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”Ich musste mich vergleichen einem Bergsteiger, der, ohne den Weg zu kennen, langsam
und mühselig hinaufklimmt, oft umkehren muss, weil er nicht weiter kann, der bald durch

Überlegung, bald durch Zufall neue Wegspuren entdeckt, die ihn wieder ein Stück
vorwärts leiten, und endlich, wenn er sein Ziel erreicht, zu seiner Beschämung einen

königlichen Weg findet, auf dem er hätte herauffahren können, wenn er gescheit genug
gewesen wäre, den richtigen Anfang zu finden.“

”I should compare myself to a mountain climber who, not knowing the path, climbs up
slowly and laboriously, and is often compelled to turn around because his progress is

blocked; who, sometimes by reasoning and sometimes by accident, discovers new tracks
that take him a little further, and who, when he finally reaches his goal, discovers to his
shame a magnificent road that he could have taken, if he had been clever enough to find

the right place to start from.“

Hermann von Helmholtz, 1891





To my parents, who have helped me start the climb . . .

. . .To Meera, with whom I will happily keep climbing.
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SUMMARY

Over the coming decades, human society has to transition from being dependent on fossil
fuels to renewable energy sources. However, renewable energy sources bring with them sev-
eral inherent problems that need to be solved to integrate them into our society. The power
supply of renewable energy sources is intermittent and does not match the global energy de-
mand, necessitating the need for energy storage to bridge the gap. Additionally, the chemical
industry relies heavily upon the usage of fossil fuels as chemical feedstocks that cannot be
directly replaced by (electrical) renewable energy. Electrochemical CO2 reduction to these
synthetic fuels and chemicals provides a promising approach to both these problems. How-
ever, finding a suitable catalyst for this electrochemical reaction has proven difficult. So
far, among the monometallic transition metals, only copper has been shown to actively re-
duce CO2 into the desired synthetic fuels and chemicals. Unfortunately, these reactions take
place at high overpotentials and unselectively. Alloying different metals together provides
an elegant way to find new promising catalyst materials for the electrochemical reduction of
CO2 to synthetic fuels and chemicals. This thesis investigates different aspects of bimetallic
electrochemical CO2 reduction to synthetic fuels and chemicals.

Chapter 1 starts by outlining the issue of climate change and the inherent problems of
renewable energy sources. Then, it touches upon fundamental concepts and challenges of
catalysis and in particular (bi-)metallic electrochemical CO2 reduction. Finally, it sketches
a chapter-wise outline of this thesis.

Chapter 2 discusses the question of why no significant improvements have been made
compared to the performance of monometallic copper even after thirty years of research on
bimetallic electrochemical CO2 reduction. The chapter subsequently proposes three ways
to overcome shortcomings that are currently hindering rapid progress in the field. First, the
high limit of detection of the most common product quantification techniques in the field
forces researchers to extend the time of their experiments. As a result, only a handful of
catalyst materials can be tested under a single reaction condition. Second, the use of non-
standardised cell designs with poorly defined hydrodynamics could lead to discrepancies
between research groups or results that are influenced by mass transfer limitations. Finally,
the (in-situ) catalyst structure is often poorly defined, obscuring the link between the catalyst
structure and its activity. For each of these shortcomings, the chapter provides different
solutions and finally recommends several ways how to further speed up research.

Chapter 3 investigates an observed discrepancy in hydrocarbon selectivity among four
studies that investigated the same metal combination of gold-palladium. To explore the
influence of different buffer choices and the influence of each metal (combination), the elec-
trocatalytic CO2 reduction activities of three catalysts (gold, palladium, gold-palladium) are
tested in two buffers (0.1 M KHCO3 and 0.1 M KH2PO4 + 0.1 M K2HPO4). The results
show that while all catalysts produce hydrocarbons in the phosphate buffer, these products
are much less prevalent or even absent in the bicarbonate buffer. Further testing reveals
that hydrocarbon activity increases with increasingly higher concentrations of bicarbonate.

xiii
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Therefore, the choice of buffer indirectly influences the catalyst activity through its effect on
the local surface pH. From these observations, the conclusion is drawn that on non-copper
(bimetallic) catalysts, C2+ production mainly follows a Fisher-Tropsch mechanism instead
of via pH-independent CO-dimerisation, the main reaction pathway to C2+ products on cop-
per.

Chapter 4 outlines the development of an improved differential electrochemical mass
spectrometry (DEMS) setup for the rapid quantification of the major CO2RR products. The
chapter covers several aspects of the improved design. First, the new cell design for the
improved bubble removal is presented, leading to a more stabilised current. Second, the
hydrodynamics of this cell are investigated and an improved mass transfer of CO2 is demon-
strated compared to conventional cell designs. Additionally, the hydrodynamics are well-
defined and can be expressed by a Koutecky-Levich expression. Next, several modifications
between the cell and the DEMS inlet are presented and their contribution to mass signal sta-
bility is discussed. To correctly convert the measured mass signals and quantify the catalyst
activities, a method to deconvolute the different signals and correctly calibrate for the main
products is derived. Finally, as a proof of concept, the catalytic activities of monometallic
copper and silver are determined with the improved setup. These results match well with
the literature and show that the new DEMS setup can determine the catalyst selectivity over
a certain potential range four times as fast as conventional quantification techniques.

Chapter 5 experimentally screens a promising class of intermetallic alloys for the elec-
trochemical reduction of CO2 toward hydrocarbon products. In literature, combinations of
strong CO-binding transition metals and weak CO-binding p-block metals are predicted to
be selective towards further reduced products. Following this hypothesis, a series of six
intermetallic alloys (AlFe, AlNi, CoSn, FeGa3, FeZn4, and NiGa) are synthesised using a
two-step process: here, the desired catalyst material is first obtained through thermal dif-
fusion and subsequently pressed into a solid shape using spark plasma sintering so that it
can be tested in the newly developed DEMS setup. Most catalysts produce (higher) hy-
drocarbons but are mostly selective towards hydrogen. Reasons for this mismatch between
predicted selectivity from the computational studies and experimental results are discussed.
Moreover, a more holistic approach to DFT-screening studies is proposed to better predict
the experimental selectivities of bimetallic catalysts in the future.

