph Calibration Method

The gas chromatograph (GC) uses 3 channels and two different detectors. All chan-
nels use Helium as carrier gas. The first channel has on main Rtx-1 column (15 m
length, 0.32 mm ID) and an flame ionization detector (FID). This channel is used
for the detection of hydrocarbons, of which a calibration is available for methane and
ethylene. The second channel has a Carboxen 1010 pre-column (3 m length, 0.32
mm ID), a Carboxen 1010 main column (7 m length, 0.32 mm ID), and a thermal
conductivity detector (TCD). On this channel, only COs is calibrated. Theoretically,
CO can also be detected on this channel. However, due to the use of Argon as flush
gas in the electrochemical setup, these peaks are overlapping. The third channels uses
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Figure C.3: Chromatograms of (a) the first channel, measuring methane and ethylene,
(b) the second channel, measuring CO2 and (c) the third channel, measuring Hy and
CO.
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a Rt-Qbond pre-column (3 m length, 0.32 mm ID), Molsieve 5A main column (7 m
length, 0.32 mm ID), and a TCD as well. On this channel, hydrogen and CO are cali-
brated. The sensitivity for hydrogen is limited, therefore lower concentrations are less
accurately detected. The amount of hydrogen that is produced in the electrochemical
cell is in higher concentrations and therefore accurate for the measurements needed
in this system. The calibration is performed using 5 different gas bottles with fixed
amounts of gases mixed in COy. The gas mixture is made up of hydrogen, carbon
monoxide, methane, and ethylene. Each component is calibrated at a concentration
of 50, 100, 1000, 3000, and 8000 ppm. COs is calibrated separately, since this is the
bulk gas in the calibration bottles. A back flush is used after the pre-column on the
second and third channel to prevent the COs from poisoning the main column. The
COg calibration is performed by mixing Ny and COs in different concentrations using
mass flow controllers (Bronkhorst). The chromatograms of for the different channels

can be seen in Figure
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Figure C.4: Longer term stability of zero-gap bicarbonate electrolyser at 100 mA /cm?
using a Ag spray-coated cathode and recirculating 3 M KHCOj5 catholyte (1 L) and 1
M KOH anolyte (0.5 L). (a) Faradaic efficiencies over time towards Hy and CO for a
zero-gap configuration. (b) The change in electrolyte bulk pH over time. All results
are average values of duplicate measurements with an average error of + 3% and total
FE of <98%.
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Figure C.5: The change in electrolyte bulk pH over time for the longer term stability
experiment of the bicarbonate electrolyser at 100 mA/cm? using a Ag spray-coated
cathode and recirculating 3 M KHCOj catholyte (1 L) and 1 M KOH anolyte (0.5
L).
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C.3 Scanning Electron Microscopy
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Figure C.6: SEM images (a) and (c) of a fresh electrodes, (b) and (d) of an electrode
post-electrolysis. Except for small cracks due to the catholyte flow through the elec-
trode, no visual changes of the surface are visible.
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C.4 Inductively Coupled Plasma Spectroscopy

Table C.1: ICP results for the electrolyte of the longer-term electrolysis runs (3 hours
and 15 hours), presented in ppm.

Sample Ba Ca Fe Na Cl
Blank 0.07 0.02 0.03 110.06 26.36
3hrs Zero-gap 0.09 0.23 0.05 161.79 24.26
3hrs 135 um  0.08 0.08 0.04 156.32 12.36
3hrs 270 pm 0.09 0.08 0.08 144.76 11.18
3hrs 405 pm  0.08 0.14 0.10 146.32 16.32
15hrs  Zero-gap 0.06 0.03 0.04 124.87 18.30
15 hrs 135 pum  0.07 0.03 0.05 108.70 4.95

Table C.2: List of contaminants present in the KHCO3 (batch BCCL2557) and KoCO3
(batch BCCLO0256) used. 189490

Component Concentration [mg/kg]
KHCO3 > 99.7% K3CO3 > 99.0%

Sodium (Na) <300 <200
Silicate (as SiO2) n.a. <50
Sulfur as SOy4 <30 <40
Calcium (Ca) <20 <10
Magnesium (Mg) <10 <5
Chloride (C1) <10 <10
Iron (Fe) <5 <5
Phosphate (PO4) <5 <10
Ammonia (NHy) <5 n.a.
Heavy metals (as Pb) <5 <5
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C.5 Potentials
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Figure C.7: The measured potential over time for all (a) 3 hour experiments, (b) 15
hour experiments, and (c) single pass experiments.
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D.1.1 Electrode Preparation

