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Summary

Confronted with escalating environmental issues such as global warming due to rising CO,
emissions mainly caused by human activities, the need for innovative technologies and
strategies to address these challenges is more pressing than ever. It is crucial to find sustainable
methods to transition away from our current fossil fuel-based carbon-intensive energy systems,
while simultaneously ensuring the continued technological advancement of our society. One
key approach is the capture of CO, from the atmosphere and its transformation into valuable
commodities and fuels. The electrochemical reduction of CO; can play a pivotal role in this
context, as it can bridge the gap between intermittent renewable energy sources and the
availability of bulk chemicals and fuels. 'This process enables the conversion of renewable
electrical energy into chemical energy, effectively storing the energy within the chemical bonds
of bulk (base) chemicals and fuels. Moreover, this approach aids in mitigating the adverse

effects of climate change and provides a pathway towards a circular carbon economy.

By recycling carbon emissions, we can reduce our dependency on fossil fuels and move towards
a more sustainable and resilient energy infrastructure. Furthermore, the development and
optimization of catalysts and operating conditions for the electrochemical reduction of CO,
can lead to a more efficient and selective conversion processes. This can open new avenues to
produce a wide range of chemicals and fuels, thereby diversifying our energy portfolio.
Ultimately, the integration of renewable energy sources with CO; conversion technologies

could play a significant role in shaping a sustainable and carbon-neutral future.



'This thesis focuses on the use of elevated pressures for the electrochemical conversion of CO;
towards higher reduction products like alcohols. A focus on reactor design, catalyst

configuration (cascade) and operating conditions is presented.

In Chapter 1, a brief introduction into the status quo of climate change is provided and its
relation to increasing global CO; emissions is discussed. The importance of carbon capture and
utilisation to curb these emissions is highlighted with a specific focus on the relevance of
electrochemical CO; conversion as an important technique in this process. Further, this chapter
outlines the electrochemical reduction of CO; into useful chemicals and fuels. It explains the
different reactions, their potentials and introduces metrics for assessing new components. The
chapter highlights challenges and discusses the role of catalysts, particularly copper, which can
yield higher reduced carbon products like alcohols, aldehydes, and hydrocarbons from CO.. It
also covers the impact of electrolytes, including the effects of cations, anions, and pH. Lastly,
it addresses how increased pressure can help overcome solubility issues in aqueous media and

influence product selectivity.

In Chapter 2, the design and successful validation of a novel modular elevated pressure
electrochemical CO; reduction reaction (CO,RR) flow cell setup is presented. Key design
teatures included minimizing pressure differentials across the ion exchange membrane
separating the cathode from the anode and optimizing reservoir and pump sizing. The cell
assembly/disassembly was quick due to a unique clamp design. The cell performed well
electrochemically, with a stable reference potential across various pressures. Standard
electrochemical experiments were successfully conducted, and product characterization was

achieved through in-line GC. 'The Faradaic efficiency for CO,RR products increased



significantly from 26% at 2 bar to about 60% at 30 bar, with H, being suppressed. The system
explained here in detail is successful in its aims and configurable enough to be useful in studying

a range of CO,RR related research questions concerning elevated-pressure reactors.

The effect of elevated pressure on the electrochemical CO; reduction using a copper foam
electrode revealed key findings as detailed in Chapter 3. A systematic investigation was carried
out by varying the applied current density, CO, pressure, electrolyte cation and electrolyte
concentration. At 25 bar pressure, the electrode showed 70% selectivity for formate in a 0.5 M
CsHCO:s solution, with a current density of -12.7 mA/cm?, indicating potential for formate
production. Isopropanol, an unusual product for CO; electrolysis, was produced with 11%
Faradaic efficiency in a 0.5 M KHCO;s solution at the same pressure. This is the highest
selectivity for isopropanol under moderate pressures from a polished copper foam electrode.
Our experiments highlight the potential of electrolyte engineering coupled with optimal
operating conditions to enhance selectivity towards desired products on a simple copper
electrode. We discovered that pressurized CO, feed could potentially unlock new C-C
coupling pathways on copper, leading to the production of elusive higher CO, reduction
products. These findings suggest that elevated pressure conditions could be crucial in assessing

the performance of newly developed catalysts.

Chapter 4 introduces a novel high-pressure sequential cascade reactor for CO,RR using two
electrodes (silver and copper) working in a bi-potentiostatic mode. The reactor uses convective
flow to transfer CO from silver to copper. Pressurized conditions helped unlock new products
from copper electrode. Under a pressure of 25 bar, adjusting the potentials (-1.0V for silver and

-0.7V for copper, vs RHE) and electrolyte flow rate (15 ml/min) resulted in the formation of

Xi



2-propanol with an FE of 40%, which is the highest selectivity compared to literature for this
uncommon product from a copper electrode. Moreover, the C;:C; oxygenate ratio which is the
ratio of liquid products generated from the Cu electrode (mainly considered products — for Cs:
2-propanol, and for Cy: ethanol, acetaldehyde, and ethylene glycol) rose to about 7 in the
cascade mode, compared to about 0.6 in non-cascade mode with only copper as the active
catalyst. The combined effect of high pressure and cascade operation increases the intermediate
CO (produced from upstream silver electrode) concentration on copper, enhancing its surface
coverage and promoting the formation of higher alcohols from CO,. Further optimizations

and operando studies could improve this reaction and clarify the mechanism.

In Chapter 5, the conclusions of this dissertation and recommendations for future work are

provided.
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Samenvatting

Geconfronteerd met toenemende milieuproblemen zoals de opwarming van de aarde als gevolg
van de stijgende COs-uitstoot, voornamelijk als gevolg van menselijke activiteiten, is de
behoefte aan innovatieve technologieén en strategieén om deze uitdagingen aan te pakken
urgenter dan ooit. Het is van cruciaal belang om duurzame methoden te vinden om af te
stappen van onze huidige, op fossiele brandstoffen gebaseerde, koolstofintensieve
energiesystemen, en tegelijkertijd de voortdurende technologische vooruitgang van onze
samenleving te garanderen. Eén belangrijke aanpak is het opvangen van CO, uit de atmosfeer
en de transformatie ervan in waardevolle grondstoffen en brandstoffen. De elektrochemische
reductie van CO; kan hierin een cruciale rol spelen, omdat het de kloof kan overbruggen tussen
intermitterende hernieuwbare energiebronnen en de beschikbaarheid van bulkchemicalién en
brandstoffen. Dit proces maakt de omzetting van hernieuwbare elektrische energie in
chemische energie mogelijk, waarbij de energie effectief wordt opgeslagen in de chemische
bindingen van bulkchemicalién en brandstoften. Bovendien helpt deze aanpak bij het
verzachten van de negatieve effecten van klimaatverandering en biedt het een weg naar een

circulaire koolstofeconomie.

Door de CO;-uitstoot te recyclen kunnen we onze athankelijkheid van fossiele brandstoffen
verminderen en evolueren naar een duurzamere en veerkrachtigere energie-infrastructuur.
Bovendien kan de ontwikkeling en optimalisatie van katalysatoren en bedrijfsomstandigheden
voor de elektrochemische reductie van CQO, leiden tot efficiéntere en selectievere
conversieprocessen. Dit kan nieuwe wegen openen voor de productie van een breed scala aan

chemicalién en brandstoffen, waardoor onze energieportfolio wordt gediversifieerd.
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Uiteindelijk  zou de integratie van hernieuwbare energiebronnen met CO,-
conversietechnologieén een belangrijke rol kunnen spelen bij het vormgeven van een duurzame

en koolstofneutrale toekomst.

Dit proefschrift richt zich op het gebruik van verhoogde druk voor de elektrochemische
omzetting van CO; naar hogere reductieproducten zoals alcoholen. Er wordt aandacht besteed

aan reactorontwerp, katalysatorconfiguratie (cascade) en bedrijfsomstandigheden.

In hoofdstuk 1 wordt een korte introductie gegeven over de status quo van de
klimaatverandering en wordt de relatie ervan met de toenemende mondiale CO,-uitstoot
besproken. Het belang van koolstofafvang en -gebruik om deze emissies terug te dringen wordt
benadrukt met een specifieke focus op de relevantie van elektrochemische CO,-conversie als
belangrijke techniek in dit proces. Verder schetst dit hoofdstuk de elektrochemische reductie
van CO,; tot bruikbare chemicalién en brandstoffen. Het legt de reacties en hun mogelijkheden
uit en introduceert maatstaven voor het beoordelen van nieuwe componenten. Het hoofdstuk
belicht uitdagingen en bespreekt de rol van katalysatoren, met name koper, die producten met
een lager koolstofgehalte kunnen opleveren, zoals alcoholen, aldehyden en koolwaterstoffen uit
CO:.. Het behandelt ook de impact van elektrolyten, inclusief de effecten van kationen, anionen
en pH. Ten slotte wordt ingegaan op de manier waarop verhoogde druk
oplosbaarheidsproblemen in waterige media kan helpen overwinnen en de productselectiviteit

kan beinvloeden.

In Hoofdstuk 2 wordt het ontwerp en de succesvolle validatie van een nieuwe modulaire
verhoogde druk elektrochemische COs-reductiereactie (CO,RR) stroomcelopstelling

gepresenteerd. Belangrijke ontwerpkenmerken waren onder meer het minimaliseren van
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drukverschillen over het ionenuitwisselingsmembraan, dat de kathode van de anode scheidt, en
het optimaliseren van de afmetingen van het reservoir en de pomp. De celmontage/demontage
verliep snel dankzij een uniek klemontwerp. De cel presteerde elektrochemisch goed, met een
stabiel referentiepotenticel bij verschillende drukken. Standaard elektrochemische
experimenten werden met succes uitgevoerd en productkarakterisering werd bereikt via in-line
GC. De Faradaic-efficiéntie voor CO,RR-producten nam toe aanzienlijk van 26% bij 2 bar tot
ongeveer 60% bij 30 bar, waarbij de vorming van H, wordt onderdrukt. Het hier in detail
uitgelegd systeem is succesvol in zijn doelstellingen en configureerbaar genoeg om bruikbaar te
zijn bij het bestuderen van een reeks CO,RR-gerelateerde onderzoeksvragen met betrekking

tot hogedrukreactoren.

Het eftect van verhoogde druk op de elektrochemische CO,-reductie met behulp van een
koperschuimelektrode onthulde de belangrijkste bevindingen, zoals beschreven in Hoofdstuk
3. Een systematisch onderzoek werd uitgevoerd door de toegepaste stroomdichtheid, CO,-
druk, elektrolytkationen en elektrolytconcentratie te vari€éren. Bij een druk van 25 bar vertoonde
de elektrode een selectiviteit van 70% voor formiaat in een 0,5 M CsHCOs-oplossing, met een
stroomdichtheid van -12,7 mA/cm2, wat wijst op potentieel voor formiaatproductie.
Isopropanol, een ongebruikelijk product voor COs-elektrolyse, werd geproduceerd met een
Faradaic-efhiciéntie van 11% in een 0,5 M KHCOs-oplossing bij dezelfde druk. Dit is de
hoogste selectiviteit voor isopropanol onder gematigde druk op een gepolijste koperen
schuimelektrode. Onze experimenten benadrukken het potentieel van elektrolyttechniek en
optimale bedrijfsomstandigheden om de selectiviteit naar gewenste producten op een

eenvoudige koperelektrode te verbeteren. We ontdekten dat CO,-toevoer onder druk mogelijk
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nieuwe C-C-koppelingsroutes op koper zou kunnen ontsluiten, wat zou leiden tot de productie
van ongrijpbare producten met een hogere CO,-reductie. Deze bevindingen suggereren dat
verhoogde drukomstandigheden cruciaal kunnen zijn bij het beoordelen van de prestaties van

nieuw ontwikkelde katalysatoren.

Hoofdstuk 4 introduceert een nieuwe hogedruk sequentiéle cascadereactor voor CO,RR met
behulp van twee elektroden (zilver en koper) die in een bi-potentiostatische modus werken. De
reactor gebruikt convectieve stroming om CO van zilver naar koper over te brengen. Onder
druk staande omstandigheden hielpen nieuwe producten uit de koperelektrode te ontsluiten.
Onder een druk van 25 bar resulteerde het aanpassen van de potentiaal (-1,0 V voor zilver en -
0,7 V voor koper, versus RHE) en de elektrolytstroomsnelheid (15 ml/min) in de vorming van
2-propanol met een FE van 40%, wat de hoogste selectiviteit is in vergelijking met de literatuur
voor dit ongebruikelijke product uit een koperelektrode. Bovendien steeg de Cs:C,-
oxygenaatverhouding, de verhouding van vloeibare producten gegenereerd door de Cu-
elektrode (voornamelijk beschouwd als producten — voor Cs: 2-propanol en voor Ca: ethanol,
aceetaldehyde en ethyleenglycol) in de cascade naar ongeveer 7. in de niet-cascademodus,
vergeleken met slechts ongeveer 0,6 in de niet-cascademodus met alleen koper als actieve
katalysator. Het gecombineerde effect van hoge druk en cascadewerking verhoogt de
tussenliggende CO-concentratie (geproduceerd door de stroomopwaartse zilverelektrode) op
koper, waardoor de oppervlaktedekking wordt vergroot en de vorming van hogere alcoholen
uit CO; wordt bevorderd. Verdere optimalisaties en operandostudies zouden deze reactie

kunnen verbeteren en het mechanisme kunnen verduidelijken.
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In Hoofdstuk 5 worden de conclusies van dit proefschrift en aanbevelingen voor toekomstig

werk gegeven.
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Chapter 1 : A Brief Overview of the

Electrochemical CO; Reduction




1.1 Climate Change Chronicles: The CO, Connection

As the human population continues to grow, the global energy demand is expected to rise by
20% in the next couple of decades. Most of the current energy requirements are met by
traditional fossil fuels which has led to a detrimental impact on the climate. Climate change, a
pressing global issue, is largely driven by the increase in greenhouse gases, particularly carbon
dioxide (CO,) emissions™?. These emissions are influenced by various human activity related
factors including economic growth, industry structure, and urbanization, alongside energy
consumption®. The Intergovernmental Panel on Climate Change (IPCC) provides
comprehensive assessments on climate change and its potential environmental and
socioeconomic impacts'. Understanding the relationship between CO, emissions and these

driving factors is crucial for developing effective strategies to mitigate climate change?.

V ‘ @
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- | Chemlcal Fuel
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[ £ fT% b Groducts j]_? o\
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e o® Co separation o0 H.0
CO: Q) Oz N2 Electrochemical ;
111 | \ cell Storage 9 P
Indust CCS CCuU
ndustry

Figure 1.1: Carbon capture storage (CCS) and carbon capture utilisation (CCU) via the direct electrochemical conversion

route (reused with permission from ref 6).

The compelling need to counteract the escalating levels of atmospheric CO, has spurred the
efforts of researchers across the globe to create carbon capture methods that can curb the

emissions®. While low-cost methods like reforestation show potential for carbon capture, their



land (including soil type and nutrient composition) and water need limit high-throughput CO,

fixation.

Complementary approaches such as biochemical, thermochemical, and electrochemical
processes involve converting CO, into economically viable compounds, such as algae-based
biofuels, carbonates®, and bulk chemicals and fuels’. CCU is indispensable in realizing a
sustainable future while curbing these emissions (Figure 1.1). It relies on a suite of
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Figure 1.2: Depiction of electrochemical CO; reduction to chemical feedstocks and

fuels using renewable energy sources (reused with permission from ref 8).

technologies, that extract CO; from industrial exhausts, bio-based conversion processes or
ambient air and transform it into various products such as fuels, chemicals, and materials
potentially powered by renewable electricity. Among these, the electrochemical conversion of
CO; is a vital technique (Figure 1.2). Electrochemical methods offer a direct, efficient way to

convert captured CO,, eliminating the need for less efficient steam heating. It also opens new



opportunities for understanding and designing capture and separation processes at the atomic

scale®.

Electrochemical CO, reduction is a proton-electron mediated process wherein the charge
balance is provided by the protons and electrons in the system. There is a proton gradient

between the anode (where they are produced) and cathode (where they get consumed)’. In

neutral/alkaline pH this will be an OH™ gradient (production at cathode/consumption at

anode). The reaction is driven by an externally supplied voltage that helps overcome the energy
barrier and subsequently in the conversion of CO, to useful products like CO, formic acid,
ethylene, ethanol, propanol etc. The process can be coupled to renewable energy sources,
thereby, offering a sustainable solution to tackle the climate change while transitioning to a

greener future®.



1.2 Background

The electrochemical CO; reduction reaction (CO2RR) is a chemical conversion process that

takes place on a catalyst/cathode that is supplied with electric energy in the form of electrons.

Table 1.1: Commonly observed CO2RR and HER products with the number electrons involved in their formation and at

standard potentials vs RHE (1 atm, ZSOC, pH 14)*1

Product (phase) Cathode Reaction E'[Vvs.  Z (electrons)
RHE]

CO (g) CO; (g) + 2H,0 (I) + 2¢ © CO (g) + 20H" -0.934 2
HCOO- (aq) CO (g) + 2H,0 (I) + 2¢ & CHOO" (aq) + OH- -1.078 2
CH:OH (1) CO: (g) + SH,O (I) + 6e” & CH;OH () + 60H- -0.812 6
CH. (g) CO: (g) + 6H,O (I) + 8¢ & CHs (g) + SOH- -0.659 8
C20+ (aq) 2C0:; (g) + 2e- & C:04 (aq) -0.590 2
CH:COO" (aq) 2C0:; (g) + SH:0 (1) + 8¢ & CH3COO" (aq) + 7OH- -0.703 8
C,H;sOH (1) 2C0; (g) + 9H:0 (1) + 12¢” & CH;CH,OH (I) + 120H- -0.744 12
C2H, (g) 2CO; (g) + SHLO (1) + 126" & C;H, (g) + 120H- -0.764 12
CsH,OH (1) 3CO; (g) + 13H,0 (1) +18¢” <> CH;CH,CH,OH (1) + 180OH- -0.733 18
H. (g) 2H,0 (1) + 2¢” & Ha (g) + 20H- -0.828 2

A potentiostat supplies the electrons to the working electrode (cathode) for this reaction to

occur whereas the counter electrode (anode) loses electrons as species get oxidized (e.g. by the




oxygen evolution reaction). The reaction is proton-electron mediated wherein the charge

balance is provided by the protons and electrons in the system (Figure 1.3a)". At a
neutral/alkaline pH this will be an OH™ gradient (production at cathode/consumption at

anode). An ion exchange membrane (either cation exchange membrane (eg : Nafion), anion
exchange membrane (eg: selemion) or bipolar membrane (eg: Fumasep)) separates the anode
from the cathode, allowing charge transfer and preventing cross contamination between the
two chambers'.