Chapter 6 states the overall conclusions of this thesis and discusses several recommen-
dations for future research.



SAMENVATTING

In de komende decennia moeten we als maatschappij overstappen van fossiele brandstoffen
naar duurzame energiebronnen. Hernieuwbare energiebronnen brengen echter een aantal
problemen met zich mee die opgelost dienen te worden voordat ze in onze samenleving
kunnen worden geïntegreerd: Allereerst is de beschikbaarheid van hernieuwbare energie
onregelmatig en komt vaak niet overeen met wanneer wij energie nodig hebben. Om deze
kloof te overbruggen, is grootschalige energieopslag nodig. Bovendien is de chemische in-
dustrie op dit moment sterk afhankelijk van fossiele brandstoffen als grondstoffen. Deze
fysieke grondstoffen kunnen niet direct worden vervangen door (elektrische) hernieuwbare
energie. Door met behulp van hernieuwbare energie CO2 elektrochemisch te reduceren tot
brandstoffen en chemicaliën kunnen beide problemen worden opgelost. Het is echter lastig
een geschikte katalysator voor deze elektrochemische reacties te vinden. Van de overgangs-
metalen is tot nu toe alleen koper in staat CO2 actief te reduceren tot de gewenste producten.
Helaas vinden deze reacties dan plaats bij hoge overpotentialen en zijn ze niet selectief. Dit
maakt de reactie een stuk minder efficiënt. Het samenvoegen van verschillende metalen
(legeren) biedt een elegante manier om nieuwe verbeterde katalysatoren te vinden voor de
elektrochemische reductie van CO2 tot synthetische brandstoffen en chemicaliën. Dit proef-
schrift onderzoekt verschillende aspecten van legeringen voor de elektrochemische reductie
van CO2 tot synthetische brandstoffen en chemicaliën.

Hoofdstuk 1 legt eerst klimaatverandering en de problemen van hernieuwbare energie-
bronnen uit. Vervolgens worden in het kort de fundamentele concepten en uitdagingen van
katalyse en in het bijzonder van (bi-)metallische-elektrochemische CO2-reductie behandeld.
Ten slotte wordt er hoofdstuksgewijs een overzicht van dit proefschrift geschetst.

Hoofdstuk 2 behandelt de vraag waarom, na dertig jaar onderzoek naar elektrochemi-
sche CO2 reductie op legeringen, er geen significante verbeteringen zijn gevonden verge-
leken met de prestaties van monometallisch koper. Het hoofdstuk noemt vervolgens drie
manieren om de huidige tekortkomingen in de literatuur te verhelpen die momenteel ver-
dere vooruitgang op dit gebied belemmeren. Ten eerste door de hoge detectielimiet van de
meest voorkomende productkwantificeringstechnieken in dit onderzoeksgebied zijn onder-
zoekers ertoe gedwongen om de duur van hun experimenten te verlengen. Als gevolg hiervan
kunnen per onderzoek slechts een handvol katalysatoren onder enkele omstandigheden wor-
den getest. Ten tweede zou het gebruik van niet-gestandaardiseerde celontwerpen met een
slecht gedefiniëerde hydrodynamica kunnen leiden tot onbedoelde verschillen tussen onder-
zoeksgroepen of tot resultaten die worden beïnvloed door limitaties in de massatransport.
Ten slotte is de (in-situ) structuur van de katalysator vaak slecht gedefiniëerd, waardoor het
verband tussen de structuur en de activiteit van de katalysator onduidelijk blijft. Voor elk
van deze tekortkomingen biedt het hoofdstuk verschillende oplossingen en tot slot doet het
verschillende aanbevelingen om toekomstig onderzoek verder te versnellen.

Hoofdstuk 3 onderzoekt de reden waarom vier onderzoeken verschillende selectivitei-
ten voor koolwaterstoffen rapporteerden met dezelfde metaalcombinatie (goud-palladium).

xv
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Om de invloed van de verschillende buffers en de invloed van elk(e) metaal(combinatie) te
onderzoeken, worden de activiteit voor CO2-reductie van drie katalysatoren (goud, palla-
dium, goud-palladium) in twee buffers (0,1 molair KHCO3 en 0,1 M KH2PO4 + 0,1 M
K2HPO4) getest. De resultaten laten zien dat alhoewel alle katalysatoren koolwaterstoffen
produceren in de fosfaatbuffer, de katalysatoren deze koolwaterstoffen veel minder of zelfs
helemaal niet in de bicarbonaatbuffer produceren. Uit verder onderzoek blijkt dat de koolwa-
terstofactiviteit toeneemt met de concentratie bicarbonaat. Deze observaties laten zien dat
de keuze van de buffer indirect de katalysatoractiviteit via de lokale oppervlakte-pH aan het
elektrode oppervlak beïnvloedt. Hieruit wordt de conclusie getrokken dat op (bimetaal) kata-
lysatoren zonder koper de productie van C2+ voornamelijk een Fisher-Tropsch-mechanisme
volgt in plaats van via de pH-onafhankelijke CO-dimerisatie route, wat de belangrijkste re-
actieroute naar C2+ producten op koper is.