The Ag catalysts were made by spray-coating (Custom Micron Absolute Precision,
Iwata, connected to CO2 gas line set to 0.6 bar) the catalyst ink onto a carbon sup-
port layer (Sigracet 39BB, Fuelcell Store). The ink composition was a mixture of Ag
nanoparticle (20-40 nm, Thermo Fisher Scientific, 84 + 1 mg), 4 wt% Nafion binder
(Nafion 1100W, 5 wt% in water and propanol, Sigma Aldrich, 80 uL) and isopropanol
(VWR Chemicals, 8 mL), which was sonicated in an ultrasonic bath (2800 Ulstrasonic
cleaner 2.8 L, Branson) for 30 minutes filled with ice to ensure sufficient cooling. The
carbon support layer was cut into 25 x 30 mm pieces and subsequently sonicated for
10 minutes in acetone and MilliQ water each. They were then dried on a hotplate at
90 °C for about 10 minutes and their weight measured before spray coating. After,
the heat of the hotplate was turned down to 70 °C before spray coating, to ensure
rapid evaporation of the isopropanol. The prepared ink was vortexed for 10 seconds
before use and pipetted into the cup of the spray gun with 2 mL at a time. After all
ink was used, the electrode was kept on the hot plate to fully dry, after which it was
weighed again to measure the Ag loading (1 #+ 0.3 mg Ag/cm?). To make the higher
Ag loading catalysts, the Ag and Nafion concentrations were increased and multiple
extra layers were added, until the desired Ag loading was obtained.

D.1.2 Bicarbonate Electrolyser

The commercial ElectroCell flow cell (Micro Flow cell 10 em? MFC30010) was used
in all bicarbonate experiments (see Figure S1-3). A 1.5 M K* catholyte was used
at varying pH unless specified otherwise (KHCO35 99.97%, Sigma Aldrich, K3CO3 >
99%, Sigma Aldrich) and 1 M KOH anolyte (>85%, Sigma Aldrich). All experiments
performed at ambient conditions used 1 L catholyte and 0.5 L anolyte. All exper-
iments performed at different temperatures used 200 mL of catholyte and anolyte
each, due to the size of the double-walled reservoirs (custom made by LGS, Assen,
the Netherlands). A peristaltic pump (BT100-3J Basic Peristaltic Pump, Darwin
Microfluidics) with two pump heads (YZ1515X-B, Darwin Microfluidics) and silicon
tubing (#25, Darwin Microfluidics) was used to recirculate the electrolytes, using a
flow rate of 50 mL/min. The potentiostat (SP-200, Biologic, using the EC-lab soft-
ware) supplied a constant current of 500 mA to the cathode, which corresponds to
100 mA/cm? at the 5 cm? active area of the cathode. A Ni foam (2 mm thickness,
ElectroCell) as anode was used and a bipolar membrane (Fumasep FBM-PK). The
membrane was stored in 1 M NaCl and rinsed with MilliQ) water before use. A mixed
cellulose ester (MCE, 8 um pore diatemeter, MF-Millipore) membrane was used in
all experiments as spacer between the Ag GDE and membrane. The EPDM sealing
gaskets (supplied by ElectroCell) and a thinner silicon gasket used for the cathode
separated the different cell components. A interdigitated flow plate at the cathode
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served simultaneously as current collectors (Ti, watercutted, 1 mm wide channels and
bridges), whereas a Ni plate current collector was used at the cathode. The cell was
closed evenly using 6 bolds at a torque of 3 Nm.

D.1.3 Gas Product Analysis

A compact gas chromatograph (Compact GC 4.0, Interscience) equipped with three
channels (using Helium as carrier gas for each channel) and two types of detectors.
Channel one has a main Rtx-1 column (15 m length, 0.32 mm ID) and an flame
ionization detector (FID) and is used for the detection of hydrocarbons. Channel two
has a Carboxen 1010 pre-column (3 m length, 0.32 mm ID), a Carboxen 1010 main
column (7 m length, 0.32 mm ID), and a thermal conductivity detector (TCD) to
measure the COy concentration. Channel three is equipped with a Rt-Qbond pre-
column (3 m length, 0.32 mm ID), Molsieve 5A main column (7 m length, 0.32 mm
ID), and a TCD as well to measure the carbon monoxide and hydrogen products. A
pump is connected to the outlet of the GC, which pumps in a constant amount of
gas (at 30 mL/min) into the sample loops before an injection is taken. This allows
for larger gas flow without a pressure building up inside the GC, as all other gas is
vented off. The headspace of the catholyte reservoir was continuously flushed with
100 mL/min Ar (mass flow controller, Bronkhorst) to ensure a constant product flow
to the gas chromatograph (GC), which measured a sample every three minutes. A
liquid trap filled with silica beads (Sigma Aldrich) was installed to remove any moist
in the gas stream, before entering the mass flow meter (Bronkhorst) and subsequently