'The mechanisms underlying CO,RR have been extensively studied and the following pathways
have been widely considered™: (a) CO,* molecule undergoes hydrogenation and desorbs as a
formate ion; (b) CO,* reduces to CO* which then either desorbs readily to give CO or further
reacts with other adsorbed species to produce alcohols, and hydrocarbons. The most common
CO2RR products are carbon monoxide (CO), formate (HCOOH), methane (CH), methanol
(CH;OH), ethylene (C,Hi), acetate (CH;COOH), ethanol (CH;CH,OH), and
propanol/isopropanol (CH;CH,CH,OH/ CH(CHj3),OH). Irrespective of the configuration
of a CO2RR electrolyser, a certain performance standards/metrics can be used to characterize
the nature of the electrolyser. A few of the most important ones are current density, faradaic
efficiency, over potential, energy efficiency, catalyst activity and electrode stability’. A brief

description of these metrics is given below.
1.3 Performance Metrics

1.3.1 Current Density

Current density (j) is a quantification of the reaction rate leading to the formation of all
products under specific conditions. The reaction rate is directly linked to the number of

electrons engaged or exchanged during the reaction. By multiplying j with the fraction of



electrons involved in a particular reaction, we obtain the partial current density (ji) towards that
reaction, and consequently, the specific product. This metric holds significant importance in
large-scale industrial production since a higher partial current density towards a specific
product results in greater production per given electrode area, thereby, enhancing system
efficiency.

1.3.2 Faradaic Efficiency

'The Faradaic efficiency (FE) is the percentage of electric charge that is utilised in the formation

of the desired product with respect to the total charge transferred between the two electrodes.

nZF
FE :TX 100 %

(1.1)

where n is the number of moles of the desired product, Z is the number of electrons required
per mole of product, F is Faraday’s constant (96485 C/mol electrons), and Q is the total charge
exchanged between the electrodes. FE is the selectivity of the reaction to a particular product,
and thus improving it will increase in the amount of CO; converted to a desired product, reduce
downstream separation costs, and reduce the energy requirements of the process.

1.3.3 Overpotential

'The overpotential (1)) is the surplus voltage applied beyond the thermodynamically required
voltage for a reaction to take place. It comprises of the following three main categories: the
activation overpotential (Nacevon), Necessary to surpass the activation energy barriers of the
reactions to occur on the electrocatalyst, the concentration overpotential (Neoncentration), resulting
from limitations in CO, mass transport within the electrolyte and the Ohmic drop (IR)/ohmic

overpotential (Mohmic) arising due to movement of ions through the electrolyte, membrane and



the flow of electrons through the electrodes involved™ . A special case of Neoncentraion 1S the
bubble overpotential caused by the evolution of bubbles during the reaction. This can block the
surface of electrodes and also affect the movement of species/ions in the electrolyte.

1.3.4 Energy Efficiency

Energy Efficiency is calculated as the product of FE and voltage efficiency, the latter being the

ratio of standard electrode potential (E°) to the sum of E°, ), and IR across the cell,

o

EE=————
E°+n+IR

X FE,%
(1.2)
'The energy efficiency is an important metric for evaluating the costs of operating the system.

1.3.5 Tafel Equation and its Parameters

'The Tafel equation indicates a relationship between the 1 and j given by,

n =a+ blog(i) = —2.303 X g X log(ip) + 2.303 X g x log (i)

(1.3)
The charge transfer coeflicient @ and exchange current density (io) are essential factors related
to the activity and kinetics of a reaction, representing the current density at equilibrium. By
examining the Tafel slope, we can determine the value of a, which indicates the catalyst's level
of activity. A smaller slope corresponds to a higher a, signifying a more active catalyst. Changes
in the catalyst's surface and reactant concentration can be deduced from shifts in the Tafel
slope. For analysing individual products, it is necessary to utilize the partial current density

instead of the total, particularly in the complex multi-step process of CO,RR, where various



products are generated via different reaction mechanisms. This presents a challenge in the

determination of Tafel parameters.

1.4 Fundamental Challenges with CO2RR
One of the inevitable requirements to reduce CO; to products at appreciable rates is the amount

of energy required. This is because the energy input to conduct CO,RR is usually higher than

the thermodynamic value, known as the thermodynamic overpotential as mentioned in the
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Figure 1.3: (a) An electrochemical system with the cathode and anode catalyst separated by
the membrane, (b) The thermodynamic (ideal) potentials on the RHE scale are indicated for
OER (+1.23V),HER (0V), CO: to CO (-0.11V), and CO; to C:H4 (+0.07V). Additionally,
the overpotentials required for CO2RR and the advancements made in reducing them (colour

bars) are depicted (reused with permission from ref 30).



previous section (1.3.3)'. Moreover, CO;RR involves complicated reaction pathways having
multiple steps leading to slow kinetics that contribute to even higher overpotentials.
Overlapping adsorption strengths of different reaction intermediates during CO,RR results in
scaling relations making it extremely difficult to optimize their binding strengths'”*’. These
relations are compounded when targeting multi-carbon products. Additionally, protons, which
are integral to the reduction reactions, can reduce to H, alongside CO,RR further complicating
the process®. This coupled to the fact that CO, can reduce to a multitude of different products,

leads to a poor product selectivity.

To overcome these challenges and accelerate the viability of electrochemical CO; reduction,
ample work has been conducted in the development of new catalysts, designing optimal reactor
configurations, and engineering the electrolytes. A brief discussion on these topics is provided

in the following sections.

1.5 Catalysts
There is no denying that catalysts form the heart of chemical conversions and electrochemical
COzRR is no exception. Pure metal-based catalysts (copper(Cu), gold(Au), silver(Ag),

2.2 non-metals like carbon nanotubes and other metallic

tin(Sn)), single atom catalysts
complexes® have established themselves as the go-to materials due to their excellent ability to
reduce COs. The choice of the catalyst dictates intermediates formed and therefore the reaction
mechanism. Techniques like spray-coating, drop casting, electrodeposition, and electroless

depositions are commonly used to synthesize catalysts, or they can simply be purchased

commercially.

10



Preparation of an electrocatalyst with optimal intrinsic properties is crucial to achieve an
efficient electrochemical conversion. The focus is on creating more active sites to achieve a high
turnover frequency (TOF). While increased catalyst loading can improve performance, it may
introduce additional mass transport limitations and leads to higher costs, especially for precious
metals. Given the low solubility of CO; in aqueous media, modifying the electrochemically
active surface area (ECSA) through intrinsic property tuning, including morphology, size,

defects, interface, electronic state, and alloying, is vital for rational design of a catalyst*.

Conversion of CO, to CO at high efficiencies has been well studied and reported®, but
production of higher hydrocarbons and oxygenates with high partial current densities still
suffers from poor selectivity, availability of fewer catalyst materials, and slow reaction rates
coupled with low energy conversion efficiencies®. Hitherto, only Cu has shown appreciable
yields for CO,RR to multicarbon products like ethylene, ethanol, 1-propanol etc. For example,

Dinh et al., synthesised ethylene at a FE of 70% on Cu in KOH at -0.55V vs a reversible

hydrogen electrode (RHE)*. The overall energy efficiency of the CO.RR process is also

lowered by the high energy demanding (E° = 1.23V vs. RHE) oxygen evolution reaction

(OER) at the anode which produces the less valuable O, as the product®. This results in a

required cell voltage that is way higher than the thermodynamic value.
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Most of the current efforts to tackle the problems mentioned above focus on finding new

catalysts, altering their facets, structure or designing membrane electrode assemblies®~*°. But
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Figure 1.4: a) Pure CO; feed, and pure CO feed compared to the co-feeding case (reused with permission
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there have also been some innovative methods (Figure 1.4) employed to address some of these
issues like (a) Co-fed CO,/CO electrocatalytic reduction towards high value products®, (b)
Tandem/cascade/interdigitated CO.RR for in-situ consumption of intermediates to produce

more valuable chemicals**%, (c) Integrated hybrid CO,RR wherein the OER at the anode is

replaced by a more energy efficient process®.

A key underlying principle behind these concepts is the poorly understood spillover effect of
reaction intermediates, which is simply the transfer or movement of one or more species formed
on one catalyst on to another where its further consumed. To understand this spillover effect,
we can consider a good synergistic catalyst couple such as Ag (a good catalyst that facilitates
the formation of CO) and Cu (a good catalyst that enhances the conversion of CO) with the
key intermediate being CO. There are two proposed pathways for CO spillover: (1) CO
produced on Ag first desorbs into the electrolyte, followed by readsorbing on Cu nearby; (2)
*CO that is adsorbed on Ag can directly diffuse through the grain boundaries of Ag and Cu,
and transfer to Cu®. In the physically separated configuration such as the cascade mode,

convection also plays a role in controlling this transfer of intermediates®.

With improved selectivity, conversion, activity, and reduced potentials, these new routes show
promise but are still in their infancy. Parameters like operating conditions, catalyst
configurations, flow behaviour etc. still need to be studied and improved to understand the
primary phenomena. These techniques lay down a foundation for further integration
possibilities to address problems related to poor solubility of CO,, mass transfer limitations,
higher overpotentials etc. especially in aqueous CO; reactor systems. One such interesting case

could be combining a sequential cascade catalytic system with a pressurized CO, feed to

13



increase the concentration of CO; available and the surface coverage of the reactants to boost
the formation of higher reduction products®****, In this manner we can leverage the benefits

of these two different concepts in a single integrated reactor.

1.6 Electrolyser Design

As already mentioned in the previous chapter, the reactor/electrolyser configuration plays an
important role among other factors in the electrochemical CO,RR process. Electrolysers come
in batch and continuous flow-cell configurations”. An example of one of the most used
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Figure 1.5: Schematic of electrolyser configurations. (a and b) Liquid-fed electrolyser, (c) vapor-fed

electrolyser, (d)microfluidic electrolyser. Components are (1) cathode, (2) anode, (3) membrane, (4)

anolyte, and (5) catholyte (reused with permission from ref 41).
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laboratory scale semi-batch electrolysers is the H-cell. In an H-cell, the electrodes are brought

in contact with the liquid electrolyte and the CO, gas is bubbled through the catholyte to

saturate it. It is a simple and economical setup that allows for quick screening of catalysts and

electrolytes. However, there are problems like low CO; mass transfer rates, accumulation of

cations in the cathode chamber which hamper the reaction kinetics and poor selectivity of

products making this configuration less practical for scaling up.

In a flow cell configuration, there are three common types of electrolysers namely: continuous

liquid-fed, vapor-fed, and microfluidic electrolyser as shown in Figure 1.5. A brief description

of the three types is given below.

Continuous liquid-fed electrolyser: In this setup, the catholyte is usually saturated with a
CO; feed before entering the reactor or a gas diffusion electrode (GDE) is used, wherein a
gaseous CO; feed on one side of the GDE is made to meet the catholyte flowing through
the reactor on the other side of the GDE. In the latter case, solubility limitations of CO,
are reduced thereby enhancing the current densities of products. The flow rate of the
catholyte in such electrolysers gives a control over the mass transfer rate as it affects the
superficial liquid and/or gas velocities*. Another advantage of these configurations is the
possibility for large active electrode area to electrolyte volume ratios compared to batch type
which increases the overall reaction rates, reduces ohmic losses and improves detection of
low concentration products like acetone, glycolaldehyde, glyoxal etc®.

Vapor-fed electrolyser: Here, the CO; gas is sent in a humidified form directly over the
membrane (zero gap) assembly which helps in keeping it hydrated and at the same time

reducing ohmic losses with lower chances of catalyst poisoning. One main problem in such
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vapor fed systems is the flooding of the pores of GDE because of liquid reaction products,
thereby blocking some of the reaction active sites for CO,.

e Microfluidic electrolyser: Kenis et al. developed a reactor in which a Imm channel separates
the cathode from the anode without any membrane in the reactor*. The gaseous CO, feed
contacts the electrode-electrolyte interface by passing through a gas diffusion layer (GDL).
Since the channel dimensions are in the micro to milli meter scale, the flow remains in the
laminar regime. Key advantages of using a small-scale reactor like this are a high surface to
volume ratio, higher mass transfer rates thereby leading to higher current densities of
products. They also offer flexibility in operation and could be scaled up (in numbers, in

series or parallel configurations).

1.7 Electrolyte

'The electrolyte plays a key role in the process of CO,RR as it has a direct impact on the reaction
environment in the vicinity of the electrode surface. The composition (cations and anions), and
concentration of the electrolyte can directly influence the electronic interactions between
different species and the electrode surface, local pH, reaction intermediates, and surface bound
water species (proton donor)**. Solvated metal cations accumulate near the vicinity of the
electrode under reduction conditions. A recent study by Monteiro et al. confirmed the absence
of any CO,RR without cations*. They can stabilize intermediates like *COQO, *CO and
*OCCO through coordination. Meanwhile, the concentration of cations at the outer
Helmbholtz plane contributes to an increased interfacial electric field, supporting the stability of
intermediates with larger dipole moments. Additionally, the fluctuating pKa values, linked to

cation sizes, impact local pH and CO; concentration, affecting product selectivity*. pH of
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the electrolyte especially in the vicinity of the catalyst surface has long intrigued researchers and

has been the subject of various studies®***. During CO,RR, the pH becomes alkaline near the

catalyst surface due to the depletion of H" and formation of OH . The product selectivity and

current density depend on the local pH change which is impacted by the nature of the
electrolyte”. When the local pH rises, the concentration of CO, decreases because it is
converted into bicarbonate or carbonate, thereby reducing the amount of the active reactant,

COy, in the system®*. Additionally, the pH may be influenced by the catalyst surface

morphology. A rough surface can produce more OH' ions during reduction, potentially raising

the pH near the surface compared to a smoother surface.®.

1.8 Pressure Effects

It is well understood from Henry’s law that increasing the pressure of a gaseous species increases
its concentration in the dissolved state. Several studies have been conducted to understand the
impact of pressure on CO,R/COR*%%%5, Under 1 atm, HER becomes dominant as the partial
pressure of CO; and CO drops®*®. However, with increased pressures, the current density of
CO:RR has been shown to increase. Pressure also has been shown to increase C,Hs selectivity
due to increased CO concentration on the catalyst surface®. Increased pressures can also aid in
bubble detachment from the surface of the electrode, thus helping to lower the potential. This
is because pressure affects the bubble detachment diameter thereby facilitating its quicker

release.

Ramdin et al. experimentally obtained a high formic acid FE of 80 % at 50 bar with a current

density of 30 mA/cm? and 1 of 3.5 V at low pH®. Simulations on formic acid or formate
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formation at elevated pressures (up to 50 bar) showed an incremental trend in partial current
density with FE capping off at 95% above 10-20 bars. It was determined that the economic
profit follows a similar trend as the CO; solubility and maximum partial current density, thus
showing the importance of current density as a performance metric. This is quite favourable on

an industrial scale as high specific product synthesis (due to high pressure) is always profitable.

Elevated pressures, exemplified by CO,RR studies such as those by Shen et al.*’, Hashiba et
al.?, and Welch et al.®, have demonstrated the ability to not only overcome mass transfer
limitations but also stabilize targeted reaction pathways. The inhibition of undesired reactions,
notably hydrogen evolution, coupled with an amplified yield of sought-after products like
formic acid, highlights the profound impact of increased CO, pressure. Certain studies have
underscored the importance of operating pressure in modulating the catalytic performance

through an intricate interplay of factors such as reaction thermodynamics, the delicate balance

of acid/base buffers (CO/HCO; /CO5%"), and the extent of surface coverage of CO;and its

intermediates such as *CO on the catalyst surface*®®’. Using increased pressures of more than
45 atm for CORR on copper-based electrodes have been proven to inhibit undesirable
reactions, such as hydrogen evolution, and improve the yield of desired products like formic
acid reaching close to 100% selectivity”. A recent study by Hou et al., revealed the influence of
high pressure on the electrochemical CO reduction reaction (CORR) on a copper catalyst. It
was determined that the increase in the surface coverage of the reactant species with pressure
results in a switch in the reaction mechanism towards oxygenates, generating elusive products

like ethylene glycol, glycolaldehyde, allyl alcohols etc., highlighting the importance of pressure
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in understanding and optimizing CO,RR*. Overall, high-pressure environments prove

beneficial, enhancing CO; concentration and catalytic performance in CO,RR studies.

Yet, the number of experimental and operando studies done on high pressure systems is still
limited. This paves the way for further research to conduct systematic investigations to
understand the influence of pressure on the electrochemical CO; reduction process and also
improve the mechanistic understanding of the different electrochemical/chemical steps
involved and optimizing the productivity and selectivity of existing CO,RR systems especially

towards liquid products by identifying the best operating conditions®.

1.9 Thesis Objective and Outline

'The main goal of this dissertation is to optimize a two-catalyst system for electrochemical
CO:RR by tuning the operating conditions. The study places particular emphasis on the use of
pressurized CO,; feed, the design of the pressurized flow reactor, and the arrangement of the
catalysts. To accomplish these objectives, the dissertation delves into the following distinct but
interconnected subtopics. The findings in each of these subtopics are presented as individual

chapters in this thesis.

R In Chapter 2, a modular lab-scale CO,RR flow reactor setup is presented, highlighting
its performance under high pressure. Initially, we delve into the intricacies of the design
of the whole setup, particularly addressing areas where high pressure presents an
interesting design challenge. Subsequently, we validate the electrochemical behaviour

of the reactor. Lastly, we showcase the reactor’s adeptness in product characterization.
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® In Chapter 3, the designed reactor is used to study the effect of pressure, current
density, cation effects and electrolyte concentration on the electrochemical CO,
reduction on a copper foam electrode.

&R In Chapter 4, design of a novel elevated pressure sequential cascade reactor is described
and used to investigate the synergistic role of high pressure on a silver — copper electrode
pair in boosting the synthesis of higher alcohols during electrochemical CO; reduction.