Hoofdstuk 4 ontwikkelt een verbeterd ontwerp van een differentiële elektrochemische
massaspectrometrie (DEMS) opstelling om de belangrijkste CO2RR-producten sneller te
kunnen kwantificeren. In dit hoofdstuk worden verschillende aspecten van het verbeterde
ontwerp besproken. Eerst wordt het nieuwe ontwerp gepresenteerd waarin bellen makkelij-
ker kunnen worden verwijderd van de elektrode, wat leidt tot een stabiliere stroom. Daarna
wordt de hydrodynamica van deze cel onderzocht en wordt aangetoond dat deze cell een ver-
beterde massaoverdracht van CO2 heeft vergeleken met standaard celontwerpen. Bovendien
is de hydrodynamica goed gedefiniëerd en kan deze worden uitgedrukt door een Koutecky
Levich-uitdrukking. Vervolgens worden verschillende toevoegingen tussen de cel en de in-
gang naar de DEMS besproken voor het verbeteren van de stabiliteit van het massasignaal.
Om de productactiviteit van een katalysator correct te berekenen met behulp van de gemeten
massasignalen, wordt een methode afgeleid om de verschillende signalen uit elkaar te halen
en deze correct te kalibreren voor de belangrijkste CO2RR-producten. Ten slotte worden,
als proof-of-concept, de katalytische activiteit van koper en zilver bepaald met de verbeterde
opstelling. Deze resultaten komen goed overeen met de literatuur en laten zien dat de nieuwe
DEMS-opstelling de katalysatorselectiviteit van een katalysator vier keer zo snel over een
reeks potentialen kan bepalen dan met behulp van conventionele kwantificeringstechnieken.

Hoofdstuk 5 test een aantal veelbelovende intermetallische legeringen voor de elek-
trochemische reductie van CO2 naar koolwaterstofproducten. In de literatuur wordt voor-
speld dat combinaties van sterk-CO-bindende overgangsmetalen en zwak-CO-bindende p-
blokmetalen selectief zijn voor verder gereduceerde producten. Zes van deze intermetal-
lische legeringen (AlFe, AlNi, CoSn, FeGa3, FeZn4 en NiGa) worden gesynthetiseerd via
een tweestapsproces: eerst wordt het gewenste katalysatormateriaal gemaakt met behulp van
thermal diffusion en vervolgens met behulp van Spark Plasma Sintering in een vaste vorm
geperst, zodat het in de nieuw ontwikkelde DEMS-opstelling kan worden getest. De meeste
van de geteste katalysatoren produceren inderdaad (hogere) koolwaterstoffen, maar zijn
voornamelijk selectief voor waterstof. Om dit veschil tussen de voorspelde selectiviteit uit
de computationele studies en experimentele resultaten te verklaren, worden er verschillende
redenen besproken. Tot slot wordt een meer holistische aanpak van DFT-screeningstudies
voorgelegd zodat in de toekomst deexperimentele selectiviteiten van bimetaalkatalysatoren
beter te voorspellen zijn.

Hoofdstuk 6 vat de algemene conclusies van dit proefschrift samen en bespreekt ver-
schillende aanbevelingen voor toekomstig onderzoek.



1
INTRODUCTION

1



1

2 1. INTRODUCTION

1.1. THREADING THE NEEDLE
Without the atmosphere to absorb and retain the energy from the sun, the Earth would be
much cooler (by about 33 degrees celcius) and life would not be able to exist. Carbon dioxide
plays a decisive role in this greenhouse effect by trapping a large part of the emitted radiation
[1]. For thousands of years, the Earth’s CO2 level has stayed relatively stable as can be seen
in Figure 1.1. However, since the start of the industrial revolution, the amount of CO2in the atmosphere has increased exponentially in a short period due to the combustion of
fossil fuels. Since CO2 is such an excellent heat retainer, the global temperature has rapidly
risen. This increase in temperature and CO2 concentration have irreversibly affected life on
Earth as higher temperatures cause storms, forest fires, droughts, flooding, and declining
biodiversity [2]. Clearly, even though the concentration of CO2 is relatively low (currently
about 400 parts per million), small perturbations from this concentration can dramatically
alter the conditions on Earth. Therefore, it is essential to restore the balance to pre-industrial
levels. For this to happen, the atmospheric CO2 concentration needs to be reduced and the
consumption of fossil fuels needs to be halted.

1.2. CHALLENGES AHEAD
To reduce the atmospheric CO2 concentration and stop fossil fuel usage, several challenges
need to be solved. Firstly, without the use of fossil fuels, there will be a massive gap in our
energy supply. To fill this gap, alternative sources of energy need to be found to keep up with
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Figure 1.1: Atmospheric CO2 concentration over the last eight hundred thousand years. Data was taken from
Lüthi, et al. [3].



1.3. FINDING THE RIGHT CATALYST

1

3

the Earth’s increasing population and standard of living. The most promising alternative
sources are solar and wind power. Over the coming years, these renewable sources of energy
are expected to expand quickly and supply the majority of the global electricity demand
[4]. However, harnessing solar and wind power on a large scale raises other challenges.
The supply of these renewable resources is intermittent and therefore not always available
everywhere when needed. These periods of shortage can currently be filled by fossil fuels
or nuclear energy but this cannot be a long-term solution. In the future, excess generated
energy needs to be stored and used later in times of shortage.

Secondly, the chemical industry currently heavily depends upon the use of fossil fuels
and feedstocks for the production of many bulk chemicals, such as ammonia and methanol
[5]. However, most renewable energy sources only provide electrical power, while the chem-
ical industry needs a tangible, renewable chemical feedstock. Therefore, alternative, renew-
able routes to produce bulk chemicals need to be developed.

Finally, atmospheric excess CO2 needs to be captured and subsequently stored or utilised.
This process is commonly referred to as carbon capture, utilisation, and sequestration (CCUS).
Examples of carbon sequestration include (re-)forestation, geological storage e.g. in de-
pleted oil and gas fields, and mineral storage where CO2 is stored as metal carbonates by
reacting exothermically with metal oxides [6]. Carbon sequestration does not, however, of-
fer a long-term sustainable solution to reduce CO2 emissions and does not make use of the
inherent value of carbon dioxide as a chemical reactant.