the GC.
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D.1.4 Experimental Setup
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Figure D.1: Exploded view of the lab-scale bicarbonate electrolyser, indicating the

different components as used.
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Figure D.2: Lab-scale electrochemical setup for the bicarbonate electrolyser experi-
ments performed in this study.
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Figure D.3: Lab-scale electrochemical setup for the bicarbonate electrolyser, mod-
ified for operation at different operating temperatures. Double-walled electrolyte
reservoirs are connected to a water bath supplying the heated liquid for heating of

the electrolytes. Temperature is continuously measured in the anolyte compartment
with a thermocouple.

138



D.2 Effect of K+ Concentration

D.2 Effect of KT Concentration

50 10000 10

T @ 9000 ® (©

B | el 8000 08

40 /MMW T 000

£ esesiiiTr B 60004 g os

i . G % 50001 | | 3 st o A o i \\

2% 3" 4000 % g e 8 oaf o e

B 20001 Ty~ ool 0.2 T tgoa o]

Q%0 1000

R 0 - - - - - - 0.0+fr———r——————————————
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time[min] Time[min] Time [min]
——=05M K* —0—1.0M K* —/—15M K* 2.0M K* 3.0M K*

Figure D.4: Bicarbonate electrolysis at constant current of 100 mA /cm? showing the
effect of the Kt concentration of the catholyte over time using a constant electrolyte
pH of 9 is presented for (a) the FEco, (b) the unreacted CO2 concentration in the
outlet of the electrolyser, and (c) the CO2:CO ratio. All experiments used a 1 mg/cm?
Ag spray coated electrode, Ni foam anode, and 1 M KOH anolyte.
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Figure D.5: Bicarbonate electrolysis at constant current of 100 mA /ecm? showing the
difference for 1.5 M and 3.0 M KHCOg catholyte at ambient temperature and 60 °C
over time for (a) the FEco, (b) the unreacted COy concentration in the outlet of the
electrolyser, and (c) the CO5:CO ratio. All experiments used a 1 mg/cm? Ag spray
coated electrode, Ni foam anode, and 1 M KOH anolyte.
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Figure D.6: Measured COy and CO concentration at the outlet of the bicarbonate
electrolyser and calculated CO5 utilization. Results presented at ambient temperature
for (a) varying catholyte K™ concentration, and (b) showing the difference for 1.5 M
and 3.0 M KHCOj3 catholyte at ambient temperature and 60 °C.
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Figure D.7: Bicarbonate electrolysis at constant current of 100 mA/cm? and a 1.5
M K7 catholyte. Showing the measured CO; concentrations over time for varying
operating temperature at (a) pH 8, (b) pH 9, and (c) pH 10. All experiments used a
1 mg/cm? Ag spray coated electrode, Ni foam anode, and 1 M KOH anolyte.

5 pH 8 5 pH 9 5 pH 10
@ (b) (©

4 et 4 4

E |- ¥ Neaa, . E S E

23 A 23 . 23

8 8 4 8

221 e r e s, 2 . 2

N M N N

Q |..m" LN = Q K Q

g .‘\I\o—r‘\‘\.fpl‘ o e s} e P
1 14~ 1 Je t aa

oo 00000000, 00000 g, P L

0 ; ; ‘ : ‘ ; pjEs2ss=sassasssstnns: ol TRttt e ety

0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [min] Time [min] Time [min]