&R In Chapter 5, the main conclusions are drawn and a few recommendations for future

research are presented.
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Chapter 2 : Design of an Elevated Pressure

Electrochemical Flow Cell for CO;

Reduction




ABSTRACT

The electrochemical CO; reduction reaction (CO,RR) has been proposed as a sustainable way
of closing the carbon cycle while synthesizing useful commodity chemicals. One of the possible
routes to scale up the process is the elevated pressure CO2RR, as this increases the concentra-
tion of the poorly soluble CO; in aqueous systems. Yet, there are not many studies that focus
on this route owing to the inherent challenges with high pressure systems. In this study, a novel
high pressure flow cell setup has been designed and validated. The modular design uses a clamp
system, which facilitates simple stacking of multiple cell parts while being capable of handling
pressures up to 50 bar. The effects of CO; pressure on the reaction were investigated on a gold
(Au) foil cathode in a 0.1 M KHCO;s electrolyte. We successfully measured gaseous products
produced during high pressure operation using an inline gas chromatograph. We find that the
selectivity toward CO; reduction products is enhanced while that of H, evolution is suppressed
as the pressure is increased from 2 to 30 bar. The reported setup provides a robust means to
conduct high pressure electrolysis experiments in an easy and safe manner, making this tech-

nology more accessible to the electrochemical CO;RR community.

This chapter is based on the article:

Morrison, A.R.T., Girichandran, N., Wols, Q. et al. Design of an Elevated Pressure Elec-
trochemical Flow Cell for CO; Reduction. | Appl Electrochem 53,2321-2330 (2023).
https://doi.org/10.1007/s10800-023-01927-7.
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2.1 Introduction

With climate change and global warming becoming an obvious reality, there is widespread
agreement that immediate action is needed to control greenhouse gases emissions. One of the
primary greenhouse gases is carbon dioxide (CO,), a highly stable and therefore difficult mol-
ecule to break down. However, under the right conditions there are routes to reduce CO; and
generate valuable hydrocarbons that can be used as fuel or feedstock for further processing’.
CO; can be converted to other chemicals in a variety of processes utilizing thermochemical
devices (e.g., reverse water-gas shift reactors)*> or through bioreactors®. However, one of the
most promising routes is the electrochemical CO, reduction reaction (CO,RR). This process
directly utilizes electrical energy to convert CO; into useful chemicals and has the potential to
be completely sustainable by deriving energy directly from renewable sources like solar, wind,

and geothermal’.

The CO,RR has been well studied at the laboratory scale. The developed understanding of
reaction mechanisms has allowed significant advances to be made in catalyst development #'1.
However, the large-scale industrial deployment of the CO,RR is hindered by several factors
including, but not limited to, the poor solubility of CO, that causes mass transfer limitation
and lowers reaction rates, poor product selectivities and unstable electrocatalysts owing to their
deactivation or morphological changes during the reaction'?. Development of catalysts has
made several important advances in H-cell type experimental configurations However, differ-

ent configurations are required because the H-cell is not an appropriate environment to test

catalysts for commercial application where typically, 200 mA/cm? partial current density of

product is required™". Moreover, besides the choice of electrocatalyst, factors such as the
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electrolyser design, electrolyte choice, and optimal operating conditions (pH, temperature,
pressure, mass transport conditions) play a crucial role in determining the outcome of the re-
action'®?, Therefore, there is a need to examine the CO,RR under more combinations of con-
ditions that are likely to be encountered in scalable and industrially relevant electrolysers, and

to test electrocatalytic materials under these operating conditions.

Due to the low solubility of CO; in aqueous electrolytes, delivering sufficient CO; to the surface
of the electrode to avoid mass transport limitations is pivotal for operating CO,RR at industrial
scales. Currently, there are several reactor designs that solve this problem, the most popular
being the gas diffusion electrode (GDE) based electrolysers, which deliver gaseous CO,
through the porous GDE to the catalysts layer that in turn is in contact with the liquid elec-

2122 Electrolyser designs such as Taylor flow cells*; or porous electrode cells** use a sim-

trolyte
ilar concept by providing gaseous CO; as directly as possible to the catalyst sites (thereby not
depending on dissolved CO; from the bulk of the electrolyte). These technologies solve the
issue of poor CO; solubility by increasing the effective rate of diffusion of CO,. Alternately,
the concentration of CO; in the electrolyte can be increased. This can be done by either using

non-aqueous electrolytes with higher CO; solubilities'®2

or pressing more CO; into the so-
lution by applying an elevated CO, pressure?’. Elevated pressure electrolysers have been men-
tioned as one of the more promising routes to industrialize the CO,RR?. These are two differ-
ent approaches to CO,RR reactors. In the GDE design CO, can be delivered to (near) the
electrode as a gas, and the electrode is a porous membrane assembly. In contrast the high-
pressure systems operate with two parallel plate electrodes, and COs is delivered dissolved in

the electrolyte. Despite the promise of this type of reactor design, the number of studies that

focus on high-pressure CO,RR is very limited in comparison to GDE based electrolysers. A
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possible explanation for this is the challenges that working at elevated pressure poses to the
average laboratory team. Here, we report the design of a modular elevated pressure CO,RR

reactor, which can serve as a guide to explore this promising field.

Studying the CO,RR at elevated pressure has a long history?, and the reactors in previous work

on the subject can be divided into two categories: autoclave reactors’*32

, and larger scale flow
cells®*¥. The autoclave reactors are essentially normal laboratory scale electrochemical H-cells,
or three electrode cells put into a pressurized box. These cells generally have reference electrodes
and are operated fully in batch mode with small electrode areas. They have been used to find
very high faradaic efficiencies toward both CO, formate and C,. chemicals, dependent on cat-

alyst choice®***. Importantly, they have also been used to demonstrate the potential capability

of elevated pressure CO,RR to deliver on the requirements for a commercial electrolyser, that

is 200 mA/cm? partial current density. The larger scale flow cells represent a more industrial

kind of reactor and were used to answer questions regarding the scaling up of elevated pressure
CO; electrolysers. The electrode areas are significantly larger than with the autoclave reactors,
with most studies using at least a tenfold higher electrode surface area. The flow cells universally
do not have reference electrodes and are operated galvanostatically, which makes it difficult to
compare product selectivities and production rates with other systems. Additionally, since the
product selectivities and reaction rates are so potential dependent in the CO,RR, these cell
designs can only give limited fundamental insight into the CO,RR at elevated pressures. A
table summarizing the characteristics and obtained results compared with a few other elevated
pressure cells from literature can be found in the supplementary information (see supplemen-

tary information (SI) 2.4.5). High faradaic efficiencies (FE) were obtained in these cells, but
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the current densities of the most successful autoclave style cells have never been reached in

parallel plate flow reactors (200 mA.cm ™ for autoclave and < 50 mA.cm 2 for larger flow cells).

'This shows that scaling up of high-pressure CO; electrolysers is not straightforward. The difh-
culty in scaling from a small autoclave cell to a large industrial-style cell presents a clear need
for an intermediary type of reactor. Furthermore, the challenges in achieving the same order of
magnitude current densities in large flow cells as were observed in autoclave cells shows there
are parameters of the design which have not been fully understood. The only way to study these
parameters is to first develop a laboratory version of such a cell. Such a flexible flow reactor of
moderate size with a reference electrode can potentially yield information about how to scale
up the elevated pressure CO,RR. Here, we report on the design of a modular, laboratory size
CO,RR flow reactor and will demonstrate its performance for CO,RR experiments at elevated
pressures. First, the design of the cell is discussed with a special focus on the areas where high
pressure presents an interesting design challenge, then the electrochemical behaviour of the

reactor is verified, and finally the product characterization capability.

2.2 Experimental Section

2.2.1 Materials
Potassium bicarbonate (KHCO3, 299.95% trace metals basis, 99.7-100.5% dry basis) was used

to prepare both a 0.1 M KHCOj3 anolyte and catholyte. The working electrode used for elec-
trochemical experiments was a gold foil cathode (99.9%, Mateck GmbH) and IrMMO coated
titanium foil** (MAGNETO special anodes B.V, The Netherlands) was used as the counter
electrode. Nafion 117 (Ion Power GmbH) was cleaned in MilliQ_water and used as the ion

exchange membrane. For testing the reference electrode potential versus pressure, a solution of
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0.01 M of KsFe(CN)e'3H20 (299.95% trace metals basis, Sigma Aldrich) and 0.05 M of KNO;
(ACS reagent, 299.0%, Sigma Aldrich) was used as standard. An ultrapure water purification
system (MilliQ 1Q 7000, Merck-Millipore, USA) was used as water source for all experiments.

All reagents were used without further purification.

2.2.2 Electrochemical Measurements

Electrochemical experiments were conducted using a Bio-Logic SP300 dual-channel potenti-

ostat with an EIS analyser. 1 cm? electrodes were secured in place by creating slots in stainless

steel endplates (see SI 2.4.1 for an exploded view of the reactor). The PEEK flow plates for the

anolyte and catholyte have an internal volume of (~0.79 cm®). Nafion 117 served as the sepa-

rator between the two chambers. For all experiments, a miniaturized leakless Ag/AgCl refer-
ence electrode (LF 1.6 — 45 mm, Innovative Instruments, Inc., USA) was used as the reference
electrode. The body of the electrode houses the silver wire in a tube made from PEEK with the
junction at the end and is described by the manufacturer as non-porous and conductive. The
tip at the head is a gold-plated connector. The reference electrode was carefully stored in a 3.5
M KCl solution between experiments and its potential was carefully monitored against a master
reference electrode. Since the performance of these electrodes is unknown at elevated pressure,
we performed experiments to test their stability at 2, 5, 10, 15, 20, 25, and 30 bar. All potentials
are reported versus the Ag/AgCl electrode. Experiments were all conducted at 30 bar or less
for safety reasons, although the system was pressure tested up to 50 bar. CO,RR experiments

were conducted at different pressures (2, 5, 15, and 30 bar) by applying a constant current of

10 mA/cm? to validate the system. The apparatus is sized for operation up to 200 mA/ cm?, but

this lower current density is selected as a trade-off between testing the system at a stable, well
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characterized regime and the desire for high current density. The cell resistance was monitored

by carrying out a potentiostatic electrochemical impedance spectroscopy (see SI 2.4.2).

2.2.3 Product analysis
An inline gas chromatograph (CompactGC 4.0, Global Analyzer Solutions, The Netherlands)

was used to measure the gaseous products synthesized during the reaction. Gas cylinders (Linde
Gas Benelux B.V., The Netherlands) containing custom gas mixtures of different product gases
with a range of 50-8000 ppm in CO; were used to calibrate the GC. The gas products were
analysed every 2 minutes. The GC consists of 2 TCD detectors (one each for CO and H») and
an FID detector to analyse hydrocarbons (Ci - Cs). The FID channel comprises of an Rtx-1,
5.00 pm (15 m * 0.32 mm) analytical column, the first TCD channel consists of a Carboxen
1010 (3 m * 0.32 mm) pre-column and a Molsieve 5A (5 m * 0.32 mm) analytical column, and
the second TCD channel consists of a Carboxen 1010 (3 m * 0.32 mm) pre-column and a
Molsieve 5A (7 m * 0.32 mm) analytical column. They help in the separation of the components

before entering the respective channel detectors.

HPLC (Agilent Technologies 1260 Infinity, USA), was used for the analysis of liquid products
collected after the completion of the reaction. Standard solutions of the desired chemicals (for-
mic acid >98%, Sigma-Aldrich, USA) were used for the calibration with dissolutions ranging

from 0.1 mM to 50 mM. 5pL of the product sample was injected into a series of Aminex HPX-

87H columns (Biorad) which were heated to a temperature of 60°C using a 1 mM H,SO;

solution as eluent. A Refractive Index Detector (RID) was used for the detection of the prod-

ucts.
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2.3 Results and Discussion

2.3.1 Apparatus Design

'The goal of the designed and reported setup is to enable the study of the CO,RR at different

pressures in a cell that can be used to study parameters important for scaling up electrolyser

design, while being at a more manageable lab scale. Simultaneously, the design will combine

Pressure Reducer

Moisture trap

~—@—

Mass Flow Controller

GC

—

— & —
Catholyte
reservoir

.HPLC Pump 1

BPR 1

Q HPLC Pump 2

Reactor

BPR 2

Pilot Pressure BPR

Reservoir Pressure |

Figure 2.1: A schematic of the experimental setup is presented here to study the CO2RR at elevated pressures. The
system consists of the reactor which has two compartments separated by a membrane, both of which have electrolyte
constantly feed into them from separate reservoirs, and a line from the catholyte reservoir into a gas chromatograph

for inline product analysis. The pressures of the reactor and the two reservoirs can be controlled independently.

Anoclyte
reservoir

co2

operation at elevated pressure with characterization capabilities typical for a normal lab cell

potential measurement via a reference electrode and product characterization via gas chroma-

tography at time scales not significantly different than a standard experiment.
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A schematic of the design of the entire system can be found in Figure 2.1. The reactor is a
membrane-separated parallel plate flow cell with two pressurized external reservoirs. The elec-
trolyte is pumped from the reservoir to the reactor, through a back-pressure regulator, and then
back into the external reservoir at a flow rate 25 ml/min. Gas is pressurized into the reservoir
at a controlled rate through a pressure controller (Bronkhorst HighTech BV, The Netherlands,
and Pressure Control Solutions BV), and the gas outlet is directed to the inline GC. Thus, CO,
consumed in the reactor is continuously replaced by the gas inlet. Several design choices are
discussed below, and for detailed parts of the reactor please see SI 2.4.1 of the supplementary

information.

(@)

(b)

Figure 2.2: Renderings of the mechanical drawings of the reactor and compression system. The system is
easy to assemble and dissemble, facilitated by the clamped design, and different segments can be easily

added to the reactor stack as required. (a) Closed position, (b) Open position of the clamp.
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2.3.2 Reactor Assembly Design

A notable element of the design of the reactor is the clamp system for containing the pressure

in the reactor, inspired by Branch et al.®

. From our experience, the design of a reactor that
relies on nuts and bolts to contain the pressure (or just the electrolyte for atmospheric cells) is
extremely time-consuming. In this regard, the clamp element of the design significantly in-
creases the speed of assembly of the reactor. The turnaround time for experiments is extremely
important because it will directly influence how many experiments can be performed on an
apparatus. The clamp design also allows for flexibility in cell design. If the end plates have

adaptors for the linear bearings and the size is compatible, any cell can be inserted into the

clamp system and have its pressure contained.

2.3.3 Reference Electrode

'The lack of reference electrodes (REs) in high pressure CO; electrolysers indicates that there is
a major challenge with adding them to these systems. Indeed, there are costly (compared to
standard REs) commercial options available that are meant to be appropriate REs for high
pressure systems. The major challenge that justifies the increased costs is the gases dissolved in

the electrolyte at high pressure. If the gases infiltrate the reference electrode and the system is

depressurized too quickly the gases do not have time to escape, and they can damage the frit or
the casing of the electrode. However, the best solution is that high-pressure gases are not al-
lowed to penetrate inside the RE in the first place. For this reason, we tested “leak-free” REs,
that showed to avoid these issues at pressures tested here. In order to check the performance
and stability, the leak-free Ag/AgCl RE was tested before and after each experiment with re-
spect to a master RE. Open Circuit Voltage (OCV) measurements were carried out to check

if the drift in potential was within acceptable limits (max variation < 2-3 mV)*. Even though
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it is difficult to predict how much drift in potential will occur after each experiment, it is wise

to monitor this to ensure the electrode’s proper functioning (especially, at higher pressures).

2.3.4 Pressure Regulation

'The design of the pressure regulation system has many components that must be considered.
For the system to be an elevated pressure CO; electrolyser it must be able to deliver electrolyte
saturated with CO; at a controllable pressure to the cathode surface. This means there will be
a part of the system to dissolve CO; at the required pressure and transport it to the cathode.
Pressing COs into the electrolyte is accomplished by a pressure chamber, but keeping the re-
actor pressurized presents a slightly different challenge because the system accommodates a
divided reactor with a membrane separating catholyte and anolyte. If the pressure is unbal-
anced, then the membrane will break or stretch and contact one of the electrodes. Therefore,
either a mechanically re-enforced membrane must be used, possibly hampering the other im-
portant properties of the membrane or the pressure must be balanced. Here, we opted for a
dual back pressure regulator in the system. These ensure a balanced pressure across the mem-
brane if the electrolyte is flowing. This is accomplished by piloting the dual back pressure reg-
ulator under the same pressure, which means they will enforce the same back pressure at their
inlets. The dual back pressure regulator also allows for independent control of the pressure in
the reactor and the pressure reservoir. Thus, allowing the separation of the effects of mechanical
and gaseous pressure on the CO,RR. It also allows the reactor to be kept at a pressure high
enough to prevent the degasification of the electrolyte in a reactor that is hotter than the res-

ervoir (due to resistive heating at high current density), which will decrease the solubility of

CO; locally.
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2.3.5 Reservoir Sizing

There is a trade-off in deciding the size of the external reservoir. A smaller reservoir will result
in more accurate HPL.C measurements for quantification of liquid products. A larger reservoir
is necessary for longer operating times so that the consumption of water for the CO,RR does
not significantly concentrate the electrolyte over the course of the experiment. Further, in both
cases the gas headspace of the reservoir must be minimized to equilibrate GC measurements
as quickly as possible. The reservoir was therefore designed to be flexible. In this work it was
configured to have 20 ml of electrolyte in total (including electrolyte in the reactor and tubing)
to favour longer operation and because quantification of liquid products was less important for

these tests. With 20 ml of electrolyte the reactor can continuously operate for 2.5 days at 200

mA/cm? before it consumes 5% of the water in the system. The gas headspace used was 2 ml.

Since there are no trade-ofts for the gas headspace, this represents the smallest volume which

avoided liquid entering the pathway to the GC.

2.3.6 Pump Sizing

‘The options for pumps that operate in the desired pressure range are relatively small at flow
rates interesting in laboratory experiments. There are two factors to consider when selecting
pump size. First, the diffusion layer thickness — faster pumping can lead to a thinner diffusion
layer and thus faster CO,RR. To meaningfully study this parameter requires a combination of
a very fast pump and a cell with a low volume. The second factor to consider is the rate of
consumption of CO; in the reactor. The CO; concentration falls through the reactor as the
reaction proceeds. One of the parameters that can be used to determine by how much this has
changed is the flow rate which is set by the pump. The selected pump needed to study the effect

of flow rate should be able to pump the liquid fast enough so that the concentration of CO,
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leaving the reactor is close enough to the concentration at the entrance. Then the pump’s op-
erational range will cover the area where this effect can be studied well. The pump speed in this
work was selected to consider the latter effect because the pump rates to effect diffusion layer
thickness are large. The pumps selected are capable of pump speeds up to 50 ml/min, but 25
ml/min during long term operation. At the maximum continuous pumping rate this will be

able to keep the CO; concentration in the electrolyte in the reaction chamber at more than

95% of the reservoir concentration for currents lower than 500 mA/cm? at pressures of 5 bar

and up, allowing for a wide range of operation before consuming the CO; in the reactor be-

comes an issue.