Instead, if CO2 is utilised to produce fuels using a renewable source of energy, all chal-
lenges above are solved at once: these synthetically produced fuels and chemicals can act
as an energy buffer when the intermittent supply of renewable energy sources is low and
they can be used to substitute fossil fuels in the chemical industry. To convert CO2 into
these synthetic fuels and chemicals, it needs to selectively undergo a chemical reaction for
which a selective and stable catalyst is required. Such catalysts already exist for the indirect
catalytic conversion of CO2 and hydrogen to synthetic fuels and chemicals such as methanol
or methane. Here, the hydrogen can be electrochemically produced using renewable energy.
However, such a catalyst has yet to be found for the direct electrochemical conversion of
CO2, where these synthetic fuels and chemicals are produced from water and CO2. Di-
rect electrochemical reduction of CO2 would be more advantageous as it can be operated at
mild conditions rather than the elevated temperatures and pressures that are needed for the
indirect route. Also, the direct route could provide a more efficient, one-step alternative pro-
cess. Therefore, this thesis will focus on the direct electrochemical CO2 reduction reaction
(CO2RR) and its goal is to find the right electrocatalyst for this process.

1.3. FINDING THE RIGHT CATALYST
During a chemical reaction, a compound (reactant) reacts to form a new compound (prod-
uct). Most chemical reactions, however, consist of multiple reaction steps that need to occur
in succession to complete the reaction. These reaction steps are referred to as elementary
reactions, while the intermediate forms of each reaction step are called reaction intermedi-
ates. All the steps together make up the reaction mechanism. To successfully undergo an
elementary reaction, the molecules involved must first have enough energy to overcome a
certain amount of energy, called the activation energy (𝐸𝑎). If the intermediates involved do
not have enough energy, the reaction will not occur. Catalysts are materials that partake in a
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Figure 1.2: The energy profile as a function of the reaction coordinate for a reaction both catalysed and uncatalysed.
Note that the activation energy of a catalysed reaction is lower.

chemical reaction but do not get consumed themselves. By participating in the reaction, cat-
alysts can provide an alternative reaction mechanism that has a lower activation energy than
the original uncatalysed reaction, see figure 1.2. As a result, more molecules have enough
energy to successfully react and as a result, the reaction speeds up as a whole.

A successful catalyst binds the reaction intermediate(s) in such a way that they are not
bound too strongly or too weakly. If the bond between the catalyst and intermediate is too
strong, it would not be energetically favourable to react to the next reaction intermediate. On
the other hand, if the bond is too weak, the intermediate will not stay bound to the catalyst
or fail to react. This concept is known as the Sabatier principle and can be made visual
by plotting the activity of different catalysts towards the reaction of interest against their
computed binding energy based on DFT calculations. This plot is known as a volcano plot.
In figure 1.3, two examples from the field of electrochemical CO2 reduction are shown.
However, if a reaction mechanism consists of multiple reaction intermediates, a catalyst
needs to optimally bind each of them. This makes the catalyst design more complex because
when a catalyst binds optimally with one intermediate, it does not necessarily bind optimally
with the other one(s). Therefore, a catalyst often needs to fulfil multiple roles at once. This
multifunctionality can be achieved in different ways.

This thesis will focus on the mixing of metals (alloying) to achieve synergy between
the two metals in a catalyst. By mixing two metals, several different active sites can be
placed close to one another. Each of these active sites could be tailored to optimally bind
the reaction intermediates involved. Successful examples of this concept have been shown
in literature e.g. for ammonia production [7] and oxygen reduction [8].
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Figure 1.3: By plotting different descriptors versus the partial current densities of carbon monoxide and formate on
various monometallic compounds it suggests that the products have different key intermediates. The figures above
were taken with permission from Feaster et al. [9] and plot the binding energy of *COOH and *OCHO versus the
partial current density towards carbon monoxide and formic acid at -0.9 V vs. RHE. respectively.

1.4. ELECTROCHEMICAL CO2 REDUCTION
To find the right catalyst, one should first analyse the reaction mechanism of the electro-
chemical reduction of CO2 to the formed products. This reaction mechanism is a good
example of a reaction mechanism with multiple reaction intermediates that each must be
optimally bound to the catalyst surface. In figure 1.4 a general simplified overview of differ-
ent CO2 reduction pathways on a metal surface is given. To reduce CO2, the CO2 molecule
has to first adsorb onto the metal electrode surface. There, the adsorbed CO2 has to be
protonated or undergo an electrophilic attack.

If this does not happen or is not favoured on the metal surface, CO2 will not be reduced,
and the main product is hydrogen that is produced from water splitting when the reaction oc-
curs in an aqueous electrolyte. Metals from groups 4-7 of the periodic system are an example
of this. They reduce little CO2 and mainly produce hydrogen when an aqueous electrolyte
is used. Even under higher pressures, when more CO2 is available at the electrode surface
compared to ambient systems, mostly hydrogen is produced together with low amounts of
formate and CO [10]. However, molybdenum has been shown to produce methanol, be it in
small quantities [11].

If CO2 is bound strongly enough to be reduced, the orientation and structure of the inter-
mediate determine whether CO or formate production is favoured [12]. Hori and coworkers
state that CO is formed from a strongly bound CO2 radical, while formate is formed when
this radical is weakly bounded [13]. However, DFT-based models suggest that formate and
CO have a different intermediate. This was illustrated by an article by Feaster et al., which
plotted the DFT binding energies for both intermediates, *COOH and *OCHO, against the
partial current density for both CO and formate. Here, the *OCHO binding energy showed a
volcano-like trend for the formate production while the *COOH did not [9]. Tin was located
at the top of this volcano plot. Other publications also show a high selectivity of tin(oxide)
towards the production of HCOOH [14], [15]. Other p-block metals, such as lead, mercury,
and indium, also favour the production of formate over other CO2 reduction products under
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Figure 1.4: Generalisation of the CO2 reduction mechanism on a metal surface.

both laboratory [16] and industrial conditions [17]. However, high overpotentials (-1.75 V
vs. NHE [17]) are needed to be able to form HCOOH on these metals. Once the CO2 has
been reduced to CO*, the binding strength of this key intermediate determines the main
reduction product. If it is not adsorbed strongly enough, it readily desorbs and CO gas is
observed as the main product [18]. This is the case for silver [16], [19], gold [13], [20],
and zinc [21]. There is some disagreement within research groups on whether or not zinc
mainly produces CO or formate [10]. This could be explained by contamination of p-block
metals in the zinc which have a detrimental effect on the CO selectivity of the zinc sur-
face [13]. With an increased binding strength, desorption from the surface becomes less
favourable which gives a chance for the CO to reduce further. However, when CO binding
to the surface becomes too strong, the CO becomes inaccessible for further reduction. On
these metal surfaces, CO2 reduction becomes limited and the main product selectivity shifts
to hydrogen. Examples of this are iron, nickel, and cobalt [10], [16].