5°C —=—ambient —+—40°C —+—60°C

Figure D.8: Bicarbonate electrolysis at constant current of 100 mA /cm? and a 1.5 M
K™ catholyte. Showing the CO5:CO ratio over time for varying operating temperature
at (a) pH 8, (b) pH 9, and (c) pH 10. All experiments used a 1 mg/cm? Ag spray
coated electrode, Ni foam anode, and 1 M KOH anolyte.
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Figure D.9: Measured COs and CO concentration at the outlet of the bicarbonate
electrolyser and calculated CO2 utilization. Results presented for varying operating
temperature and electrolyte pH at (a) 8, (b) 9, and (c) 10.
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Figure D.10: Performance of bicarbonate electrolysis at constant current of 100
mA /cm? and operating temperature of 60 °C using a Ag spray-coated cathode and
recirculating 1.5 M KV catholyte at pH 9 and 1 M KOH anolyte. FEco over time for
(a) changing catalyst Ag loading of 1, 6, 12, and 23 mg/cm? Ag, and (b) increasing
concentration of EDTA added to the electrolyte of no EDTA, 0.02 M, and 0.08 M as
well as Chelex treated electrolyte. Error bars indicated for duplicate measurements
with a maximum error of + 5% and a total FE of 90 + 5%.
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Figure D.11: Performance of bicarbonate electrolysis at constant current of 100
mA /em? and constant electrolyte of 1.5 M K™ at pH 9 and 1 M KOH anolyte. Com-
paring results of FEco over time for ambient temperature and 60 °C for (a) different
Ag loadings and (b) increasing concentrations of EDTA added to the electrolyte. Er-
ror bars indicated for duplicate measurements with a maximum error of &+ 5% and a
total FE of 90 + 5%.
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Figure D.12: Measured CO2 and CO concentration at the outlet of the bicarbon-
ate electrolyser and calculated COq utilization. Results presented at 60 °C for (a)
changing catalyst Ag loading of 1, 6, 12, and 23 mg/cm? Ag, and (b) increasing con-
centration of EDTA added to the electrolyte of no EDTA, 0.02 M, and 0.08 M as well
as Chelex treated electrolyte.
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Figure D.13: Performance of bicarbonate electrolysis at constant current of 100
mA /em? and operating temperature of 60 °C using a Ag spray-coated cathode and
recirculating 1.5 M K™ catholyte at varying pH and 1 M KOH anolyte. Comparing
results for varying electrolyte pH 8, 9, and 10 for (a) FEco over time using 1 mg/cm?
Ag and 12 mg/cm? with 0.02 M EDTA addition to the electrolyte (pH corrected) and
(b) measured CO2 and CO concentration at the outlet of the bicarbonate electrol-
yser and calculated CO, utilization for optimized system (12 mg/cm? Ag and 0.02 M
EDTA).
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D.5 Potentials
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Figure D.14: Measured potential over time for bicarbonate electrolysis experiments
at 100 mA/cm? at varying operating temperatures for and electrolyte pH at (a) 8,

(b) 9, and (c) 10.

(@ pH9 60°C (b) pH9 60°C (©) 60°C
4.0 4.0 4.0
2. 2. 2.
- - -
g 3.5 = = g 3.5 g 35
2 8 \W TTTT I 2
830— g 830— “ 0EDTA &30— H8
g 6 mg/cm g — 0.02M EDTA pH corrected g p
— 12mglem’® — 0.08M EDTA —pHS
— 23mglem? Chelex ~ P
251, - . . . : : 251 . . ; . , . 25 . . , , , .
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [min] Time [min] Time [min]

Figure D.15: Measured potential over time for bicarbonate electrolysis experiments
at 100 mA /cm? at constant electrolyte of 1.5 M Kt and 60 °C for (a) increasing Ag
catalyst loading and constant pH 9, (b) changing EDTA concentration and constant
pH 9, and (c) for changing pH and 12 mg/cm? Ag loading combined with 0.02 M
EDTA addition (pH corrected).
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D.6 Inline pH Measurement

10.0 15M K* +0.02M EDTA + 0.08M KOH at pH 9 and 60 °C
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Figure D.16: Measured change in pH over time during the bicarbonate electrolysis
experiment at 100 mA /cm? when using 1.5 M KT at pH 9, operating at 60 °C and
0.02 M EDTA addition (pH corrected) for 1 mg/cm? Ag electrode.

D.7 Inductively Coupled Plasma Spectroscopy

Table D.1: Results ICP in ppm [mg/kg].

Sample Al B Cu Fe Na Si
Blank electrolyte  0.79 0.11 0.06 0.15 85.32 0.81

Chelex treated ) o 19 (06 009 11176 1.8
before electrolysis
Chelex treat

after electrolysis

0.96 0.23 0.06 0.10 165.64 2.62
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D.8 Additional Electrolysis Results
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Figure D.17: Bicarbonate electrolysis results for various tested conditions using a 1.5
M K™ electrolyte at pH 9 showing the FE¢o at (a) increasing electrolyte flowrate, (c)
increasing applied current density, (d) pulsed electrolysis for different applied reducing
and oxidizing currents and time intervals, and (e) for different catalyst modifications
at 60 °C. FE¢o for a 3 M HCOj; electrolyte at ambient conditions for (b) different

cations.
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E.1 Experimental Section