2.3.7 General Operation

'The reactor performs well and as expected in general function. Notably, the clamp system is
successful in minimizing the turnaround time of experiments. The time to depressurize, disas-
semble, exchange electrolyte, and reassemble was, at quickest, half an hour, which is superior
to several atmospheric cell designs and significantly better than other pressurized systems. The
system was pressure tested with hydrostatic pressure up to 50 bar, the eventual desired pressure
range, so it will function up to that pressure even though in the following experiments pressures

were limited to 30 bar or less.

2.3.8 Effect of Pressure on Reference Electrode Potential

The RE’s functioning was tested in a solution of 0.01 M Ky Fe (CN)¢3H,O and 0.05 M KNOs.
Figure 2.3 is a plot of the peak potential of ferrocyanide oxidation versus the reactor pressure
(mechanical pressure) and Figure 2.4 displays the equilibrium potential vs. the reservoir pres-
sure (gas pressure). In both cases there is less than 10 mV drift in potential as pressure above

atmospheric is first applied for both mechanical and gas pressure. The potential of the RE first
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creeps upwards before stabilizing after the pressure reaches 10 bar, for both the reactor and
reservoir pressure. Figure 2.3 and Figure 2.4 show that the RE potential does not depend on

the applied pressure, either mechanical pressure or with dissolved gases, as otherwise there
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Figure 2.3: Reactor pressure versus peak potential of Figure 2.4: Reservoir pressure versus equilibrium

0.01 M ferrocyanide oxidation in 0.05 M potassium potential of 0.1 M ferrocyanide oxidation in 0.005 M

nitrate. There is a very small increase in the potential potassium nitrate. There is a very small increase in the

from atmospheric pressure to 5 bar, but it is very stable potential from atmospheric pressure to 10 bar, but it is

at higher pressures. very stable at higher pressures.

would be a difference in the way that pressure affects these two sets of potentials. No instabil-
ities or potential drifts due to the earlier mentioned crossover of dissolved gasses into the RE
were observed. Therefore, the leak-free RE works as it is supposed to and can be used in ele-

vated pressure experiments.

2.3.9 Electrochemical Measurements

Electrochemical tests were performed at several different pressures and across a wide range of
electrode voltages. Figure 2.5 displays the linear sweep voltammograms (LSV) of a polycrys-
talline Au foil electrode in a 0.1 M KHCO; electrolyte at different CO, pressures. As shown,

increasing the pressure leads to an increase in current density across all potentials, indicating a
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Figure 2.5: LSV polarization curves at 10 mV s_1 on an Au foil electrode in a 0.1 M

KHCO; electrolyte under applied CO: pressures of 2, 5, 15, and 30 bar. The current density

increases as expected with pressure.

direct relationship between the CO,RR and the concentration of CO; in the electrolyte. Sim-

ilar behaviour has been reported a silver plate electrode in the work of Federica et al., but with-

out a RE®.
'The other important element of this experimental setup is product characterization. To test

that aspect, chronopotentiometry was carried out at -10 mA cm™ for different pressures

(namely 2, 5, 15, and 30 bar) and the faradaic efficiencies of different products were measured.

A current density of -10 mA cm 2 is specifically chosen as a typical current density observed in

CO;RR studies. The main importance of the experiments is to confirm that we can observe the

pressure effect on the CO,RR. Further optimization of the pressure effect is possible, as can be
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Figure 2.6: Faradaic efficiencies (left axis) of carbon monoxide, hydrogen, formate, and the total FE on Au foil and potential

(right axis) at a current density of 10 mA/cm? in a 0.1 M KHCO:s electrolyte at applied COz pressures of 2, 5, 15, and 30 bar.

seen elsewhere but will be left for future work with this apparatus. The results of the experi-
ments can be seen in Figure 2.6. As expected, there is a positive relationship between pressure
and the FE for the CO,RR products while the HER is suppressed. The main products detected
include Hy, CO, and formate. As shown, increasing the pressure from 2 to 30 bar decreased
the selectivity of H, from about 60% to 20% while increasing the selectivity toward CO and
formate, with the effect being more drastic at lower applied pressures. This is expected because
the concentration of CO; increases with a rise in pressure, leading to improved reactant avail-
ability and mass transport. Also notable in Figure 2.6 and more importantly in terms of reactor
design, at 5 bar there is 92% closure of the charge balance, which drops to 80% of charge

accounted for at 30 bar. The drop in FE at the highest pressure is not completely explained in
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our data. However, the charge balance was certainly more difficult to close at higher pressure.
Great care needed to be taken to eliminate leaks, since the effect of these is only magnified at
high pressure. Additionally, a more stable pressure control system removed pressure oscillations
which disrupted measurements more significantly at high pressures. Aside from these, there
are other effects which can prevent closing the charge balance completely that are challenging
to address: gas permeation (especially H,) through the Nafion membrane or into the O-

4647 several C,. products are more likely to form at higher pressure*” but could be present

rings
below the quantification limit, and difficult to detect leaks may still be present. Even if each of
these only makes up a couple percentage points, together they could explain the difference
between the low-pressure FE and the high-pressure FE. Furthermore, even with the lower

FE at high pressure, it is still a charge balance closure that is comparable with several bench-

mark works in the CO,RR field*8-1,

2.3.10 GC Response Time

One of the challenges of operating at high pressure is that it complicates inline GC measure-
ments. The standard functioning of an inline GC involves sampling the headspace above an
electrochemical cell at a constant flowrate into a GC*2. Eventually the concentration in the
headspace of the product molecules reaches an equilibrium which can be related to the produc-
tion rate in the reactor. At elevated pressures the effective volume of the headspace will increase

linearly with the pressure. The volume of headspace that is being sampled by the GC (in our
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Figure 2.7: A typical switched flow rate GC measurement. The low flow region at the start allows the
concentration to quickly build up, while the high flow region at the end maintains the sensitivity of the GC
measurement. The effect is to speed up the time it takes the GC measurements to stabilize. The buildup of

concentration during the low flow is not seen at the GC due to the low linear velocity at low flow rates.

case 2 ml) is a key factor because of the dynamics that affect GC settling time (the time that it
takes the GC signal to be within 5% of the actual concentration in the head space), given by:

- 3Vh eff
tg = e

2.1)
where ts is the settling time, Vi _sis the effective volume of headspace (Pressure*Vy), and q is
the flowrate of gas from the headspace to the GC. The settling time is thus determined by the
flow rate of gas to the GC and the size of the headspace. As can be seen, increasing the pressure,
which increases Vi _es, linearly increases the settling time, up to 30 times longer at the highest

pressure used here. The obvious solution is to increase the flowrate q to balance the effectively
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larger headspace, but this comes with a trade-off. The final concentration of product in the
headspace is given by:

Chiim =7/q
(2.2)

where Ci_imis the limiting value of concentration of the product in the headspace and r is the
production rate of the product in the reactor. This means that Ci_im decreases linearly with q,
which decreases the sensitivity with which the GC can measure concentration, and thus pro-
duction rate. The other option is to decrease the volume of the headspace, but this quickly runs
into physical constraints. The solution to these issues is to modify the standard in-line GC
procedure somewhat. The key observation is that the rate of change of Cy, is highest when q is
lowest (in absolute terms). Therefore, switching q from a low to high value during the experi-
ment can decrease the settling time, without trading off sensitivity in GC measurements. An
example of this procedure can be seen in Figure 2.7. If 80% of Ci_imis reached during the low
q period, then the settling time can be reduced by 25%, and if 90% of Ci i is reached then
settling time is reduced by 50%. For the details of these calculations, we redirect the interested
reader to SI 2.4.4. Thus, achieving reasonable settling times (stable readings of the product
peaks in the GC reached within 60 minutes for lower pressures and within 100 minutes at the
highest pressure) is possible with high pressure reactors, it however does require consideration

of all the parameters.
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2.3.11 Extended Operation

There are several reasons why extended operation is interesting, including long term testing of
electrodes and catalysts for degradation. One of the advantages of having an external reservoir

of electrolyte is long continuous operation, as the CO,RR will consume water (molecules) dur-
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Figure 2.8: An extended operation at 30 bar showing the stability of applied current, recorded
potential and GC peak area for CO versus over time. The cell operates here for nearly 5 hours at
a current density of 10 mA cm™ (actual applied current density - 10.06 mA cm™) and stable

electrode potential and CO peak area (after an hour).

ing operation, which will eventually change the concentration of the electrolyte. The system

presented here can operate for several hours continuously, as can be seen in Figure 2.8.

2.3.12 Conclusions

We have demonstrated the successful design and operation of an elevated pressure divided
CO;RR flow cell to perform experiments that can be considered standard in the field. To

achieve this design, minimization of pressure differentials across the dividing membrane by
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double back pressure regulators piloted by the same pressure was essential, as well as careful
consideration of design parameters such as reservoir and pump sizing. The cell assembly/disas-
sembly time was found to be faster than even some standard atmospheric designs, owing to the

quick release clamp design to enclose the pressure inside the reactor (complete turnaround

within a half hour).

Electrochemically, the cell performed well and the leakless reference electrode provided a stable
reference potential across a range of both reactor and reservoir pressures (stable within 10 mV
between 1 and 30 bar). Standard electrochemical experiments, such as linear sweep voltamme-
try, were successfully performed. Product characterization by in-line GC was possible by uti-
lizing a switching flow rate system, which greatly decreased the settling time, allowing faster
measurements (stable readings reached within 60 minutes for lower pressures and within 100
minutes at the highest pressure). The FE for CO,RR products dramatically increases from close
to 26% at 2 bar to about 60 % at 30 bar while H, is suppressed, and more importantly 85-90%
of the charge balance was closed at lower pressure, dropping only to 82% at 30 bar which is still
equivalent to several studies in the literature. The system explained here in detail is successful
in its aims and configurable enough to be useful in studying a range of CO,RR research ques-

tions relating to elevated pressure reactors like high current density or CO, conversion rate.
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2.4 Supporting Information

2.4.1 Exploded View of the Flow Cell

Figure S2-1: Components of the flow cell: (a) Insulation port for clamp to press against, (b) End Plate - Stainless steel, (c)
Anode — IrMMO foil, (d) Anode flow plate — PEEK, (¢) Membrane — Nafion 117, (f) O ring — Kalrez, (g) Cathode flow
plate - PEEK, (h) Cathode — Gold foil.
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2.4.2 PEIS at Different Applied Gas Pressures
'The impedance measurement was carried out at 0 V, where there is no significant reaction

taking place. The resistance values measured are comparable to the work of Lobaccaro et al.*

and are typical for a such an H-cell configuration.
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Figure S2-2: Nyquist plots at different pressures recorded at the start of the experiments using an Au
foil as WE and Ag/AgCl as RE in a 0.1 M KHCO:; electrolyte. Frequency range: 50 mHz to 700 kHz.



2.4.3 Reservoir Design

'The main body of the reservoir frame is made from Aluminum 5083 which supports the pistons
and cylinder in position while the pressure is increased. The pistons are made from PEEK and
their main purpose is in sealing the cylinder, making it gas tight. The diameter of the pistons is
around 38.05 mm and the use of IDEX O-rings ensures a snug fit in the stainless steel 316

alloy cylinder. The main volume of the reservoir was adjusted using a piece PEEK cylinder that

Positon Block

Reservoir Cylinder

Reservoir Frame Moving Piston

Positon Block Stationary Piston

Figure S2-3: A simplified diagram of the gas-liquid reservoir used to pressurize the electrolyte using high-pressure COs.

could slide in and out of the cylindrical space. The top piston had four holes to accommodate
four tubes namely: the high-pressure gas inlet, a gas outlet to the GC, electrolyte to the reactor,

and products from the reactor.
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2.4.4 GC Response Time Calculations — Switching Flow Rate Strategy

One of the challenges of operating at high pressure is that it complicates online GC measure-
ments. This is because the added pressure increases the effective volume of the headspace. The
headspace will increase linearly with the pressure. The volume of headspace that is being sam-
pled by the GC is a key factor because of the dynamics that affect GC settling time (the time
that it takes the GC signal to be within 5% of the final concentration in the head space), which

is equal to:

by ~ =L (S

where ts is the settling time, Vi cris the effective volume of headspace (Pressure*Vy), and q is
the flowrate of gas from the headspace to the GC. The steps to obtain the above equation is

detailed below (equations S2 to S3).

It is also possible to add a delay term, based on the linear velocity of the products from the
reactor to the reservoir and from the reservoir to the GC, however this is only significant if the
delay is lower than the settling time. This also neglects the time that must be taken after the
concentration has reached its equilibrium to ensure the equilibrium has been reached in a real
experiment, but this is similar in all conditions. The settling time is thus determined by the flow
rate of gas to the GC and the size of the headspace. The flow rate of the gas from the reservoir
to the GC also affects the steady-state value, which means that the flow rate determines the
sensitivity of the GC measurement. So, while it can be increased to decrease settling time, there
is some limit. Similarly, there are practical limits to the size of headspace that can be consistently

achieved due to engineering restrictions.
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'The solution to these issues is to use a switching flow rate to the GC. In the initial period of
the experiment a low flow rate can be used. The initial rate must be low enough that pressure
cannot build up, but otherwise any rate, as low as possible, is desirable. The low flow rate allows
the concentration in the head space to build more quickly than a faster flow rate, but the settling
time would be longer because of the higher steady state value. So, switching to the high flow
rate after a low flow rate combines the quickly increasing concentration with the low equilib-
rium concentration of a fast flow rate to decrease the overall time. The trick, then, is to switch
to a faster flow rate approximately when you expect that the reservoir concentration will be near
the final concentration. To explain why, consider the more general derivation of equation S1.
Starting from the simple differential equation representing the flow of products into the head
space, and outflow of gases to the GC. The change in amount of the product in the headspace

in time will increase at the rate of production and decrease at the rate that the product leaves

the headspace:
dn
“ g (52)

where n is the amount (mol) of gas in the headspace to be measured and c is the concentration
in the headspace. Solving this, and converting amount to concentration via volume, V, gives the
general solution of:

(r—e_qt/V-(r—coq)>

q

c(t) = (S3)

Where Cy is the initial concentration. The final concentration can be seen to be r/q, by taking

the limit of eq. S3 as t—oo,

Solving for S3 by replacing C(t) = 0.95*C, gives equation S1.
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'The time at which a given target concentration is reached is given by re-arranging eq S3.:

trar = %Vln (M) (54)

r—Ccoq
To evaluate how much quicker the two-speed switching strategy is we will allow the concen-
tration to run to a percentage of the final concentration. Consider a high (qi) and a slow (qs)
flow rate. We will consider qi equal to 40x q (0.2 ml/min and 8 ml/min). The final concentration

in question is based on the high flow, and therefore is r/qi. Concentration reaches 80% when:

_ -V, (T=08"/q a1\ _ -V, (T-08+0.025r
b= a ln( r—Coqy ) N qi ln( r ) (SS)
£, ~ 08087 56
an

Then from 80% concentration the time to get to with 5% of the final concentration:

_ v r‘°-95r/qhqh) _ =V, (r=0025r
th = an ln(r—o.gr/qhqh = ln( — ) (S7)
[~ 13 59
an

And the total time to reach within 5% of the final concentration when the flow rate is switched

from 0.02 to 8 ml/min when the headspace concentration reaches 80%:

2.2V
t ~ = S9
0%~ 2 (59)

Of course, when running a real experiment, the final concentration is not known, but by re-
peated experimentation the final concentration can be estimated accurately, but it will not be
exact each time. However, the method is not that sensitive to the exact percentage of final con-

centration reached. This method will work for a range of stopping points for the slow flow rate.
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Figure S2-4: The relationship between switching time between slow and high flow and the total time the GC will take to
reach with 5% of the final concentration.

In the general case the total time to within 5% of the equilibrium value is t, =

(_ (40 In(1 — 0.025p) + In (g)) p < 0.95

(510)

- (40 In(1 — 0.025p) + In (%‘f)) p>1.05

for switching to fast flow at a percentage, p, of the final equilibrium value, this equation has
been plotted in figure S4. As can be seen, time will be saved for any value of p<1.27, and a

substantial time saving is made if the final concentration can be estimated within +15%.
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2.4.5 Comparison of High-Pressure CO, Reduction Studies

Table S2-1: Some of the existing notable works on the high-pressure electrochemical CO; reduction.

Entry *Proy/ T/°C Current Electrolyte Cathode Cell type FECo2 Reference
bar density /
mA.cm™ /%
1 30 ambi- | 10 0.1 M KHCO; | Aufoil Parallel plate 60 This work
ent Flow
2 30 25 12 0.2 M KzSO4 Ag plate Autoclave 67 45
3 30 25 120 0.5 M KHCO; | Ni-NC Autoclave 90 54
4 30 45 6-13 1-ethyl-3-me- Zn-Cu Autoclave 97 55
thyl-imidazo-
lium triflate
5 30 25 163 0.1 M KHCO; | Ag plate Autoclave 77 30
6 60 215 0.5 M KHCO; | Snplate Autoclave ~100 40
7 24.6 60 275 0.5 M KzSO4 Ag GDE GDE 80 39
8 7 25 80-100 7 M KOH Ag GDE GDE 85-90 56
9 50 ambi- | 30 0.5 M KHCO; | Snplate Parallel plate 80 34
ent flow
10 30 ambi- | 45 0.1 M KHCOs | Sn plate Parallel plate 80 36
ent flow
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2.4.6 Standard Curve of a HPLC Measurement
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Figure S2-5: Standard HPLC curve for the detection of formate/formic acid. The presence of formic acid (FA) either as an acid or as its
conjugate base formate is dependent on pH. Dissolving COz gas at high pressures into 0.1 M KHCO; would result in an acidic pH.
However, in our system a liquid sample was collected only after depressurizing the system which would result in release of all dissolved
excess COz at the pressure studied. Therefore, the electrolyte would revert to an alkaline pH, and we expect formate as the main form of

FA.This corresponds with conditions that the standard curve was taken at.
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2.4.7 GC Analysis and Faradaic Efficiency Calculations

'The GC we use directly utilizes CO; as the carrier and we calibrate it using gas mixtures namely,
ethylene, CO, CH, and H, in different concentrations with CO; as the bulk gas. The high-
pressure gas stream from our reservoir is first sent through a pressure reducer that delivers the
gases at a constant pressure of ~ 3 bar to a mass flow controller (MFC, Bronkhorst). Using the
MFC we control the volumetric rate to the GC (in our case we switch between two values, 0.2
ml,/min and 8 ml./min to speed up the GC settling time). The columns in the GC have been
modified to handle CO; as carrier gas and so we don't see CO; as a separate but rather it forms

the baseline.