Among the monometallic transition metals, only copper stands out. Copper has an opti-
mal binding strength of key intermediates such as H* and CO* and is therefore able to pro-
duce hydrocarbons, alcohols and aldehydes [22]. Moreover, its favourable binding strength
of C* [23] and ideal atomic spacing [24] enable it to form C-C bonds and produce C2+products making the metal an interesting catalyst towards valuable products such as ethy-
lene. Unfortunately, copper is not selective in its reduction products. A wide range of 16
different products are produced over a range of potentials [25]. This is undesirable as it
necessitates the introduction of many expensive and energy-costly separation steps.
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1.5. THESIS OUTLINE
The research goal of this thesis is to identify bimetallic catalysts that selectively reduce CO2towards further reduced products involving more than two electrons. After the discovery
of Hori and co-workers that among the monometallic transition metals only copper is able
to reduce CO2 into hydrocarbons such as methane and ethylene, research into CO2RR cat-
alyst materials has heavily focused on this metal [21]. Many multimetallic electrocatalysts
tested so far are combinations of copper with other metals [26], [27]. However, these mate-
rials have shown to be not significantly more selective or active than monometallic copper,
according to Nitopi and coworkers [12]. In Chapter 2, we attempt to find an explanation
for this absence. We will discuss several shortcomings that are prevalent in the available
literature on bimetallic CO2 reduction electrocatalysts. The lessons learned can be used to
prevent several pitfalls while selecting new bimetallic catalysts. In the chapters following,
we address several of these lessons learned.

First, we take a look at the other side of the reaction interface: while most research into
electrochemical CO2 conversion focuses on improving electrode materials, the role of the
electrolyte (buffer) is often not taken into account, thereby creating a one-sided view of the
process. In Chapter 3, we show the influence of two buffers, KHCO3 and KH2PO4/K2HPO4,
on the selectivity of a bimetallic gold-palladium electrode in an effort to elucidate observed
inconsistencies between different studies into this metal combination. The results show that
the electrolyte choice plays a crucial role in determining the reaction conditions at the elec-
trode surface and hereby the selectivity of the electrode.

Next, we observed that current quantification techniques that are commonly used in the
field of electrochemical CO2 reduction are slow and have high limits of detection. Be-
cause of this, the researcher is forced to extend the duration of experiments and accumulate
sufficient concentrations of products to surpass the detection limit slowing down research
considerably. Therefore, considerable research has been done to develop a technique that
is able to quantify the production rates of major CO2RR products directly and in real-time.
Differential electrochemical mass spectrometry (DEMS) is a membrane inlet mass spec-
troscopy (MIMS) based analytical technique that uses a pervaporation membrane to separate
(dissolved) gasses and volatile organic compounds from the electrolyte. However, despite
considerable efforts made, none of the currently available setups is able to quantify all ma-
jor gaseous and liquid-phase products. In Chapter 4, we develop a setup capable of direct
quantification of major CO2RR products from both phases. In the new cell design, special
attention is also given to the hydrodynamics of the cell to avoid mass transfer limitations
and bubble buildup in the cell. Furthermore, by applying soft ionisation mass spectrometry
and multivariate calibration, product fragment overlap is limited allowing for quantification
of all major CO2RR products without pre-existing knowledge about the catalyst selectivity.

Finally, in Chapter 5, we manufacture and test a selection of copper-free intermetallic
electrocatalysts, made by combining different p-block metals (Sn, Al, Ga, Zn) and transition
metals (Fe, Co, Ni) to optimise the binding strength of key intermediates in the CO2 reduc-
tion mechanism. Several DFT-based catalyst screenings found that combinations of these
metals could provide selective CO2RR catalysts [28], [29]. Even though these materials
are difficult to manufacture, several catalyst materials were successfully synthesised, using
a two-step process of thermal diffusion and subsequent spark plasma sintering.
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Despite the hundreds of articles that are published every year on CO2 electrolysis,
monometallic copper is still the all-round best catalyst to reduce CO2 to hydrocarbons,
even though it suffers from several drawbacks like high overpotential, low selectivity, and
instability. To help speed up the process and make improvements on the monometallic cop-
per catalyst, coordination between research groups should be promoted and their approach
to research should be more structured. Most research papers into CO2RR catalyst develop-
ment look into one or just a handful of catalysts, do their catalytic testing in custom-built
electrochemical cells under one reaction condition, and often analyse only the pristine cat-
alyst materials. These practices make it hard to compare results between research groups
and identify interesting materials or discard unselective ones. In this perspective, we will
identify several underlying problems that hinder researchers and suggest several solutions
to them.
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2.1. INTRODUCTION
In 1985, Hori and co-workers discovered that among the monometallic transition metals,
only copper is able to reduce CO2 into hydrocarbons such as methane and ethylene with
high faradaic efficiencies [1]. This property of copper makes it unique among the transition
metals and therefore research into CO2RR has heavily focused on this metal. Copper is able
to produce these hydrocarbons due to its optimal binding strength of key intermediates such
as H* and CO* [2]. By binding CO* not too strong nor too weak and not having underpo-
tential deposited hydrogen (Hupd), copper is able to reduce CO2 beyond CO. Moreover, by
having a favourable binding strength of C* [3] and ideal atomic spacing for CO dimerisation
[4], copper is also able to produce C2+ products making the metal an interesting catalyst to-
wards valuable products such as ethylene. However, copper has several downsides: copper
is in general not very selective towards a single product. The methane/ethylene production
ratio varies strongly depending on crystallographic structure [5] and applied process condi-
tions such as surface pH [6] and choice of cation [7]. Additionally, copper suffers from high
overpotential and material stability issues [8], [9].