E.1 Experimental Section

E.1.1 Capture Setup

The experimental setup consisted of a custom made double-walled adsorption column
with an inner diameter of 30 mm and total height of 640 mm. A set of three mass
flow controllers (MFC) (Bronkhorst) were used to simulate air with a concentration
of 425 ppm CO,. A constant humidity of 40% was obtained by flowing part of the
Ny gas (1000 mL/min) through a gas washing bottle filled with MilliQ water. The
remaining Ny stream (3000 mL/min) and CO4 (1.7 mL/min) were sent directly to a
gas mixing bottle. The combined flow was sent through to the adsorption column.
The relative humidity was measured before and after the column (Testo 605i). A
liquid trap was placed before the infrared COy gas analyser (BINOS 100 2M) to
protect the equipment. Furthermore, a peristatic pump (BT100-3J Basic, Darwin
Microfluidics) was used to pump the liquid solvent through the column. Both before
and after the column, the pH was measured with 2 inline pH probes (InPro3250i with
Transmitter M300 Water 2-channel, Mettler).

E.1.2 Adsorption and Desorption

Before each experiment the adsorbent material (20 g LEWATIT® VP OC 1065) was
pretreated; first by drying overnight in a vacuum oven at 80 °C, then by purging
with Ny at 80 °C in the double walled column until no remaining CO, was detected
by the gas analyser. Before starting the adsorption cycle, the column was brought
back to ambient temperature, while continuously purging with Ny. At the start of
the adsorption cycle, the humidity sensors and the CO, analyser were continuously
logged (Agilent BenchLink DataLogger 3).

<8
MFC———— @

. ®
MFC

N:
MFC

Humidifier CO:
desorption

K,CO, rich stream

| CO,

| desorption Sl

CO:2gas E
analyser

Liquid trap

KHCO, rich stream

(a) (b)

Figure E.1: (a) Adsorption and (b) desorption process flow diagram.
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After breakthrough was observed, the sorbent was rinsed using 200 mL 0.5 M
KoCOg3 solvent. The solvent was recirculated through the column using the pump
at a flow rate of 0.63 mL/min. The pH was continuously measured before and after
the column. When the pH stabilized, the desorption process was terminated. To
confirm the COq loading, FTIR was used for accurate measurement of the KHCOg3
and K5COg3 concentrations in the solution.

E.1.3 Electrochemical Setup

All electrochemical experiments were performed in a commercial flow cell (Micro
Flow cell 10 cm? MFC30010, ElectroCell). The system uses a Ni foam anode (2
mm thickness, ElectroCell), bipolar membrane (Fumasep FBM-PK), and Ag spray-
coated carbon support layer as cathode (5 cm?, Ag loading of 1 4+ 0.3 mg/cm?). A
1 M KOH anolyte (>85%, Sigma Aldrich) and a catholyte of 0.5 M KHCO3/K2CO3
(99.97%, Sigma Aldrich) at different pH conditions were used and continuously cir-
culated through the cell using a peristaltic pump (BT100-3J Basic, Darwin Microflu-
idics) at a flow rate of 50 mL/min. At the cathode, an interdigitated flow plate was
used with channel width of 1 mm. An exploded view of the cell and the different
components can be seen in Figure [E.2]

E.1.4 Electrode Preparation

The cathode was made by spray-coating Ag nanoparticles (20-40 nm, Thermo Fisher
Scientific) on a carbon support (Sigracet 39BB, Fuelcell Store). The carbon support
was cut into pieces of 25x30mm and sonicated in acetone and water subsequently, for
10 minutes each. The electrodes were dried prior to spray-coating on a hot plate at
90 °C. An ink was prepared using 84 £+ 2 mg of Ag nanoparticles, 80 uL of Nafion
binder (Nafion 1100W, 5 wt% in water and propanol, Sigma Aldrich), and 8 mL of
isopropanol (IPA, VWR Chemicals). It was sonicated for 30 minutes after which it
was deposited on the carbon support using a spray gun (Custom Micron Absolute
Precision, Iwata) to make 4 electrodes with a Ag loading of 1 4+ 0.3 mg Ag/cm? and
4 wt% Nafion. A hot plate at 70 °C was used to ensure rapid evaporation of the IPA.
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E.1.5 Experimental Setup

1. End plate
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Figure E.2: Exploded view of the electrochemical cell with list of components.
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AN AW =

. Electrolyser

. Catholyte vessel

. Anolyte vessel

. Potentiostat connection
. Mass flow controller

. Liquid pump

Figure E.3: Electrochemical lab setup used for the bicarbonate electrolysis experi-

ments.