FE gaseous products = (n*F*X*molar flow rate)/ I

Where, n = number of electrons, F = Faraday’s constant (96485 C/mol), X = mole fraction of

gaseous product measured by the GC, I = total current applied.

For liquid product analysis, HPLC was used (details are provided in the paper).

FE liquid products = (n*F*C*V)/Q:

Where, C = concentration derived from HPLC peak integration, V = volume of the catholyte
from which the sample is collected for analysis, Qg = total charge passed during the experi-

ment.
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Chapter 3 : Electrochemical CO; Reduction

on a Copper Foam Electrode at Elevated

Pressures




Abstract

Electrochemical CO; reduction is a promising way of closing the carbon cycle while synthesiz-
ing useful commodity chemicals and fuels. One of the possible routes to scale up the process is
CO; reduction at elevated pressure, as this is a way to increase the concentration of poorly
soluble CO; in aqueous systems. Yet, not many studies focus on this route, owing to the inherent
challenges with high-pressure systems, such as leaks, product quantification, and ease of oper-
ation. In this study, we use a high-pressure flow cell setup to investigate the impact of CO,
pressure on the electrochemical performance of a copper foam electrode for CO; reduction
within a pressure range of 1 to 25 bar. Our initial findings using a 0.5 M potassium bicarbonate
(KHCO:;) electrolyte show a consistent improvement in selectivity towards CO; reduction
products, with HCOOH being the dominant product. By conducting a systematic exploration
of operating parameters including applied current density, applied CO; pressure, cation effect,
and electrolyte concentration, the selectivity towards formate (HCOOH) is optimized, achiev-
ing a remarkable 70% faradaic efficiency (FE) under moderate conditions of 25 bar in a 0.5 M
caesium bicarbonate (CsHCO:;) electrolyte. Additionally, we report the synthesis of iso/2 - pro-
panol with a FE of 11 % at the 25 bar in 0.5 M KHCO; which is the highest reported selectivity

towards isopropanol on copper using a bicarbonate system.

This chapter is based on the article:

Girichandran, N.et al. Electrochemical CO, Reduction on a Copper Foam Electrode at
Elevated Pressures. Chem Eng, Volume 487, 150478 (2024).
https://doi.org/10.1016/].cej.2024.150478
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3.1 Introduction

Striving for carbon neutrality remains a worldwide ambition in mitigating climate change as
global temperatures continue to rise with each passing year'. The electrochemical CO; reduc-
tion reaction (CO,RR) has received ample interest as a potential power-to-chemical technol-
ogy?. Its main advantages are the possibility to produce a wide range of useful products and the
relatively mild process conditions. Many promising catalysts have been identified for CO,RR,
which are typically classified based on their selectivity towards different products**. Among
these, copper is the only known catalyst that produces a blend of hydrocarbons, alcohols, and
aldehydes™® directly from CO.,. Yet, the CO,RR on copper suffers from a limited product se-
lectivity®”.

A challenge that pertains to the CO,RR is the poor solubility of CO; in aqueous electrolytes
(~33 mM in water'). This results in poor conversion rates and limits CO, reduction selectivity
due to the competition with the hydrogen evolution reaction (HER) in the same potential
window. One interesting way of increasing the CO; concentration is by increasing the amount
of dissolved CO; using elevated pressures'' . Pressurizing CO; into the electrolyte has been
reported to enhance the CO,RR by improving the selectivity and partial current densities to-

wards CO; reduction products™*¢

, while pressurizing in general could enable better integration
of the CO,RR with upstream and downstream operations'’. Additionally, it offers the chance
to work at increased temperatures, given that higher temperatures result in decreased CO; sol-
ubility, potentially benefiting reaction kinetics'. Recent studies suggest that the CO; reduction
reaction (CO,RR) performance can be modified by manipulating the operating pressure. The

catalytic performance is altered through multiple mechanisms, for instance through changing

thermodynamics of the reaction, balance of the carbonate buffer reactions
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(CO/HCO*/COs*), and the extent of CO; coverage and coverage of reaction intermediates
on the catalyst surface!*?!. The rate of CO,RR has also been shown to diminish below a pressure
of 1 atm while Hs evolution dominates?. Recently, Lamaison et al. reported a boost in the CO
partial current density to -286 mA.cm™ at a CO; pressure of 9.5 atm on an Ag-Zn alloy den-
drite catalyst that was well above its mass transport limited current density of -30 mAcm™ at 1
atm?. Hashiba et at., reported a boost in the synthesis of CH, with a stable suppression of H,
evolution at elevated CO, pressures®. In a recent study by Ramdin et al., formate selectivity
was increased to 90% with a j > 30 mA.cm™ at a pressure of 50 bar®®. Even with these promising
results, there is still very limited research on high-pressure CO,RR, with most studies focusing
on the production of C; products such as CO and formic acid on metallic electrodes such as
silver, gold, and tin'>%6-%,

In contrast, only a handful of studies have investigated elevated pressure CO,RR on copper
electrodes in aqueous electrolytes. These studies have been, for the most part, restricted to flat
planar electrodes in autoclave type reactors’>*. For example, a recent study by Li et al. using a
(111) oriented Cu,O film on a copper foil reported a high FEncoon of 98% at a high CO,
pressure of 60 atm®. A more recent study by Huang et al., reported an 84% formate FE at 50
bar CO; pressure using a polypyrrole-coated copper (CuPPy) electrode. While these studies
show the potential of using a pressurized CO; feed to achieve high product selectivities using
tailor made catalysts, yet they do so at extreme pressure conditions (= 50 bar). However, recent
studies have shown that using moderate pressures up to 25 bar is beneficial as it involves low
operational and capital costs**. To the best of our knowledge, there are very limited studies

performed on the electrochemical CO,RR performance of copper in this operating pressure

window of 1-25 bar.
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‘Therefore, we here report a systematic study on the influence of pressure on a polished copper
foam electrode in a custom-built flow cell'’. The effect of different operating parameters, in-
cluding, applied current density, cation size and electrolyte concentration, is investigated. We
show that the coupled use of pressurized CO, and Cu foam electrode offers a notable improve-
ment in the formate selectivity while unlocking new C-C coupled pathways towards higher

alcohols.
3.2 Experimental Section

3.2.1 Materials
An ultrapure water purification system (MilliQ_1Q_7000, Merck-Millipore, USA) was used as

water source for all experiments. Potassium and cesium bicarbonate (KHCO3, 2 99.95% trace
metals basis, 99.7-100.5% dry basis, and CsHCO; 99.9%, metals basis, Sigma) were used to
prepare 0.5, 1, and 2 M catholytes. 1 M potassium hydroxide (KOH pellets, ACS reagent,
Emsure) was used as the anolyte. The working electrode used for electrochemical experiments
was a copper foam (99.8-99.9%, Recemat BV) and nickel foam (99.9%, Recemat BV) served
as the counter electrode. Nafion 117 (Ion Power GmbH) was cleaned in MilliQ water and used
as the ion exchange membrane. Hydrochloric acid (ACS reagent, 37%, Sigma), acetone (Tech-
nical Grade, assay > 99%, VWR Chemicals) and phosphoric acid (85% VLSI, Technic) were

used for cleaning and preparation of the electrodes. Sulfuric acid (95-97%, ACS reagent,

© O
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Figure 3.1: Images of the copper foam electrode at different stages in the experimental procedure: (1) as received, (2)

After a 2 M HCl acid wash, (3) after electropolishing in phosphoric acid, (4) after electrochemical COz reduction.
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Honeywell), DMSO (ACS reagent, 299.9%, Sigma), phenol (ACS reagent, 99.0-100.5%,
Sigma), and DO (99.9 atom% D, Sigma) were used for liquid product analysis. All reagents

were used without further purification.

3.2.2 Electrochemical Measurements

'The electrochemical performance of the copper foam electrodes at different pressures were as-
sessed using chronopotentiometry experiments by applying current densities and measuring
the potentials. Chronopotentiometry was employed because recent studies have demonstrated
that notable changes in the immediate surroundings near the catalyst surface based on the cur-
rent density’’. Consequently, in this context, we aim to investigate how these changes might
influence product selectivity. A custom-made flow cell with a continuous gas product measure-
ment and stackable clamp design was used to conduct the experiments, as detailed in our pre-
vious work'!. In brief, the setup was designed with flexibility and ease of operation in mind and
can handle pressures up to 50 bar while functioning in a continuous mode including inline gas
product analysis. A Biologic BP300 potentiostat was used for all CO,RR experiments. Nickel
foam and a miniaturized leakless Ag/AgCl reference electrode (LF 1.6-45 mm, Innovative
Instruments, Inc., USA) served as the anode and reference electrode respectively. 0.5,1 or 2 M
KHCO; or CsHCOs was used as the catholyte while 1 M KOH was used as the anolyte. The
cathode and anode chambers were separated using a Nafion 117 membrane. Before each ex-
periment the catholyte was purged with CO, at the desired pressure in an external reservoir for
30 minutes (for schematics of the setup, please see Figure S 3-1). The CO,RR was performed
at ambient temperature and at four different gas pressures; 1, 5, 10, and 25 bar. The reactor
pressure was held slightly higher (= 5 bar) compared to the gas pressure to prevent dissolved

gases from escaping the electrolyte due to ohmic heating near the electrode. Also, having a
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higher upstream pressure on the back pressure regulator helps with quicker discharge of dis-

solved gases into the headspace as the circulated electrolyte enters the reservoir.

3.2.3 Electrode preparation

For each experiment a freshly cut copper and nickel foam electrode was used. Images of the
copper foam electrode at different stages in the experimental procedure are depicted in Figure
3.1. Copper foam was cut in the shape of a cylinder with a diameter of 1 cm and thickness of
0.4 cm. Prior to each experiment the copper foam was first sonicated in acetone for 10 minutes
followed by washing with 2 M HCI for 5 minutes®. Afterwards it was rinsed with ultrapure
water and dried under argon flow, before putting it in a two-electrode electrochemical cell,
where it was electropolished in 85% phosphoric acid using a carbon rod as counter and reference
electrode by applying a potential of 2.1V for 4 minutes. A similar cleaning procedure was per-

formed on the nickel foam except for the electropolishing step.

3.2.4 Characterization

Scanning Electron Microscopy (SEM, Jeol JSM 6500F) images were taken prior and after the
experiments to understand the changes incurred to the copper foam during the experiment. An
energy dispersive X-ray spectrometry detector (Ultradry, Thermofischer, USA) enabled detec-
tion of chemical elemental composition. X-Ray Diffraction (XRD) patterns were obtained us-
ing a Bruker D8 Advance diffractometer (Bruker, USA) Bragg-Brentano geometry with graph-
ite monochromator and Vantec position sensitive detector (Co Ka radiation. Divergence slit
varl2, scatter screen height 8 mm, 40 kV 40 mA).

'The surface chemistry of the electrodes was studied using a Thermo Scientific™ K-Alpha™
spectrometer (Thermoscientific, USA). The monochromated aluminum Ka radiation, with a

photon energy of 1486.7 eV, was used to generate a monochromated X-ray with a spot size of
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400 pm. The X-ray photoelectron spectroscopy (XPS) data were acquired before and after the
experiments. To compensate for the differential charging, a flood gun was employed. High-
resolution scans were acquired with a step size of 0.1 eV. The XPS spectra obtained were ana-

lysed using the CasaXPS software.
3.3 Results and Discussion

3.3.1 Effect of Pressure and Current Density on CO; Electroreduction

'The influence of pressure on the CO,RR on copper foam electrodes (ECSA = 3.3 cm? (SI
3.4.4)) was studied using the previously described cell at different applied current densities (j)
(Figure 3.2). As a base case, a pressure of 1 bar of CO,was applied and the electrochemical
performance was measured at -30, -40, -50, and -60 mA (j = -9.1, -12.1, -15.2, and -18.2
mA/cm?). Hy is the dominating product at all applied current densities with the FEwm > 70 %.
'The main CO,RR products observed are formate (HCOOH), methane (CH.), ethylene (C,H.)
and carbon monoxide (CO), with a combined FE < 30 %. This relatively poor performance is
explained by the poor CO;solubility in aqueous electrolytes at 1 bar. Remarkably, at the highest
pressure studied in this work (25 bar), the trend is reversed with CO,RR products reaching a
total FE > 70% at the expense of hydrogen production, which is suppressed to less than 30%
(see SI 3.4.9 for details regarding all the products). It is interesting to note that with an increase
in pressure from 1 to 10 bar, the most preferred CO,RR product is HCOOH followed by CO,
while we only observe trace amounts of ethylene at higher current densities. However, at 25 bar,
apart from HCOOH and CO, the most preferred products are oxygenates (alcohols) with trace

amounts of hydrocarbons.
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To rule out that differences in observed CO,RR performance arise from catalyst morphology
and compositional changes, we performed characterizations prior to and after electrochemical
measurements. The surface morphology of the used copper foam electrodes, as visualized with
SEM, does not exhibit any substantial changes to the electrodes prior to the experiment (SI
3.4.5). Similarly, XRD measurements show no changes in the crystal structures of the copper
foam post electrochemical measurements (SI 3.4.8). The copper foam is polycrystalline in na-
ture with the most dominant facets being Cu (100) and Cu (111)*. This also dismisses any
contributions to the observed performance due to changes in the catalyst crystal structure. The
deconvoluted XPS C 1s and Cu 2p spectra for pure copper foam and after experiments at 5 bar,
10 bar, and 25 bar are shown in supplementary information SI 3.4.6 and SI 3.4.7. We mainly
observe that after the electrochemical experiments trace amounts of various carbon species are
present on the copper surface. In situ XPS studies on copper during CO; reduction have re-
ported the formation of carbon species (specifically via the C; pathway)*. Previous studies have
shown that the formation of carbon mainly occurs in bicarbonate systems and surfaces with
less defects (polished electrodes)*.

At 25 bar, HCOOH is the favoured product at all current densities with the highest FEncoon
of ~57% at -9.1 mA/cm? With more negative current densities at 25 bar, there is a decline in
HCOOH production with a simultaneous increase in FEm, and FEco. The initial step in the
CO:RR is believed to be the formation of a carboxylate intermediate *CO," anion radical”***,

COz +e — *COy 1)

which can bind to the copper surface through either C, O, both O’s, or both C and O**.'The

formation of HCOOH occurs through either a hydride or proton coupled electron transfer
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(PCET) reaction when *CO;" is bound with a C or O atom to the copper surface, as demon-
strated in the following equations:

*COy + *H — HCOO (2)

*CO; +H + e —» HCOO (3)

*COy+H + e — COOH  (4)

*CO;y — *CO +*O- (5)
Irina et al. suggest that the reaction proceeds via the carboxylate intermediate (-CO;"), which
is stabilized on the electrode surface due to an interplay of its electrostatic interactions with the
hydrated metal cations, strong covalency of the carbon atom towards the surface, and the po-
larization forces present near the electrode*. Further cathodic activation (applying more nega-
tive currents/potentials) results in the weakening of the C-Cu bond and C-O bond, with sim-
ultaneous stabilization of the O-Cu bond. At this stage, either step (2) or (3) can result in the
formation of HCOO- or direct formation of CO with further protonation (this is true for near
neutral or alkaline conditions). Another possibility is the interaction between a proton and the
exposed O atom of the *CO; anion radical giving rise to a carboxyl intermediate* (step 4),
which can lead to both CO and HCOO-. Recent studies on copper catalysts indicate that the
HCOOH pathway is favoured on Cu (111)* and Cu (200)* surfaces. The increase in HCOOH
production with increasing pressure has been recently reported and is ascribed to an increase in

34,49

CO; coverage®* with a simultaneous drop in surface water coverage that serves as the main
g p g
proton donor*. The formation of HCOOH requires the least protons per carbon atom among

the different liquid products which explains its increased formation relative to more hydrogen-

ated CO,RR products.
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'The shift in selectivity from HCOOH to CO and subsequently to hydrocarbons as the cathodic
current density increases is attributed to a transition from a thermodynamics to a kinetics-
mediated pathway®'. Another crucial factor to consider is the interfacial pH, which affects the
pathways towards HCOOH and CO differently. This becomes particularly evident at 25 bar
(Figure 3.2d) when the current density is increased from -9.1 to -18.2 mA/cm?, resulting in an
increase in CO production, with a decline in FEncoon, and a simultaneous increase in H, for-

mation. This observation is explained by the interplay between the flux of CO, (concentration
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Figure 3.2: Faradaic efficiency towards product at varying applied current densities at a) 1 bar, b) 5 bar, c¢) 10 bar, and d)
25 bar CO; pressure using a Cu foam in a 0.5 M KHCO:; electrolyte. The exact faradaic efficiency values can be found in
SI 3.4.9.
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in the bulk) and the pH at the electrode surface, that increases with increasing current densi-
ties*. At -18.2 mA/cm?, reducing the pressure from 25 bar to 1 bar follows a volcano like trend
for C,. species, with the FE peaking at 5 bar for ethylene and 10 bar for ethanol (SI 3.4.9).
'This can be attributed to the fact that at 25 bar, there is a higher amount of CO; available to
react with the generated OH ions at the electrode surface, effectively buffering the interfacial
pH. However, as the pressure decreases, the concentration of CO, (and consequently the CO;
flux to the surface) diminishes, leading to a weaker pH buffering effect. Additionally, the pres-
ence of a higher amount of surface water’® at lower pressures compared to higher pressures
contributes to an increased amount of adsorbed hydrogen on the electrocatalytic surface, pro-
moting the formation of more reduced products from CO..