Therefore, multiple studies have set out to make copper more selective towards a single
CO2RR product and to suppress the hydrogen evolution reaction (HER) using different ap-
proaches. One of these approaches is to combine copper with other metals or by combining
two different metals. This process is referred to as alloying. Through alloying, the binding
strength of surfaces to the key intermediates can be fine-tuned. Moreover, several distinct
active sites for multiple key intermediates can be created near one another by varying the
composition or orientation. Furthermore, alloying of different metals has been proven suc-
cessful for several other electrocatalytic reactions such as the HER [10], the ORR [11], and
in heterogeneous catalysis for ammonia production [12]. The number of metals in theory is
not limited, but in this chapter, we will mostly limit ourselves to bimetallic systems. When
a multimetallic catalyst contains five or more metals, they are referred to as high entropy
alloys (HEAs) [13]. Recently, Biswas and coworkers have developed and experimentally
tested HEAs for the reduction of CO2 to hydrocarbons. However, since these alloys are
relatively new and their performances complex, we will not refer to them further in detail
[14].

Not surprisingly, most research into multimetallic electrocatalysts so far involved copper
[15], [16]. However, Nitopi et al. showed that these multimetallic materials are not signifi-
cantly more selective or active than monometallic copper [17]. This observation leads to the
question: After almost four decades of research into multimetallic CO2RR catalysts, why
is there still no improvement in selective activity towards > 2 e− products for any of the
studied catalysts compared to monometallic copper? Surely, after this much time and CO2reduction being such a hot research topic nowadays, some improvement on copper should
have been made. In this chapter, we highlight the main shortcomings in the literature that are
hindering the progress in the field of multimetallic CO2RR catalyst and recommend several
strategies to guide this and future work.

2.2. PRODUCT QUANTIFICATION IS GENERALLY SLOW
While high throughput catalyst screenings for the hydrogen evolution reaction (HER), oxy-
gen evolution reaction (OER), and methanol oxidation reaction (MOR) are already common
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in literature [18]–[20], CO2RR screenings are not. Other than is the case for HER or OER,
multiple reactions can take place during CO2RR producing a variety of different products,
which complicates high throughput screening. Also, because CO2RR competes with the
hydrogen evolution reaction, solely determining the catalyst activity by mapping the cur-
rent density responses at different potentials is not sufficient. Thus, unlike high throughput
catalyst screenings for HER, OER, and MOR, the CO2RR selectivity must be measured.

To assess whether a catalyst is selectively active for the CO2RR, quantification of all pro-
duced products is necessary. Typically for CO2RR catalysts, gaseous products are quantified
using (inline) gas chromatography (GC), while liquid products are quantified using high-
performance liquid chromatography (HPLC) or nuclear magnetic resonance spectroscopy
(1H NMR). However, these techniques are generally slow and have relatively high limits of
detection. To surpass the detection limits, experiments need to be prolonged to accumulate
sufficient concentrations of products. As a result, research is delayed, and per study often
only one or a couple of catalysts are tested in a single electrolyte. This limited scope makes
comparison between different materials more difficult.

Also, since the catalyst is often only studied in one electrolyte (mostly aqueous bicar-
bonate solutions), the electrolyte influence remains unknown despite the major influence
that the electrode-electrolyte interactions have on the product selectivity for CO2RR: both
the choice of buffer and its concentration influence the local pH thereby influencing the lo-
cal reaction conditions and selectivity of CO2RR and HER [6]. Moreover, the choice for a
specific cation can also significantly shift the selectivity [7]. Furthermore, the lack of com-
parison between different electrolytes can lead to discrepancies between results on similar
materials from different authors. For example, different studies either observed or did not
observe hydrocarbon production on Au-Pd electrodes [21]–[24]. By studying this material
in both 0.1 M KHCO3 and 0.1 M KH2PO4 + 0.1 M K2HPO4 buffer, the electrolyte was
shown to have a significant impact upon the product selectivity of Au-Pd, see chapter 3.

More research should therefore be focused on developing setups and quantification tech-
niques to rapidly screen different catalytic materials. Several high-throughput systems have
been developed, but so far, they are limited to qualitative detection of the main reduction
products [25], [26]. So, rapid quantification setups need to be further developed. For exam-
ple, Differential Electrochemical Mass Spectrometry (DEMS) uses a pervaporation mem-
brane to separate (dissolved) gases and volatile organic compounds from the electrolyte [27],
[28]. Mass spectrometry has a low limit of detection, is fast and enables direct measurement
of both liquid and gaseous products within the same experimental setup. Thereby, research
into new CO2 reduction catalysts can be accelerated significantly. So far, several successful
setups have already been published that employ DEMS [29], [30]. In chapter 4, a setup is
developed that can quantify all major CO2RR products using a modified DEMS setup.