. Gas mixing

. Humidifier

. Adsorber column
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. Mass flow
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Figure E.4: Experimental lab setup used for the adsorption and desorption experi-

ments.
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E.2 Additional Experimental Data
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Figure E.5: (a) Dissolved Inorganic Carbon (DIC) in the form of (bi)carbonate for
different desorption cycles measured using FTIR (bars), as well as the solvent pH
after desorption (symbols). (b) The measured concentrations of the gaseous CO and
CO4 at the outlet of the electrolyser as a function of pH, measured during the 1 hour
chronopotentiometry experiment at 100 mA /cm?. Error bars indicated for duplicate
measurement results.
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E.3 Energy consumption and voltage efficiency

The energy consumption per mole CO produced is calculated as,

n-BE-F
FEco=—— E.1
€0 = FEeo (E.1)
where n=2 is the number of electrons involved, E the cell potential, F' the faradaic
constant (96485 C/mol), and FEco the faradaic efficiency towards CO. A cell po-
tential of 3.8-4.0 V was measured during electrolysis. The voltage efficiency of the
co-electrolysis of water and COs is calculated as,

Etn,H2
E

Ein.co

VE =FEco - + FEq, - (E.2)

where Ey, is the thermoneutral voltage for each reaction, calculated from the en-
thalpy of reaction for the bicarbonate and water electrolysis reactions. The enthalpy
of reaction is obtained from the reaction stoichiometry v and the enthalpy of formation

of the products and reactants (Hess’s law), taken from .63

AH, ;
Eipi = 1,0 E.3
i = 2P (E:3)
Nprod Nreac
AH, = Z v;- AHg; — Z v; - AHt (E.4)
i=1 Jj=1

1
HCOj — CO+OH™ + 50> AH, = 35146 kj/mol Vinco =182V  (E5)

1
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E.4 Model Description

E.4.1 Solution Equilibrium

The (bi)carbonate solution is assumed to always be in chemical equilibrium. The com-
position is calculated through the chemical equilibria of water disassociation (Equa-
tion [E.7), bicarbonate formation (Equation [E.§), and carbonate formation (Equa-
tion . Due to high pH ranges, we did not consider the presence of free dissolved
COgz. The total Dissolved Inorganic Carbon (DIC) is calculated as the sum of all
carbon species concentrations (Equation .

Water dissociation: pK,, = —log,o ([H"]-[OH7]) (E.7)
: : [HCOgz ] - [H]
Bicarbonate fi tion: pK; = —1 —_— E.
icarbonate formation: pK; 0810 ( T,C05] (E.8)
2—7 . +
Carbonate formation: pKy = —log; (%) (E.9)
Dissolved Inorganic Carbon: DIC = [HyCO3] + [HCO3 ] + [CO3™] (E.10)

E.4.2 Absorber Model

The absorber is modelled as a chemical equilibrium between the (bi)carbonate solu-
tion and the amine-functionalised resin. The protonation of the amine group (Equa-
tion is added to the equilibrium calculation. The total amine concentration of
the sorbent-solution mixture (Equation is calculated from the amine loading.
Before regeneration, we consider the resin loaded CO5 in the form of bicarbonate ions
(Equation[E.13), as any CO, in carbamate form would rapidly convert to bicarbonate
form when saturated with water. During regeneration, the total DIC is the sum of
the DIC present in the lean solution and the adsorbed COy (Equation . When
the solution is drained from the column, the bicarbonate remaining on the lean resin
is taken equal to the concentration of protonated amines to maintain charge neutral-
ity (Equation . The DIC of the solution produced after regeneration is then
the DIC from the sorbent-solution mixture minus any bicarbonate remaining on the
resin (Equation . The volume of water lost in one regeneration step is taken
equal to the interstitial volume of the adsorber column (Equation . Finally, the
adsorption time is determined by the sorbent working capacity and the adsorption
rate (Equation [E.18)).
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Amine protonation: pK, = —log, <w> (E.11)
Amine concentration: [RNHs] + [RNHJ] = qam - Ms/V; (E.12)
Before regeneration: [RNH;] = [HCO3 |ads,rich = 4COs rich - Ms/ Vi (E.13)
During regeneration: DIC,egen = DICiy + [HCO3 |ads (E.14)

After regeneration: ¢co, . lean = [HCO3 Jads,ean - Vi/Ms = [RNH;] Vi /M
(E.15

DICout == DICregen - [Hcog]ads,lean (E16
Water loss:  Viyr, = esMs/pp (E.17
AdSOthiOIl time: tads = 4COy,rich — QCOQ,lean/Rads (E18

)
)
)
)

E.4.3 Electrolyser Model

The electrolyser is modelled as a stack of cells, each cell at a constant pH. The
production rates of CO, Hy and unreacted COs in each cell i are calculated from
the electrode area, current density, Faradeic efficiency and COs utilisation fraction
(Equation. The latter two are calculated as function of the cell pH by linear
interpolation of the experimental results in Figure[6.2))(b). The DIC is reduced by the
CO and COg production rates (Equation 16), after which the equilibrium calculation
(Equation are repeated to find the pH of the next cell. The total gas
production rate of compound j is the sum over all cells in the stack (Equation [E.23]).