Interestingly, we observe the formation of Iso/2-propanol (IPA) at 10 bar and 25 bar. The FEpa
peaks at ~11% with applying 25 bar and -9.1 mA/cm? and drops to a mere 0.7% at -18.2
mA/cm? (Figure 3.2d). 2-propanol is an uncommon product for CO,RR on copper electrodes
as it requires the transfer of 18 electrons:

3CO,+18H"+18¢ — C;H;O + 5 H,O (6)

Although the exact mechanism behind the formation of 2-propanol on copper is still unclear,
a possible pathway is explained below based on our experimental results and the mechanistic

studies conducted by Garcia et al.>?

and Kun et al.3. *CO species (equation 1) can dimerize via
a C-C coupling following an initial electron transfer and a proton transfer to give a reduced
dimer species (*CO-COH) which can rearrange and reduce further to give rise to a C; enol
intermediate (*C2H;O, a precursor to ethanol). At the lower current densities, a higher surface

*CO density, that occurs at higher pressures, can promote interactions between the enol inter-

mediate with adjacent *CO species. Further proton coupled electron transfers then result in the
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were carried out in 0.5 M KHCO:s (For error bars see Figure 3.2

and SI 3.4.9)

formation of a Csenol species that can give rise
to 2-propanol mimicking the pathway of etha-
nol formation from the C, enol intermediate.
'The low amounts of ethanol at all tested condi-
tions (especially at higher pressures) are as-
sumed to be due to its consumption at the cop-
per electrode to produce 2-propanol.

To provide a general understanding, the reader
is guided through the trends in FEipa, FEco
and FEx.on below. When the current density is
increased (going from -9.1 to -18.2 mA/cm?)
at a pressure of 25 bar, a gradual rise in FEco is
observed, while FEg.on initially rises to 0.8%
before dropping to 0.3%. At the same time, as
the current density becomes more negative,
FEipa decreases from 11% to zero. Notably, at -
9.1 mA/cm? where the most 2-propanol is ob-
served (as shown in Figure 3.3a), ethanol is not
detected. This is similar to the results reported
by Kun et al.*, where an increase in FEipa was
observed at the expense of FEron and FEco.
Also, at -9.1 mA/cm?, there is an initial in-

crease in CO production when the pressure is
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raised from 1 bar, which then decreases to about 5.9% as the pressure reaches 25 bar (Figure
3.3b). A similar pattern is seen for FEgon. Alongside this, FEipa shows an opposite trend to
that of FEco and FEgon, increasing from 1.9% at 10 bar to 11% at 25 bar.

A broad overview of the trends in total C;, Cy, and Cs product distributions over the entire
range of applied current densities under different CO; pressures is shown in Fig. 3c. Further-
more, the partial current densities of HCOOH, CO and H, versus applied current densities at

all pressures are provided in the SI 3.4.14.

3.3.2 Effect of Cation at Elevated Pressure

An interesting parameter to consider is the cation effect that has a substantial effect on the
electrochemical CO; reduction performance at ambient pressures. In fact, a recent study by
Monteiro et al., claimed the absence of any CO, reduction on Ag, Au, and Cu electrodes with-
out cations*. While the exact mechanism is still debated, previous studies have demonstrated

that larger cations like Cs* can boost CO,RR activity by inducing changes to the local pH,
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Figure 3.4: FE of Ha, CO, and HCOOH versus current
density (-9.1 and -18.2 mA/cm?) at P = 25 bar in 0.5 M ments. To prObe this, experiments were car-

KHCO; and CsHCO:.
ried out to investigate the influence of cation
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size toward CO; reduction performance (at 25 bar, -9.1 and -18.2 mA/cm?) using a 0.5 M
CsHCOs electrolyte.

The selectivities towards CO, H,, and formate as a function of cation choice are shown in Figure
3.4.2-propanol has been omitted as it was not present while using 0.5 M CsHCOs at either of
the studied current densities. The results show that there is not a significant difference in FEx-
coon at -9.1 mA/cm? between K*and Cs*, with only a slight increase observed with K* (FEn
coon = 55% compared to 51% for Cs*). However, at -18.2 mA/cm?, the FE of HCOOH in-
creases significantly from approximately 30% with KHCO; to 70% with CsHCOs3, more than
doubling in value. Moreover, the production of hydrogen is suppressed to 10%. Cations with a
smaller hydration shell such as Cs* have been shown to be more concentrated at the electrode
surface under reduction conditions than cations such as K* with a bigger hydration radius®.
Mechanistic studies at ambient pressure also report that Cs* can stabilize negatively charged
reaction intermediates such as *CO;" (a common precursor to both HCOOH and CO)* much
more strongly than K* ** Here, the interplay of the above enhancement effects of Cs* combined
with the increased concentrations of CO;at high pressure explain the notable increase in the

selectivity and partial current density towards HCOOH.

3.3.3 Effect of Electrolyte Concentration at Elevated Pressure

'The CO; electrochemical reduction activity was further investigated by studying the effects of
electrolyte concentration with 0.5, 1 M and 2 M KHCO; and CsHCOs3 at 25 bar and -9.1
mA/cm? (Figure 3.5a). The motivation behind these experiments was to understand the impact
of electrolyte concentration on the reduction activity as studies at ambient pressure have shown
that the [CO,]/[cation] ratio can have a significant impact on the performance of a copper

electrode®. The major factors dictating the observed behaviour are a loss of COs to the salting
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out effect, a decrease in local pH due to the
stronger buffering effect of a higher bicar-
bonate concentration, a drop in the electric
field affecting the stability of CO,RR interme-
diates, and an increased CO, mass transport
limitation due to the adsorption of cations on
the electrode surface owing to an increased
cation/ [CO;] ratio. According to Ramdin et
al., a moderate electrolyte concentration exists
that works best for high pressure CO; reduc-
tion to formic acid™.

Figure 3.5a shows that the FEncoon decreases
with an increase in concentration for both the
electrolytes (KHCO; and CsHCO:3). Interest-
ingly, there is a decline in FEco and FEmwa
when increasing the electrolyte concentration
from 0.5 to 2 M with a simultaneous increase
in FEgoon reaching a maximum value of 1.8 %

at 1 M before decreasing to 1.3% for 2 M. The

decrease in FEco can be attributed to the decrease in local interfacial pH (though less signifi-

cant at higher pressure) with an increase in electrolyte (therefore, [HCO;s]) concentration,

which also results in slightly higher amounts of H, and CHj (see SI 3.4.10). The trends shown

in Figure 3.5, for the different KHCOj3 concentrations, further illustrate that the variation in
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FEipa is closely tied to the changes in FEco and FEgon, similar to the patterns presented in
Figure 3.3a and Figure 3.3b. This emphasizes the existence of a pathway towards 2-propanol
that mimics ethanol formation*. For CsHCQ;, the trends for FEucoon, FEco, and FEg«on are
like that of KHCOs;, however there are some notable differences. The ethanol selectivity in-
creases from 0.1% for 0.5 M to 2.9% for 1 M CsHCO; before dropping to 1.8% at 2 M. More-
over, the amount of CO is lower at all the studied CsHCOj3 concentrations while 2-propanol

only appears at 1 M concentration indicating a different optimum for Cs* compared to K.

3.3.4 Conclusions

We report a systematic investigation of the effects of pressure, current density, cation size, and
electrolyte concentration on the electrochemical CO, reduction using a copper foam electrode.
At 25 bar, the electrode shows a remarkable selectivity of 70% for formate in 0.5 M CsHCOs3
with jucoon of -12.7 mA/cm? Furthermore, we report the formation of the uncommon product
2-propanol, with a FE of 11% in 0.5 M KHCO; at 25 bar, which is the highest reported selec-
tivity for this product under moderate pressures on a polished copper foam. The conducted
experiments shed light on the idea that electrolyte engineering coupled with the right operating
conditions can be a viable option to enhance the selectively towards profitable products such as
formate on a simple copper electrode®’. Moreover, a pressurized CO; feed can potentially un-
lock new C-C coupling pathways on copper and pave the way towards the production of elusive
higher CO; reduction products. This also questions whether newly developed catalysts should

be tested under elevated pressure conditions.
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3.4 Supplementary Information

3.4.1 Schematics of the High-Pressure Setup

Catholyte outlet

Anolyte outlet

Back pressure
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(cathode)

Pressurized
CO2 feed

Catholyte

Reservoir

Reactor

Gas Products to
Inline GC

Catholyte inlet
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C_ S

Anolyte
Reservoir

Anolyte Inlet

Figure S 3-1: A schematic representation of the high-pressure setup used in this study.

The reactor is a membrane separated parallel plate flow cell with two pressurized external

reservoirs. The electrolyte is pumped from the reservoir to the reactor, through a back-pressure

regulator, and then back into the external reservoir at a flow rate of 25 ml/min using HPLC

pump. Gas is pressurized into the reservoir at a controlled rate through a pressure controller

(Bronkhorst High-Tech BV, The Netherlands), and the gas outlet is directed to the inline GC.

Thus, CO; consumed in the reactor is continuously replaced by the gas inlet. For further details

regarding design choices and detailed information please refer to our previous work''.
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3.4.2 Product Analysis

Gas Products - For measuring the gaseous products generated during the reaction, an inline
gas chromatograph (CompactGC 4.0, Global Analyzer Solutions, The Netherlands) was used.
To calibrate the GC, gas cylinders (Linde Gas Benelux B.V,, The Netherlands) containing
custom gas mixtures of different product gases with CO, concentrations ranging from 50 to
8000 ppm were employed. The gas products were analyzed at regular intervals of 2 minutes. The
GC system comprises two TCD detectors, one for CO and one for Hy, along with an FID
detector used for hydrocarbon analysis (C1 - C6). The FID channel is equipped with an Rix-
1,5.00 pm (15 m * 0.32 mm) analytical column. The first TCD channel consists of a Carboxen
1010 (3 m * 0.32 mm) pre-column and a Molsieve 5A (5 m * 0.32 mm) analytical column,
while the second TCD channel comprises a Carboxen 1010 (3 m * 0.32 mm) pre-column and
a Molsieve 5A (7 m * 0.32 mm) analytical column. These components aid in separating the

constituents before reaching their respective channel detectors.

Liquid Products - The liquid products (major products — formate, intermediate products -
isopropanol/2-propanol, minor products — acetate) obtained after the reaction were analyzed
using an Agilent Technologies 1260 Infinity HPLC system from the USA. To calibrate the
system, standard solutions of the desired chemicals (Sigma-Aldrich, USA, >98% formic acid)
were prepared with concentrations ranging from 0.1 mM to 50 mM. Each analysis involved
injecting 5 uL of the product sample onto two Aminex HPX-87H columns (Biorad) in series,
which were heated to 60°C. A 1 mM H2S04 solution was used as the eluent. The products

were then detected using a Refractive Index Detector (RID).
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To cross check and detect intermediate and minor products present in the electrolyte samples
like ethanol, 1-propanol, isopropanol, acetaldehyde, ethylene glycol and propionaldehyde, 1H
NMR (400 MHz Agilent, USA), equipped with the built-in software OpenVnmr]J (University
of Oregon, USA) was used. NMR samples were prepared by combining 630 pL of the catholyte
solution with 70 pL of D20 (99.9 atom % D, Sigma Aldrich, USA), and 30 pL of a freshly
prepared mixture containing 50 mM phenol (Sigma Aldrich, USA) and 10 mM DMSO
(Sigma Aldrich, USA) as internal standards. The solution was transferred to 5 mm NMR tubes
(Norell Select, USA). The tubes were first properly cleaned using an in-house setup with
acetone and dried at 80 oC before preparing the samples. Water suppression was carried out to

obtain a clearer spectrum.

85



3.4.3 Faradaic Efficiency Calculation

We use a gas chromatography (GC) system that directly employs CO2 as the carrier gas. To
calibrate the system, we employ gas mixtures comprising of ethylene, CO, CH4, and H2 at
varying concentrations, with CO2 serving as the predominant gas. The high-pressure gas
stream originating from our reservoir is subjected to pressure reduction, resulting in a constant
pressure level of approximately 2-3 bar. Subsequently, the gases are delivered to a mass flow
controller (MFC, Bronkhorst), enabling precise regulation of the volumetric flow rate to the
GC. In our case, we alternate between two distinct values, specifically 0.2 mln/min and 8
mln/min, to expedite the GC's settling time11. The faradaic efficiencies of gaseous products

are calculated via the following equation:

FE gaseous products = (n*F*X*molar flow rate)/ 1

Where, n = number of electrons, F = Faraday’s constant (96485 C/mol), X = mole fraction of

gaseous product measured by the GC, I = total current applied.

Regarding the analysis of liquid products, we employed high-performance liquid
chromatography (HPLC) and H-NMR techniques. Detailed information regarding this
matter can be found within the supplementary information section. To calculate the faradaic

efficiency of liquid products, we employed the subsequent equation:

FE liquid products = (n*F*C*V)/Qtot

Where, C = concentration derived from HPLC peak integration, V = volume of the catholyte
from which the sample is collected for analysis, Qtot = total charge passed during the

experiment.
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3.4.4 Electrochemical Surface Area Measurements
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Figure S 3-2: 1) CV scans of a polished copper foil and copper foam (A - copper hydroxide formation, B — copper

Scan Rate / mV.sec?!

redeposition, C — Cu(II) to Cu(I), D — Cu(I) to Cu(0), E — HER), 2) CVs of copper foam versus scan rate in 0.5M KHCO:, 3)

linear fitting of anodic and cathodic capacitive currents of the foil and foam electrodes vs. scan rate.

o Average differential capacitance of copper foam — 550 pF

e Average differential capacitance of copper foil — 100 pF

e Geometric area of copper foil - 0.6 cm?
e Specific Capacitance copper foil - 166.67 pF/cm?
e ECSA copper foam - 3.3 cm?
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3.4.5 SEM images of Copper Foam Pre and Post Experiment

#

TU DELFT SEM SEI 15.0kV X1.000 WD 21.4mm 10pm TU DELFT 15.0kV X1.000 WD 20.8mm

Before After

Figure S 3-3: SEM images of the clean Cu foam before experiment and used Cu foam after experiment at 25 bar and -9.1
mA/cm?’.

There is not a significant difference between the fresh and used copper foam except for an
increase amount of surface oxides after stopping the reaction. This is expected to be due to the

sudden removal of reduction conditions and exposure to atmosphere.

88



3.4.6 XPS Spectra Carbon Species
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Figure S 3-4: The deconvoluted C1s peaks of clean and used Cu foams at 5, 10, and 25 bar,j = -9.1 mA/cm?.
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3.4.7 XPS Spectra Copper Species
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Figure S 3-5: The deconvoluted Cu2ps/2 peaks of clean and used Cu foams at 5, 10, and 25 bar, j = -9.1mA/cm?.
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3.4.8 X-Ray Diffraction Spectra
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Figure S 3-6: XRD spectra of clean and used Cu foams before and after experiment at 25 bar, j = -9.1mA/cm?.
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Table S 3-1: Faradaic Efficiency of all products at 1 bar

3.4.9 Faradaic Efficiency of Products — 0.5M KHCOs3
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Table S 3-2: Faradaic Efficiency of all products at 5 bar

— [a] =]
e = ™ —
(%) ~ g1 18101 |2 K & &
[aa] o oo o
o — — ol
z150:708 A A A b
opAyapreuordoig
¢ ot
[ouedoig o S
[ouedoig
- T/ 0s]
[oueyleN | =
= =
ApATRpIeIRIY o =
= =t
pPIoOV 21120V — —
Ul =] [ag]
! - ™ =
Toued | = = <
(o} o =t (o]
< < < et
SHED | = o o
I s ‘o < <
HED | — on v I
— a ™ )
HD | = ol o
= s 2 «
(=) =] wy (=)
IJEUIIOA |en ol (] (]
R o N N
0D | o ~ e}
— X !
- (=) o =] =]
H |en <+ <t v
— ! (]
- i s, 0
[ —_ —
] ] ]

(;wo ) [

93



Table S 3-3: Faradaic Efficiency of all products at 10 bar
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Table S 3-4: Faradaic Efficiency of all products at 25 bar
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3.4.10 Faradaic Efficiency of Products — Cation Effect and Electrolyte Concentration

Table S 3-5: Faradaic Efficiency of all products at 25 bar, 0.5M CsHCO;

Table S 3-6: Faradaic Efficiency of all products at 25 bar, -9.1mA/cm?, 1M KHCO3,2M KHCO:s
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Table S 3-7: Faradaic Efficiency of all products at 25 bar, -9.1mA/cm? 1M CsHCOs,2M CsHCOs
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3.4.11 Reference Plot for HPLC

PMA 1.016C | RID1A Refractive Index Signal

Formate - 25.8 min

Figure S 3-7: Standard HPLC curve for the detection of formate/formic acid. Formic acid (FA) exists in either its acidic or
formate form, depending on the pH. When we dissolve CO: gas at high pressures into a 0.5 M KHCO:s solution, it becomes
acidic. However, in our experiment, we collected a liquid sample after depressurizing the system, which releases the excess CO:
and would shift the pH back to alkaline. We expect formate to be the primary form of FA under these conditions, matching the

conditions of our standard curve.
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3.4.12 NMR Calibrated Component Peaks with a Sample Experimental Peak for 2-

Propanol
Chemical Shift 1H Splitting J coupling Probed Nucleus Name
9.54 s CH20 Formaldehyde
8.12 s CHOOH Formic acid
6.77 d Phenol Internal Standard
5.86 m CH2CHCH20H Allyl alcohol
5.13 d 1.65 CH2CHCH20H Allyl Alcohol
3.87 hept 6.21 (CH3)2CHOH 2-Propanol
3.52 s OHCH2CHZ0H Ethylene glycol
3.51 q 7.08 CH3CHZ20OH Ethanol
341 t 6.64 CH3CH2CHOH n-Propanol
3.21 s CH30H Methanol
2 .57 s DMSO Internal Standard
2.08 s CH3COCH3 Acetone
1.93 s CH3COOCH2CH3 Ethyl acetate
1.45 m 5.56 CH3CH2CH(OH)2 Propionaldehyde
1.18 d 5.20 CH3CH2(0OH)2 Acetaldehyde
1.02 t 7.16 CH3CH20H Ethanol
-9.1mAfcm?, 25 bar, 0.5MKHCO; 7 %7 7aRR 2 3 loso
.45
r0.40
.35
r0.30
3.80
D F0.20
m‘ ‘ ‘ ﬁ F0.15
J‘ | M
| \ f/ ‘ ﬂ .05
A
o Al A Py T T (e Koty oy M

T
=

T T T T T T T T T T T T T T T T T T
404 402 400 308 306 304 392 300 388 386 3.84 382 380 378 376 374 372 370 368 366 3.64

1 (ppm)

Figure S 3-8: NMR plot with the peak of 2-propanol, for an experiment conducted at - 9.1mA/cm? and 25 bar in 0.5 M