2.3. CELL GEOMETRIES AND HYDRODYNAMICS ARE NOT
STANDARDISED AND POORLY DEFINED

With the sheer size of possible catalysts to be tested, not only high throughput screening is
important but also that the results from these screenings show the intrinsic performance of
the catalyst unaffected by transport phenomena or reactor design. To achieve this goal, the
surface conditions need to be similar under all experimental conditions and as close to the
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Figure 2.1: Graph showing the difference between the intrinsic rate of a catalyst (in black) and the measured rate
with enhanced and without enhanced mass transfer to the catalyst surface in red and blue respectively. Without
enhanced mass transfer the measured CO2RR rate will quickly deviate from the real catalytic rate of the catalyst.

bulk concentrations as possible. Two transport rates need to be considered: the transport
of reactants from the bulk to the edge of the diffusion layer (external mass transport) and
the transport from the diffusion layer to the catalyst surface (internal mass transport). In
the case of planar electrodes, both rates are determined by the hydrodynamics of the cell.
However, many research groups use their own custom-built cell designs that have different
governing hydrodynamics. Often the governing hydrodynamics are not analysed prior to
the experiments. Unfortunately, hydrodynamics could have a great influence on the CO2RR
behaviour. For example, Watkins and co-workers showed that the hydrodynamics of the
electrochemical cell directly affect the ethylene and methane Tafel slopes [31]. So, com-
paring the published results of different research groups quantitatively in this respect is dif-
ficult. Also, if the hydrodynamics of the cell are not a-priori analysed, researchers do not
know when the results are affected by mass transfer limitations. As a result, many published
results might be influenced by mass transfer limitations of CO2 to the surface [32]–[35].
Mass transfer limited results give a skewered representation of reality. However, since the
cell designs are often not published or the hydrodynamics of the cell are not defined, it is
hard to see what data points are affected

An ideal solution to this problem is to design and employ one standard cell design for
all research groups with an enhanced rate of CO2 mass transfer to the surface. An enhanced
mass transfer rate to the surface will allow the researcher to measure the intrinsic rate of
conversion over a broader range than without any enhanced mass transfer, as can be seen in
Figure 2.1. To this end, Lobacarro and co-workers bubble CO2 through a PEEK frit into
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the cell. Thereby, they enhanced the mass transfer rate of CO2 through a larger bubble-
electrolyte interface, maintained the electrolyte CO2 concentration during higher current
densities, and doubled the methane/hydrogen ratio [36]. Another example of an electro-
chemical cell with well-defined hydrodynamics is the inverted RDE setup coupled with an
online GC setup designed by Garcia et al. [37]. Other examples of RDE setups with on-
line product quantification can be found in literature [38], [39]. An RDE has well-defined
hydrodynamics which can be adjusted based on the spin rate. However, it could be dif-
ficult to implement a single design for all measurements, as different experiments require
different cell configurations or measurements that have specific requirements such as in-situ
spectroscopy or high-density measurements. Alternatively, the hydrodynamics of each cell
design should be quantified before using it for studies towards catalytic research. Publishing
these results will help keep surface conditions consistent between different cell designs and
indicate when results may suffer from mass transfer limitations. To determine the hydrody-
namics of a cell, one could use the limiting current of ferri-/ferrocyanide redox system on
a glassy carbon electrocatalyst or using hexachloroiridate(IV)/hexachloroiridate(III) redox
system [40]. From the limiting current, one can derive the mass transfer rate of reactants
to the surface and get a corresponding Sherwood number. Using this number, one can esti-
mate the limiting mass transfer rate of CO2 to the surface during CO2RR with other catalysts.
This technique was applied in chapters 3 and 4 of this thesis. Alternatively, one could use
numerical models to estimate the rate of CO2 transfer [31], [41], [42].

2.4. THE REPORTED STRUCTURE MAY NOT BE THE IN-SITU
CATALYST STRUCTURE

Over the last decades, a lot of work has been done to test many different catalyst composi-
tions and structures through a wide variety of production methods. Crucially, CO2 reduction
takes place at the surface of these catalysts. Therefore, it is essential that the local surface
composition of the material is accurately described. Unfortunately, this is not always the
case. For example, the reported catalyst name is often based on the overall composition of
the catalyst, such as the stoichiometric atomic ratio between the two metals that was used
during their production [43] or measured using bulk material characterization e.g. induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES) [44]. However, the overall
composition is rarely the same as the surface composition. Moreover, even using the sur-
face ratio obtained from XPS [45], [46] or STEM-EDS [35], [47] to name the catalyst, could
lead to confusion since the local structure of the catalyst also strongly influences the selec-
tivity of the catalyst [48]. These quantitative overall compositions are irrelevant to catalyst
performance and could give a distorted view when comparing the different catalysts.

Moreover, catalyst materials are often only analysed in pristine, ex-situ conditions that
often are not maintained under reaction conditions. Firstly, two metals could be fully mixed
after the material has been freshly prepared but separated into two distinct phases during the
experiment [33], [34], [49], [50]. Phase segregation often happens quickly at the beginning
of the experiment and severely alters the performance of the catalyst [34]. A reorganisation
of the catalyst structure can also occur depending on the applied potential thereby causing a
shift in selectivity [51]. Also, other (Faradaic) processes can influence the surface composi-
tion such as surface oxide reduction [33], [34], [52], hydride formation [53], [54], or metal
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Figure 2.2: Different processes that can occur in-situ during CO2RR when a potential is applied or when a catalyst
comes into contact with an electrolyte.

leaching [55], see figure 2.2.
To prevent these inconsistencies, researchers should not only analyse the catalyst mate-