Ai - Ji
CO production rate: Rco,; = 2Fj -FEco(pH,;) (E.19)
Ai - Ji
Hy production rate:  Rip, i = = Fj - (1 - FEco(pH,)) (E.20)
1 — Ut(pH,
COq liberation rate: Rco,,i = Rco,i- Ut(p(I-i)l) (E.21)
Dissolved Inorganic Carbon: DICyy; = DICout,i—1 — (Rco,i + Rco,.i) /ov
(E.22)
Neens
Total gas production rate: R; = Z R;; (E.23)
i=1

E.4.4 Convergence

To simulate the situation in which the adsorber column and electrolyser reach a mu-
tual equilibrium, we looped the models until converged. Starting from an initial
potassium bicarbonate solution fed to adsorber, to adsorber output was fed to the
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electrolyser model, constituting one iteration. After each iteration, rate of the car-
bon mass adsorption in the column (Equation [E.24)) and the rate of carbon mass
release in the electrolyser (Equation were calculated, and the error between
them (Equation [E.26)) compared to a pre-set tolerance. If the convergence criterion
(Equation was met, the simulation was ended, otherwise the electrolyser out-
put composition was fed back to the column model for another iteration. Figure
shows the convergence of the pH (a) and mass error (b) for a typical case.

Carbon adsorption rate: Mc¢ in = (¢c0, rich — 4COs.lean) - Ms/tads
Carbon release rate:  Mc out = ®m,co, + Pm.co
Carbon mass error:  Errore = [Mcin — Mcous| /Mc,in

Convergence criterion: Errorg < Tol

——e—— Adsorber in .
——=—— Adsorber out
——A—— Electrolyser out

115 +

fT L]

T 11t

o

L]
10.5 + .
fffffffffff e |
10 1
1 3 5 7 9 1 3 5 7 9

Iteration (-) Iteration (-)
(a) (b)

Figure E.6: Convergence of adsorber and electrolyser pH (a) and carbon mass balance
(b) as function of iteration number. The adsorber-electrolyser loop is iterated until
the mass-error is below the set tolerance (0.1%, indicated by the dashed line in (b)).
In this example, convergence is achieved after 15 iterations
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E.4.5

Table provides an overview of the constant parameters used in our modelling.
The two design parameters used for scaling the system are the total electrode area
per volumetric solvent flow rate (A./¢v ), varied between 1-63 s/mm, and the sorbent
mass per solvent volume (M, /V;), varied between 10-200 kg/m3. The base case A, /¢y
=9 s/mm and M;/V; = 100 kg/m3 corresponds to our experimental conditions.

Table E.1: Constant parameters used in modelling

Water disassociation eq. constant pK,, 14.0 - Lol
Bicarbonate formation eq. constant pK; 6.35 - il
Carbonate formation eq. constant pK, 10.33 - 191
Amine protonation eq. constant pK, 9.34 - 171

Total amine loading Qam 7.5 mol/kg 192

Rich CO; loading qcoyrich  1.55  mol/kg 192
Adsorption rate Raas 0.093  mol/hr This work
Bed density Pb 700 kg/m3 This work
Bed porosity €p 0.37 -

Current density j 100 mA /ecm?  This work
Number of cells Neells 20 -

Solver tolerance Tol 10-3 -
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E.5 Additional Model Results

Figure shows the syngas ratio (a) and CO; utilisation (b) as function of the
normalised electrode area and normalised sorbent mass. Both the faradaic efficiency
and COs utilisation fraction are inversely proportional to the electrolyser pH (Fig-
ure [6.2(b)). Therefore, both profiles of Figure [E.5|(b) are of similar shape to the
electrolyser inlet pH profile in Figure (a). The highest syngas quality (high CO
content, low CO2 content) is achieved when the column and electrolyser sizing are
carefully balanced.
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Figure E.7: Calculated results of solvent productivity (Mco,/M;, COs capture mass
rate per solvent mass flow rate), (a) and water loss (Mp,0/Mco,, water mass per
CO2 mass), (b) as function of electrolyser size (A./¢y, electrode area per volumetric
solvent flow rate) and column size (M, /V;, sorbent mass per solvent volume). Results
were obtained from the model described in Section @
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F.1 Experimental Section