KHCO:s.
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3.4.13 Comparison of High-Pressure CO, Reduction Studies on Copper based

Electrodes
Table S 3-8: Comparison of different high-pressure studies to this work.
No pCO, *Product Jjoroduct | Electrolyte Cathode Cell type FECQ | Reference
/ mA
cm? 2RR
/%
1 30 atm HCOO™ 87.5 0.1 M KHCOs3 | Polished Cu foil Autoclave 53.7 31
2 60 atm | gHCoO" 5.7 0.5M SW-Cu20/Cu Autoclave 98.2 33
KHCO3
3 20 atm HCOO 22 0.5 M KHCO3 | Cu-TPP Autoclave 22 62
4 45atm | HCOO 1.06 0.5 M KHCOs3 | Polished Cu foil Autoclave 53.1 33
5 9 atm HCOO" 30 0.5 M KClI Strip-shaped Cu Autoclave 60 03
6 9 atm HCOO™ - 0.5 M KHCOs | Oxide derived Cu np Autoclave 20.8 64
7 50 bar HCOO" 95 0.5 M KHCOs | Cunp H cell 68.1 4
8 50 bar HCOO" 169 1 M KHCO3 CuPPy Flow cell 84.7 4
9 10 bar 2-propanol 59 1M CsHCOs3 CO»x1 0-CussAgs Autoclave 56.7 33
alloy
10 25 bar HCOO" 12.7 0.5M Polished Cu foam Flow cell 70 This work
CsHCO;
11 25 bar 2-propanol 1 0.5 M KHCOs | Polished Cu foam Flow cell 10.9 This work

*Mainly on studies that report HCOO™ and 2-propanol production from copper-based electrodes
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3.4.14 Partial Current Densities of H,, CO, and HCOOH in 0.5M KHCO;
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Figure S 3-9: Partial current densities versus applied current densities of Ha, CO,and HCOOH in 0.5 M KHCO; at 1, 5, 10, and 25

bar.
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Chapter 4 : Elevated Pressure Cascade

Electrocatalytic Conversion of CO; to C;

Products




Abstract

Recent progress in the electroreduction of CO; has led to notable breakthroughs in generating
C; compounds such as ethylene and ethanol. Nevertheless, the direct formation of C; products
encounters significant limitations due to the C,~C; coupling reaction, posing a considerable
challenge to improving their faradaic efficiency. Here, we present a design for an elevated pres-
sure cascade catalytic reactor to convert CO; to a liquid Cs product in a two-step electrochem-
ical process. At 25 bar pressure, by regulating the potential of the cascade system and the elec-
trolyte flow rate we report a 40% selectivity for 2-propanol from the copper electrode. Upstream
silver converts CO; to CO which is further reduced on a downstream copper electrode. In the
cascade mode (with both silver and copper catalysts active), the Cs:C; oxygenate ratio signifi-
cantly increases to 6.92 compared to the non-cascade mode (Cu only active) with a modest
ratio of 0.62. In conclusion, our cascade catalytic reactor represents a notable step forward in

CO; electroreduction, exhibiting a meaningful improvement in Cs selectivity.
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4.1 Introduction

Cascade catalysis is a multistep process involving multiple catalysts where a reactant is first
converted to an intermediate product on one catalyst that gets consumed on another catalyst
to give the desired product. One of the most common examples of this process is photosynthesis
in plants where enzymes catalyse the reactions'. Photosynthesis involves a light-mediated step
where water is oxidized photo catalytically followed by a reduction of CO; to carbohydrates
that consumes the intermediate hydrogen species, making it a perfect example of a cascade
catalytic process. One of the primary focusses in electrochemical CO; reduction (CO,RR) re-
search has been the development of suitable catalysts to produce valuable products such as for-
mic acid, CO, ethylene, ethanol, and propanol. However, especially to produce multicarbon
products, the optimization of a single catalyst is limited by scaling relations that prevent the
optimization of every individual step in the entire reaction mechanism®*. Cascading has been
demonstrated as an interesting alternative approach to produce products that arise from CO as

a primary intermediate®”.

Cascading in CO; electroreduction generally consists of the combination of CO; reduction to
CO with CO electroreduction to hydrocarbon products. Theaker et al. used silver and copper
electrodes in two separate reactors to produce ethanol from CO; via CO as the intermediate®.
'The conversion of CO was poor (<10%) due to CO being diluted between the reactors owing
to mixing with other components and due to its poor solubility in water. In a study using gold
and copper interdigitated cascaded electrodes within a single reactor, Lum et al. showed that
CO formed on gold, spills over via diffusion to copper thereby increasing its concentration well

beyond its solubility limit¢. This resulted in an enhanced synthesis of C-C coupled products
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trom CO.. Interestingly, the obtained amounts of oxygenates (ethanol) was higher than that of
hydrocarbons (ethylene), which is consistent with a recent study on high-pressure CO reduc-
tion on copper that highlights the importance of achieving a high CO coverage to obtain higher
reduction liquid products”. In a different interpretation of the same concept using their custom
setup, Gurudayal et al. employed convection to aid the transport of CO formed on a silver
electrode to a downstream copper electrode®. By controlling the flow rate and applied potential
an optimal ratio of oxygenates to hydrocarbons was achieved. Yet, the most prominently ob-
served products were restricted to the commonly reported ethanol, formic acid with small
amounts of acetate and acetaldehyde. Synthesis of three carbon products like propanol was still

challenging pointing to suboptimal reaction conditions.

Theoretical studies predict that the coverage of the key intermediates *CO and *H on a copper
surface, and therefore the product distribution, is contingent upon factors such as surface mor-
phology, applied potential, and importantly, the applied pressure”’ 3. The main benefits of pres-
surization are that it negates the solubility limitations of CO, and CO in aqueous media and
thereby increases the surface coverage of the reactants and intermediates on copper, resulting
in enhanced production of higher carbon products such as alcohols, and aldehydes’. Higher
surface coverages of *CO on the surface of copper can significantly decrease the binding ener-
gies for *CO and other key intermediate species, paving the way towards uncommon products
s”12. For instance, in a recent study using a supersaturated CO; electrolyte, Kun et al. reported
an enhanced production of 2-propanol/iso-propanol (IPA) with a selectivity of 56% on a silver-
copper alloy catalyst prepared under similar supersaturated conditions'. Moreover, in our own

previous work (Chapter 3) using high pressure for CO,RR on a copper foam electrode we
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observed the production of 2-propanol with a selectivity of 11%. The low amounts of Cs prod-
ucts observed in atmospheric pressure cascade CO; electroreduction could be an indication of
poor surface coverages of “CO and other reactant species'®. This hypothesis is further supported
by the prediction of Sandberg et al. that the *CO and *H coverage impacts the surface dimeri-

zation and hydrogenation rate'.

We posit that applying elevated CO; pressure to a cascade catalytic system composed of an
upstream silver and downstream copper electrode, can enable and enhance unique C-C coupled
pathways towards elusive higher alcohols like 2-propanol. To test this hypothesis, we have de-
signed a novel high pressure electrochemical reactor for cascade CO, reduction. Using this
setup, we aim to deliver a sufficiently concentrated supply of the reaction intermediate (CO) to
the copper electrode. At a pressure of 25 bar, by tuning the potential of the cascade system and
flow rate of the electrolyte, we report a 2-propanol selectivity of 40% from a copper electrode.
Furthermore, the Cs:C, oxygenates (main considered products — for Cs: 2-propanol, and for Cy:
ethanol, acetaldehyde, ethylene glycol) ratio reaches a significant 6.92 for the cascade mode
(with both silver and copper as active catalysts) compared to a mere 0.62 for the non-cascade

mode with only Cu as the active catalyst.

4.2 Experimental

4.2.1 Materials
0.1 M potassium bicarbonate (KHCO;, 2 99.95% trace metals basis, Sigma Aldrich), and 0.1

M cesium bicarbonate (CsHCO3, 99.9% purity, Sigma Aldrich) were used to prepare the cath-
olyte and anolyte. Silver foil (Ag, 1mm thick, >99.95%, GoodFellow), and copper foil (Cu, Imm

thick, 99.999% trace metal basis, Sigma Aldrich) served as the two working electrodes, while
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IrMMO foil was the anode. Nafion 117 (Ion Power GmbH) was cleaned in MilliQ_water
(18MQ.cm at 25°C) and used as the ion exchange membrane. HCI (ACS reagent, 37%, Sigma),
acetone (Technical Grade, assay = 99%, VWR Chemicals), and H;PO4 (85% VLSI, Technic)
were used for cleaning and preparation of the electrodes. H,SO4 (95-97%, ACS reagent, Hon-
eywell), DMSO (ACS reagent, 299.9%, Sigma), phenol (ACS reagent, 99.0-100.5%, Sigma),
and DO (99.9 atom% D, Sigma) were used for liquid product analysis. An ultrapure water
purification system (MilliQ IQ 7000, Merck-Millipore, USA) was used as water source for all
experiments. All reagents were used without further purification.

4.2.2 Electrochemical Apparatus and Measurement

The schematic of the entire setup is shown in SI 4.5.1. The details of the custom designed
cascade reactor housing two working electrodes (Ag and Cu) are given in the results section. A
modular clamp system secures the reactor in place and seals the stack leak tight without the
need for any nuts and bolts. The catholyte and anolyte are circulated through the reactor using
two HPLC pumps (Knauer AZURA P4.1 S with 50 ml pump heads). The outlets from the
reactor are connected to external reservoirs through back pressure regulators (Equilibar). The
cathode side reservoir is equipped with two inlets — one for the pressurized CO, feed and the
other coming from the back pressure regulator. An outlet from the reservoir is connected to
the pump, while another outlet carries the gaseous stream to an inline GC. In-depth details

regarding the assembly can be found in our previous work (section 2.3.1)".

Electrochemical experiments were carried out in the custom-designed high-pressure flow setup,
using a BioLogic BP300 dual channel potentiostat with EIS analyser. The reactor was operated

in a bipotentiostatic mode, offering independent control of the Ag and Cu electrodes against
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the Ag/AgCl reference electrode (LF 1.6-45 mm, Innovative Instruments Inc., USA). The op-
eration of the two working electrodes and the electrical connections to the external potentiostat
were established in a manner similar to that proposed by Gurudayal et al.®. Gas products were
analysed every 2 minutes using an in-line gas chromatograph (CompactGC 4.0, Global Ana-
lyzer Solutions, The Netherlands). Liquid products were collected at the end of the electro-
chemical experiments and analysed using high-pressure liquid chromatography (HPLC, Ag-
ilent Technologies 1260 Infinity, USA). To cross check and detect intermediate and minor
products present in the electrolyte samples 1H-NMR was used (400 MHz Agilent, USA), with
the built-in software OpenVnmrJ (University of Oregon, USA). Further details regarding
product analysis are provided in SI 4.5.2.

4.2.3 Electrode Preparation

Ag and Cu foils were cut into pieces of 1.1 cm x 0.6 cm (exposed area in the reactor was 0.6
cm?). Ag pieces were first mechanically sanded with P1000 and P1200 sandpaper after which
the foils were mechanically polished with 3p and 1p diamond suspension to a mirror-like finish,
devoid of any visible major scratches. After polishing, the Ag foils were sonicated for 5 minutes

in 2M HCl and 5 minutes in MilliQ water to remove any impurities from the surface.

Cu foils were mechanically polished with 3 p and 1p diamond suspension, following a proce-
dure by Asperti et al.’®, after which they were electropolished in HsPO, for 3 minutes at 2.1V
against a carbon rod as a counter and reference electrode. After rinsing with MilliQ water and
drying in argon, the Cu foils were annealed in an oven at 230°C for 3 hours to oxidize the

surface to enhance the roughness and improve its activity under reduction conditions'.
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4.2.4 Electrode Characterization

Scanning Electron Microscopy (SEM, Jeol JSM 6500F) images of the silver and copper oxide
electrodes were taken using a Jeol JSM 6500F SEM equipped with an ultradry energy disper-
sive X-ray spectrometry detector (Thermofisher, USA). to visualize the surface morphology
before the experiments. X-Ray diffractograms (XRD) were acquired with a Bruker D8 Advance
diffractometer (Bruker, USA) with Bragg-Brentano geometry, employing a graphite mono-
chromator and Vantec position-sensitive detector (Co Ka radiation, divergence slit var12, scat-

ter screen height 8 mm, 40 kV 40 mA). The results are presented in SI 4.5.5 and 4.5.6.

4.3 Results and Discussion

4.3.1 Custom Electrochemical Cell Design

'The exploded view of the electrochemical cell is shown in Figure 4.1.The cell is comprised of
a stainless-steel anode end plate (grade: 304/1.4301, Xometry Europe GmbH) on one side and
a PEEK cathode end plate on the other side sandwiching the catholyte and anolyte flow plates
that are separated by a Nafion 117 membrane. At the anode side the electrical connection is
realised by the steel endplate, connected to the electrode. Since the anode (Figure 4.1a - part
11) is located inside the slot in the flow plate, a protrusion from the steel end plate pushes the
electrode into the slot thereby ensuring a good electrical connection. At the cathode side a 3D
printed (Elastic 50A resin, Formlabs) frame (Figure 4.1c) was designed (with similar dimen-
sions as the electrode slot in the flow channel (Figure 4.1e) to secure both the working elec-
trodes in place, while offering openings at the back to provide separate electrical contacts. The
material of the holder is insulating and a protrusion between the electrodes ensures they are
insulated from each other, a criterion crucial to operate them in a bipotentiostatic mode. This

material was selected for the holder as it can bend, stretch, compress, and withstand repeated
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use without tearing or quickly springing back to its original shape. This ensures that post as-

sembly and during operation at high pressures, the holder can stretch and seal the chamber,

making it leak tight.

At the back of the electrode holder, two holes are cut out, to electrically connect the electrodes
(Figure 4.1d). Custom laser cut steel rods were used to provide connection between the external
potentiostat and the electrodes. A bolt provided electrical contact between the back of the elec-
trodes and the steel rods. To ensure there will be a connection between the bolt and the rod, a

nut was added. This nut was used to secure the rod into the groove in the back of the plate,
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Figure 4.1: a) Exploded view of the electrochemical cell - (1) Endplate cathode back (2) Connection nuts (3) Connection
rods (4) Endplate cathode front (5) Connection bolts (6) Electrode holder (made from Flexible 80A resin, Formlabs) (7)
Cathodes (8) Catholyte chamber (9) Membrane (10) Anolyte chamber (11) Anode (12) Conductive endplate, b) Closed
electrochemical cell, ¢) Front of the cathode endplate including the electrode holder connected at the top connection, d)
Back of the cathode endplate fitted with the connection rod at the top side, e) Catholyte chamber fitted with the

electrodes and electrode holder.
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using the thread of the bolt (Figure 4.1a — parts 2,3 and 5). Grooves in the endplate conceal
the nuts, allowing a seamless stacking of plates. A small piece of aluminium tape (pressed into
a circular shape of diameter ~ 3 mm) was added to the head of the bolts before assembly to

guarantee consistent contact with electrodes in the holder.

'The 3D printed electrode holder was designed with adaptability in mind. Opting for a holder,
as opposed to relying solely on pressing the electrodes into the flow plate, offers the notable
advantage that, when modifying operational configurations and conditions, only this element
necessitates replacement, sparing the need for a complete overhaul of the entire reaction cham-
ber. This way it becomes possible to vary the distance between the electrodes, the electrode sizes,
or their configuration with ease.

4.3.2 Electrochemical CO, Reduction at High Pressures

'The electrochemical performance of the cascade system was studied using chronoamperometry
(CA) to probe the impact of potential towards product selectivity. As a first step,a CO, pressure
of 5 bar was applied and the potential on the Ag electrode was altered to determine the optimal
conditions for the supply of CO to the Cu electrode, the second part of the cascade. For all the
measurements discussed below, the electrolyte was circulated at 25 ml/min through the cell
unless explicitly mentioned otherwise. The initial tests were conducted with 0.1 M CsHCO; to
compare this study to the pioneering works of Lum et al.® and Gurudayal et al.® on this topic.
Three different potentials (-0,8V, -1V and -1.2V vs RHE) were applied for the Ag electrode
while keeping copper inactive. The major products produced were H,, CO and formate (Figure
4.2a). The faradaic efficiency (FE) of H, decreased from 50% to 28% with an increase in po-

tential while formate production displayed the opposite trend with a FE starting at 27% at -
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0.8 V vs RHE and reaching 52% at -1.2 V vs RHE. For CO, the FE followed a volcano-like
trend peaking at 14% at -1 V vs RHE. We therefore chose to apply -1 V vs RHE on silver for
all further cascade experiments as this was the potential at which the highest amount of CO

was obtained. Studies on the microenvironment near an Ag electrode have revealed that larger
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Figure 4.2: a) Faradaic efficiency as a function of potential applied to Ag cathode at 5 bar with 0.1M CsHCO: at a flow rate
of 25 ml/min, b) FEco comparison for 0.1M CsHCO; and 0.1M KHCOs at Sbar and -1 V vs RHE, ¢) FEco versus applied
pressure for 0.1M KHCO:s at -1 V vs RHE (error bars represent the standard deviation from at least two independent

repetitions).
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cations with smaller hydration shell such as Cs* have a stronger electrostatic interaction with
the electrode surface than K*. This results in a stronger stabilization of reaction intermediates
like *CO and *COOH with strong dipole moments'®". This coupled with the stronger buffer-
ing strength?’ of Cs* compared to K* can result in a slightly lower pH leading to preferential
formation of HCOOH over CO while using CsHCO; (alkaline pH favours CO formation on
silver)®. Based on this understanding, CO,RR experiments were also conducted at 5 bar by
applying -1 V vs RHE on Ag using 0.1 M KHCO; (Figure 4.2b). We observed that the FEco
increased to approximately 42 % for K* instead of 14% for Cs*. Since the goal is to maximize
the supply/amount of CO delivered to the downstream Cu electrode for further reaction, 0.1
M KHCO; was used as the electrolyte for the rest of the experiments. Figure 4.2c shows the
effect of a pressure increase on the FEco for 0.1 M KHCO; on Ag catalyst. At 10 and 25 bar
the FEco increases further to 44% and 54%, respectively, indicating that the higher applied
pressure?! (in this study, it is limited to 25 bar) is better suited to supply higher amounts of CO

to the downstream Cu electrode.