F.1
F.1.1

The high pressure experiments were performed using a commercial ElectroCell flow
cell (Micro Flow cell 10 cm? MFC30010) in a similar configuration as described pre-
viously in Chapter 4, 5, and 6. A Ni foam anode (2 mm thickness, ElectroCell) and
hand spray-coated Ag cathode with different loadings were used (see Section
and . A bipolar membrane (Fumasep FBM-PK) was used to separate the two
compartments. The cathode compartment used a Ti interdigitated flow plate and
simultaneously current collector. In all experiments, a mixed cellulose ester (MCE, 8
pm pore diatemeter, MF-Millipore) membrane was used as a spacer between the cath-
ode and membrane. At the anode, the anolyte flow was guided through the Ni foam.
A 1M KOH (<85%, Sigma Aldrich) anolyte solution and KHCO3/K2CO3 catholyte
with varying electrolyte pH was used, keeping the a constant 1.5 M K™ concentra-
tion. A volume of 200 mL was used for both anolyte and catholyte and pumped
around using a high pressure pump (Knauer P4.1S 50 mL). Two back pressure reg-
ulators (Equilibar) ensured the right pressure inside the electrolyser throughout the
experiment. In Figure 1, the experimental setup is shown. For the high temperature
experiments, double-walled glass reservoirs were used, in which the electrolyte tem-
perature could be controlled using a warm water bath. A thermometer placed in the
anolyte reservoir monitored the liquid temperature continuously.

All experiments were conducted at a constant current of 100 mA /cm? using a
potentiostat (SP-200, Biologic, using the EC-lab software). A gas chromatograph
analysed the products during the experiment, as described previously in Section

and [D.T.3

Back pressure \-\l\. | (Double-walled)

regulator “ ‘ anolyte
reservoir
)
LR

High pressure

(Doluble-walled) liquid pump

anolyte

reservoir Bicarbonate
electrolyser

Figure F.1: Lab-scale electrochemical setup for the bicarbonate electrolyser at ele-
vated pressures, which can be modified for operation at different operating tempera-
tures. High pressure liquid pumps and back pressure regulators control the pressure
inside the bicarbonate electrolyser.
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Figure F.2: Faradaic efficiency towards CO measured during the electrolysis of bicar-
bonate electrolyte at 100 mA/cm? using a 1 mg/cm? Ag electrode and at ambient
temperature and varying for 1 and 5 bar at varying electrolyte pH using a constant

1.5 M K concentration.
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F.2 Additional Experimental Results
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Figure F.3: Concentration of CO and COy at the electrolyser gas outlet measured
during the electrolysis of bicarbonate electrolyte and the calculated CO5 utilization.
Experiments performed ambient temperature and pressure using 1.5 M K at varying
pH and constant current of 100 mA /cm? and using 1 mg/cm? Ag electrode.
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F.3 Energy consumption and voltage efficiency

The energy consumption per mole CO produced for the different electrolyte pH and
operating pressure is calculated as follows,

Eco = ——— (F.1)

where n = 2 is the number of electrons involved, E the measured cell potential, F’
the Faradaic constant (96485 C/mol), and FE¢o the faradaic efficiency towards CO.
The energy consumption per mole of CO is corrected for the co-electrolysis of water
by subtracting the energy required for Hy, based on alkaline water electrolysis at 50
kWh/kgT9,

n- (Ecell - EHQ) -F
FEco

Eco = (F.2)

The energy consumption for the various electrolyte pH and operating pressure is
tabulated in Table [F11

Table F.1: Calculated energy consumption per mole of CO produced based on exper-
imental cell potential and FE.

Cell Eco Ecorrected
pot. [V] FEco [-] FEu, [ [kJ/mol CO] [kJ/mol CO] EE [
Slzgtvr i’i;?g,% 1bar 3 90% 10% 643.24 240.03 59.58%
Lees et al.©4! 1 bar 3.65 82% 18% 858.95 416.42 48.22%
Hs 1bar 3.5 59% 41% 1144.74 529.69 48.05%
p 5bar  3.37 54% 46% 1204.28 532.28 49.40%
DH O 1 bar  3.39 51% 49% 1282.69 571.16 48.81%
5bar  3.47 51% 49% 1312.96 601.43 47.68%
DI 10 1 bar  3.58 59% 41% 1170.91 555.85 46.98%
5bar  3.66 59% 41% 1197.07 582.02 45.95%
DH 11 1bar 3.71 14% 86% 5113.72 2521.71 41.21%
5 bar  3.62 8% 92% 8731.92 4195.91 41.67%

Reverse water gas shift reaction:194

CO35 + Hy = CO + H,0O AHg =42 kJ/mol (FS)
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