Cascade experiments were successfully conducted at 25 bar by fixing the Ag electrode at -1 V
vs RHE while varying the potential on the cu electrode (-0.7V, -0.8V, and -0.9V vs RHE). The
product distribution in cascade mode is shown in Figure 4.3b. The major products detected
include H,, CO, formate, ethanol, ethyl acetate, acetaldehyde, and 2-propanol. The FEm, first
decreases as the potential is changed from -0.7V to -0.8V before slightly increasing at -0.9V.
'The FEco shows a reverse trend to that of H, with a maximum at -0.8 V, while overall the FEco
is lower when working in cascade mode compared to only Ag as active electrode, indicating the

consumption of produced intermediate CO on Cu alongside CO,. The FEncoon increases with
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Figure 4.3: Faradaic efficiency as a function of potential applied to a) Ag cathode (held at -1.0V vs RHE and Cu
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cathode (held at -0.7V vs RHE and Ag inactive). All experiments were performed in 0.1M KHCO:s recirculated at 25

ml/min (error bars represent the standard deviation from at least two independent repetitions).

increased applied reduction potential on the Cu electrode in the cascade mode. This is attributed

to the fact that the CORR does not produce any formate on a Cu electrode?. At lower poten-

tials (-0.7V vs RHE in this case) CORR is more prominent on the oxide derived Cu electrode

and can outcompete CO,RR since CO reduction requires 2 fewer electrons than CO; reduction

on a per carbon basis'**. The FEg.on is low at all applied potentials but it increases from 2.2%

at -0.7V vs RHE to 6.8% at -0.9V vs RHE.
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Notably, 2-propanol selectivity increases with decreasing applied potentials starting from 11%
at-0.9V vs RHE and reaching 32% at -0.7V vs RHE. This trend matches the findings reported
by Kun et al. using supersaturated CO; on an Ag-Cu alloy catalyst®. For the exact mechanism
behind the formation of 2-propanol, we have some indications based on literature, but the de-
tails are not yet clear (section 3.3.1). In brief, the mechanism includes the dimerization of *CO
species through C-C coupling, yielding a reduced dimer (*CO-COH) species. This can rear-
range and further reduce to form a C, enol intermediate (*C,H30), a precursor to ethanol. At
low potentials and high pressures, an increased surface coverage of *CO can promote interac-
tions between the enol and *CO species. Further proton-coupled electron transfers selectively
lead to a Cs enol species, culminating in 2-propanol, resembling the ethanol pathway. Limited
ethanol presence, especially at higher pressures, therefore, stems from its conversion to 2-pro-
panol at the Cu electrode. CO,RR using the cascade mode on an Ag-Cu pair at ambient pres-
sure has been shown to create a supersaturated reservoir of CO between the two electrodes®. It
is likely that the combined effect of cascade mode with elevated pressure enables improved
solubility and higher surface coverage, enhancing the production of 2-propanol. To verify this,
a control experiment was conducted with the Ag electrode inactive and Cu active at -0.7V vs
RHE (Figure 4.3c). We find that in this case the FEjpopno is only 16.7% while the FEgon
reaches 16.3%, indicating an inferior selectivity towards 2-propanol due to lower amounts of
surface CO species that are formed directly via CO,RR on Cu. Also, the fact that ethyl acetate
is observed (appreciable amounts) only in the cascade mode indicates higher concentrations of
CO on the surface and therefore its enhanced coverage on copper due to a continuous supply
by the upstream Ag electrode. Small amounts of ethylene glycol were also detected and the

exact amounts are presented in SI 4.5.7.
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Figure 4.4: C3:C, Oxygenate ratio for Cu only active mode (at -0.7V vs RHE), and cascade mode (Ag
held at -1V and Cu at -0.7V,-0.8V, and -0.9V vs RHE) (error bars represent the standard deviation

from at least two independent repetitions).

Strikingly, the Cs:C, oxygenate ratio is increased in the cascade case reaching a maximum of

about 7 for Ag at -1V and Cu at -0.7V vs RHE while for CO,RR on Cu only at the same

applied potential this ratio is only 0.62.

Further, we probed the effect of flow rate of CO; saturated electrolyte on the 2-propanol syn-
thesis as it can impact the surface concentration of the intermediates/reactants and their surface
coverage?*®. As shown in Figure 4.5, the FE;popanot increases from 31.7% to 39.9% while the
FEm, decreases from 35.7% to 29.5% as the flow rate is reduced from 25 ml/min to 15 ml/min.
FEco only decreases slightly to 4.7% from 4.9% with no appreciable changes to formate selec-

tivity. At these moderately high pressures and low current densities, it is noteworthy to mention
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Figure 4.5: Effect of flow rate on 2-propanol selectivity for the cascade mode (Ag held at -1 V and Cu at -
0.7V, -0.8V, and -0.9V vs RHE) (error bars represent the standard deviation from at least two independent

repetitions).

that the CO,RR is not likely affected by the transfer of CO, from the bulk region to the elec-
trode surface’’. However, the flow rate could influence the discharge of CO from the cathode
to the bulk region. According to Lum et al., a non-equilibrium state is formed on copper (Cu),
allowing for a significantly elevated local concentration of CO, surpassing its solubility limit,
without diminishing the overall bulk CO; concentration®. Consequently, a lower flow rate can
result in a higher concentration of CO at Cu, thereby increasing the residence time of its sub-

sequent intermediates resulting in an enhanced 2-propanol selectivity.
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Further flow rate optimizations, catalytic design strategies and carbon isotope labelled studies

could be carried out to optimize this reaction and shed light on the exact mechanism.

4.4 Conclusions

We have demonstrated the attractiveness of combing elevated pressure with cascade electroca-
talysis for converting CO; into Cs products. The design of a novel elevated pressure cascade
electrochemical cell for CO; electroreduction is presented, using two working electrodes/cath-
odes (Ag and Cu). Convective flow is used to transfer CO from Ag to Cu. In this study, at a
pressure of 25 bar, tuning the potential and flow rate of the electrolyte led to an FEspropanel of
about 40% (at -0.7V vs RHE and 15 ml/min), marking the highest reported selectivity for this
uncommon product from a copper electrode. Furthermore, the C;:C; oxygenate ratio increased
to about 7 in the cascade mode compared to a mere 0.62 in the non-cascade mode with only
Cu as the active catalyst. We posit that the synergistic effect of high pressure and cascade op-
eration creates a high concentration of the reaction intermediate CO resulting in its enhanced
surface coverage on Cu, thereby promoting the formation of higher alcohols from CO,. By
using this strategy, we underscore the potential of integrating different engineering and oper-
ating parameters while using simple electrodes to positively influence the performance of the
CO:RR process. This is yet another example that highlights the importance of looking beyond
developing new catalysts to target elusive higher reduction products from CO,, thereby opening

new avenues for this process.
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4.5 Supplementary Information

4.5.1 Schematics of the High-Pressure Cascade Setup
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Figure S 4-1: A schematic representation of the high-pressure cascade setup.
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4.5.2 Gas and Liquid Product Analysis

Gas Products - To monitor the gaseous byproducts produced during the reaction, an inline gas
chromatograph (CompactGC 4.0, Global Analyzer Solutions, The Netherlands) was utilized.
Gas cylinders (Linde Gas Benelux B.V., The Netherlands) containing tailored gas mixtures with
CO; concentrations ranging from 50 to 8000 ppm were employed for GC calibration. Analysis
of gas products was conducted at 2-minute intervals. The GC system features two TCD detec-
tors, one for CO and one for H,, alongside an FID detector for hydrocarbon analysis (C; - Cy).
'The FID channel is outfitted with an Rtx-1,5.00 pm (15 m * 0.32 mm) analytical column. The
first TCD channel comprises a Carboxen 1010 (3 m * 0.32 mm) pre-column and a Molsieve
5A (5 m * 0.32 mm) analytical column, while the second TCD channel includes a Carboxen
1010 (3 m * 0.32 mm) pre-column and a Molsieve 5A (7 m * 0.32 mm) analytical column,

aiding in component separation before detection.

Liquid Products - The liquid products (major product: formate, intermediate products: 2-pro-
panol/iso-propanol, minor products: acetate) obtained post-reaction were analyzed using an
Agilent Technologies 1260 Infinity HPLC system from the USA. Standard solutions of desired
chemicals (Sigma-Aldrich, USA, >98% formic acid) were prepared for system calibration, with
concentrations ranging from 0.1 mM to 50 mM. Each analysis involved injecting 5 pL of the
product sample onto two Aminex HPX-87H columns (Biorad) in series, heated to 60°C, with
a 1 mM H,SO; solution used as the eluent. Detection of products was carried out using a
Refractive Index Detector (RID). For cross-checking and detecting intermediate and minor
products present in the electrolyte samples such as ethanol, 1-propanol, 2-propanol, acetalde-
hyde, ethylene glycol, and propionaldehyde, 1H NMR (400 MHz Agilent, USA), equipped

with the built-in software OpenVnmr] (University of Oregon, USA), was employed. NMR

128



samples were prepared by mixing 630 puL of the catholyte solution with 70 uLL of D,O (99.9
atom % D, Sigma Aldrich, USA), and 30 pL of a freshly prepared mixture containing 50 mM
phenol (Sigma Aldrich, USA) and 10 mM DMSO (Sigma Aldrich, USA) as internal standards.
The solution was then transferred to 5 mm NMR tubes (Norell Select, USA), which were thor-
oughly cleaned with acetone using an in-house setup and dried at 80°C before sample prepa-

ration. Water suppression techniques were employed to obtain clearer spectra.
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4.5.3 Faradaic Efficiency Calculation

We employ a GC system that directly employs CO, as the carrier gas, and for calibration, we
utilize gas mixtures containing ethylene, CO, CHs, and H, at various concentrations, with CO,
serving as the predominant component. Initially, the high-pressure gas stream from our reser-
voir passes through a pressure reducer, maintaining a constant pressure of approximately 3 bar,
before reaching a mass flow controller (MFC, Bronkhorst). Through the MFC, we regulate the
volumetric flow rate to the GC; specifically, we alternate between two values, 0.2 mln/min and
8 mln/min, to expedite the GC settling time (we call it the switching flow rate technique®).
'The GC columns have been adapted to accommodate CO; as the carrier gas, thereby integrat-

ing it into the baseline rather than treating it as a distinct entity.

We use the following set of equations for the non-cascade mode and cascade mode.

FE gaseous products = (n*F*X*molar flow rate)/ I

Where, n = number of electrons, F = Faraday’s constant (96485 C/mol), X = mole fraction of

gaseous product measured by the GC, I = total current applied.

For liquid product analysis,

FE liquid products = (n*F*C*V')/Q:

Where, C = concentration derived from HPLC peak integration, V = volume of the catholyte
from which the sample is collected for analysis, Qg = total charge passed during the experi-
ment. For the cascade mode, the sum of the currents from the two channels is used for the
calculation of the FE gases, while the currents from both channels are integrated to calculate

the total charge passing through the reactor during the reaction for FE liquids®.
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Figure S 4-2
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4.5.5 SEM Images of Silver and Copper Oxide Foils

TU DELFT SEM  SEI 15.0kv. X500 WD 23.3mm

TU DELFT SEM  SEI 15.0kV X500 WD2286mm  10pm

Figure S 4-3: Scanning Electron Microscopy (SEM) images of
polished Ag foil and annealed (230°C) Cu foil.
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4.5.6 XRD Spectra of Freshly Prepared Silver and Annealed Copper Oxide Foils
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Figure S 4-4: The XRD spectra showing the different facets for a) Polished Ag

foil, b) Annealed Cu foil.
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4.5.7 Faradaic Efficiencies of Products

Table S 4-1: Faradaic Efficiencies of Products on bare Ag (-1V vs RHE) and Cu (-0.7V vs RHE) catalysts.

Electrode | Ho CO Formate | Ethanol | Ethyl 2- Ethylene Acetaldehyde Total
Acetate | Propanol Glycol FE
(%)
Ag 16.6 | 53.8 14.5 84.9
Cu 296 | 2.6 20.3 16.3 16.9 10.9 96.6

Table S 4-2: Faradaic Efficiencies of Products in Cascade Mode with Ag fixed at -1V vs RHE.

Eve vs H» CO Formate | Ethanol | Ethyl 2- Ethylene Acetaldehyde Total
RHE (V) Acetate Propanol Glycol FE
applied (%)
to Cu

oxide foil

-0.7 35.7 4.7 19.7 2.15 2.45 31.5 2.4 98.6
-0.8 22.9 16.15 | 26.55 4.8 4.65 11.55 0.25 3.9 90.75
-0.9 25.55 5.85 33.1 6.8 2.75 10.5 0.35 1.9 86.80

Table S 4-3: Faradaic Efficiencies at Different Flow Rates for Cascade Mode (Ag (-1V vs RHE)

and Cu oxide (-0.7V vs RHE)).

Flow Rate | H» CO Formate | Ethanol | Ethyl 2- Ethylene Acetaldehyde Total
(mL/min) Acetate | Propanol Glycol FE
(%)
15 29.49 | 4.89 19.94 39.91 94.24
25 35.7 | 47 19.7 2.15 2.45 315 2.4 98.6
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5.1 Conclusions

The aim of the research presented in this dissertation was to optimize a two-catalyst system
using pressure to maximize the two-step reduction to CO, to alcohols. To achieve this, we
started from scratch by 1) designing and validating a high-pressure reactor system capable of
conducting CO,RR in a continuous manner while also being modular and flexible enough to
incorporate different reactor configurations. 2) Using the system, we carried out benchmark
studies on a Cu foam electrode by tuning of the pressure and electrolyte. 3) The knowledge
obtained from the above study on a Cu electrode was used to optimize a novel high pressure
sequential cascade catalytic (Ag Cu pair) system to boost the synthesis of higher alcohols from

CO:.. The main conclusions are provided below.

In Chapter 2, we successfully designed and operated an elevated pressure divided CO,RR flow
cell for standard experiments in the field. The key to this design involved minimizing pressure
differentials across the dividing membrane using double back pressure regulators piloted by the
same pressure. Careful consideration of design parameters, such as reservoir and pump sizing,
was crucial. The cell assembly/disassembly time was faster than some standard atmospheric
designs due to the quick-release clamp design, completing the process within half an hour.
Electrochemically, the cell performed well and the leakless reference electrode provided a stable
reference potential across a range of both reactor and reservoir pressures (stable within 10 mV
between 1 and 30 bar). Standard electrochemical experiments, such as linear sweep
voltammetry, were successfully performed. Product characterization by in-line GC was possible
by utilizing a switching flow rate system, which greatly decreased the settling time, allowing

faster measurements (stable readings reached within 60 min for lower pressures and within 100
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min at the highest pressure). The FE for CO,RR products substantially increases from close to
26% at 2 bar to about 60% at 30 bar while H, is suppressed, and more importantly 85-90% of
the charge balance was closed at lower pressure, dropping only to 82% at 30 bar which is still
equivalent to several studies in the literature. The system explained here in detail is successful
in its aims and configurable enough to be useful in studying a range of CO,RR research
questions relating to elevated pressure reactors like high current density or CO, conversion

rate.

In Chapter 3, we report a systematic investigation of the effects of pressure, current density,
cation size, and electrolyte concentration on the electrochemical CO, reduction using a copper
foam electrode. At 25 bar, the electrode shows a remarkable selectivity of 70% for formate in
0.5 M CsHCOs with jucoon of -12.7 mA/cm?. Furthermore, we report the formation of the
uncommon product iso/2-propanol, with a FE of 11% in 0.5 M KHCO; at 25 bar, which is
the highest reported selectivity for this product under moderate pressures on a polished copper
toam. The conducted experiments shed light on the idea that electrolyte choice coupled with
the right operating conditions can be a viable option to enhance the selectively towards
profitable products such as formate on a simple copper electrode. Moreover, a pressurized CO,
feed can potentially unlock new C-C coupling pathways on copper and pave the way towards
the production of elusive higher CO, reduction products. This also brings up the question

whether newly developed catalysts should be tested under elevated pressure conditions.

Finally, in Chapter 4, we present the design of a novel elevated pressure sequential cascade
reactor using two working electrodes (Ag and Cu). Convective flow is used to transfer CO

from Ag to Cu. In this pioneering study, under a pressurized condition of 25 bar, tuning the
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potential and flow rate of the electrolyte led to an FEjpopano of about 40% (at -0.7V vs RHE
and 15ml/min), marking the highest reported selectivity for this uncommon product.
Furthermore, the C;:C; oxygenate ratio increased to about 7 in the cascade mode compared to
a mere 0.62 in the non-cascade mode with only Cu as the active catalyst. We posit that the
synergistic effect of high pressure and cascade operation creates a high concentration of the
reaction intermediate CO resulting in its enhanced surface coverage on Cu, thereby promoting
the formation of higher alcohols from CO,. Further flow rate optimizations, catalytic design
strategies and carbon isotope labelled studies could be carried out to optimize this reaction and

shed light on the mechanism.

5.2 Recommendations

In this section, a few recommendations are provided based on the projects mentioned in this

thesis.

o 'The effect of high pressure on the electrochemical CO; reduction should be tested at
higher current densities to bring it closer to industrial requirements. This can be
achieved by working with other reactor configurations such as zero-gap or membrane
electrolysers that have already been well studied and optimized at ambient pressure
condition to reach high current densities. The clamp system developed in this study is
flexible enough to incorporate different reactor designs and stacks. This can further be
extended to other unconventional reactors such as tubular reactor employing segmented
Taylor flow of CO; to improve mass transport and conversion, potentially reaping the

benefits of pressurized CO, feed.
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Furthermore, this investigation can be expanded to include unconventional reactor de-
signs like tubular reactors employing segmented Taylor flow of CO,, aimed at enhanc-
ing mass transport and conversion rates, and potentially leveraging the advantages of
pressurized CO; feed. Scale up studies could help bridge the gap between lab-scale
studies as conducted in this thesis and industry. The modular clamp system enables easy
and efficient stacking of multiple reactor layers. This could facilitate conducting the
CO,RR at elevated pressures in both series and parallel configuration.

Extending the cascade system to add more electrodes like Ni-N-C, known for being
highly selective towards CO (almost 100%) across a wide range of pressures, is a prom-
ising idea. Further, different electrode configurations could be explored, and potentially
integrated with other chemical synthesis methods such as biochemical conversions as a
viable concept.

Operando experiments using techniques such as SEIRAS and RAMAN coupled with
electrochemical measurements at high pressure on the cascade catalytic system could
shed light on the mechanism behind the synthesis of higher alcohols and give a more
accurate relationship between the applied pressure, surface coverage and product distri-

bution.
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