rial in pristine, ex-situ conditions but instead probe the surface before, during, and after CO2reduction. Ideally, the material should be analysed using in situ material analysis techniques,
such as XAFS, ATR-SEIRAS, or Raman spectroscopy [56]. Preferably, multiple techniques
should be measured together to get a better picture of the catalyst and what happens dur-
ing the reaction[57]. However, it is not always possible to know how a material behaves in
operando: not all spectroscopy techniques can be used in-situ due to the need for an ultra-
high vacuum and in-situ setups are not available everywhere. In that case, it is important that
the researcher refrains from drawing definite conclusions regarding the in-operando struc-
ture of the catalyst. Additionally, some simple experiments can instead be performed to get
some idea of how the catalyst might behave in operando: by performing a postmortem ma-
terial analysis of the catalyst, one can determine whether phase segregation or leaching has
occurred during CO2 reduction. Furthermore, by performing simple electrochemical tech-
niques such as cyclic voltammetry under both CO2R and inert conditions, other faradaic
processes such as surface reduction or hydride formation can be analysed. Also, researchers
can already have an a priori indication of whether a bimetallic catalyst may phase separate
using phase diagrams [58] or be reduced in situ using Pourbaix diagrams [59]. Be aware
that these diagrams only give the thermodynamically stable phase given certain conditions
and provide indication of the rate of phase separation or surface reduction. Also, since the
surface pH during CO2RR varies from the bulk concentration, the catalyst structure could
be different than what is obtained from the Pourbaix diagram alone [60].
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Given the difficulty in determining the in-situ catalyst structure, it is important that re-
searchers refrain from giving the catalysts in question quantitative names and drawing mis-
leading inferences between the composition and catalytic performance. Rather the catalysts
in question should be given arbitrary names or clearly state the bulk composition explicitly
to avoid confusion [61]. Also, dynamic in-situ catalyst conditions are not ideal for investi-
gating catalytic processes such as spillover. Instead, only well-defined surfaces should be
used to properly investigate these processes [62], [63].

2.5. FUTURE OUTLOOK
Finally, we have several general suggestions that could greatly benefit the field of catalytic
CO2RR. Firstly, further development of high-pressure CO2 laboratory setups will have sev-
eral benefits over standard atmospheric CO2 reduction cells; they have higher mass transport
rates to the surface, due to the higher concentration of CO2 in the bulk. Also, these setups
suffer less from bubble formation at the surface due to the enhanced solubility of gaseous
products at higher pressures creating a more stable system and finally, the process conditions
are much closer to industrial levels, making eventual scale-up much easier.

Furthermore, with the help of a high-pressure setup with controlled hydrodynamics, ki-
netic testing of catalysts becomes possible. Deriving kinetic rate equations for CO2RR cata-
lysts under well-defined hydrodynamics is still not widespread in current literature, while it
is a great tool to identify rate-determining steps in the complex CO2 reduction mechanism.
Identifying these rate-determining steps can greatly help further catalytic development.

Finally, given the slow rate of catalytic testing and the large number of possible catalysts
that are still to be tested, a centralised overview of all tested catalysts should be created be-
tween researchers, including the unsuccessful ones. By combining efforts and cooperating,
interesting new catalysts can be found faster and more efficiently.

In conclusion, with global attention on sustainable energy solutions, many resources
are being directed towards electrochemical CO2 reduction. However, there is much room
for advancement to make better use of the opportunities that are presented. By adopting
a more structured approach and standardising certain methods, the discovery of promising
new bimetallic catalysts can be further accelerated.
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Renewable energy-based production of chemicals through electrochemical CO2 con-
version has gained a lot of interest and has a vital role in the energy transition. Most
research into electrochemical CO2 conversion focuses on improving electrode materials.
However, the role of the electrolyte (buffer) is often not taken into account, thereby creating
a one-sided view of the process. Here we show the influence of two buffers, KHCO3 and
KH2PO4/K2HPO4, on the selectivity of a bimetallic gold-palladium electrode in an effort
to elucidate observed inconsistencies between different studies into this metal combination.
The results show that while hydrocarbons are produced in the phosphate buffer, they remain
absent in the bicarbonate buffer. Further investigation reveals that the difference in buffer
strength between both electrolytes causes the difference in activity. These results show that
the electrolyte choice plays a crucial role in determining the selectivity of the electrode and
therefore must be considered during catalyst development for CO2 electrochemical reduc-
tion.

This chapter has been published in https://doi.org/10.1039/D3CY01411H

https://doi.org/10.1039/D3CY01411H
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3.1. INTRODUCTION
In order to shift away from fossil resources as main source for fuels and bulk chemicals,
new and sustainable production processes based on renewable energy inputs need to be
developed. Interest in the electrochemical reduction of CO2 to base chemicals such as CO,
methane and ethylene has therefore significantly increased in the last decades. Copper-based
electrode materials have been the main focus of research, ever since the discovery by Hori
and co-workers that copper is able to reduce CO2 to hydrocarbons and alcohols [1]. How-
ever, copper produces a wide range of C1 – C3 products, with limited selectivity towards one
product [2], [3]. The selectivity of a monometallic copper electrode can be tuned by con-
trolling the local conditions at the surface and by coating the electrode with organic layers
[4]–[6]. Alternatively, the design of multimetallic catalysts provides a means to tailor the
electronic and structural properties, thereby modifying its catalytic properties. Many recent
studies have been devoted to investigating the electrocatalytic properties of copper-based
alloys [4], [7]–[10]. In most cases, these copper-based alloys were not able to outperform
the intrinsic activity of copper towards the production of multi-carbon hydrocarbons. How-
ever, some alloys display higher selectivities towards CO or suppress the hydrogen evolution
reaction (HER), such as CuAg or CuIn alloys [4], [7], [11].

So far, only two classes of copper-free alloys have been found that are able to produce
hydrocarbon products. The first are combinations of nickel and group 13 metals (aluminium,
gallium) that produce C1 – C3 products [12]–[14], and the second are gold palladium com-
binations that have yielded C1 – C5 products [15], [16]. The Ni-Ga combination was cho-
sen following DFT-calculations of oxygen-adsorption energies for several alloys. Here, the
oxygen-adsorption energy of a material was found to be determining for its catalytic activity
of the thermochemical CO2 reduction towards methanol [17]. For AuPd, the combination
of metals was chosen to optimally bind COads to the electrode surface. The COads interme-
diate is important for CO2 reduction towards further reduced products; if the intermediate is
bound too weakly, it will desorb before it can be reduced further, which is the case for a gold
electrode, while if COads is bound too strongly, which is the case for a palladium electrode,
it is not energetically favourable to reduce it further and little to no CO2 reduction products
will be observed [18]. By bringing both metals together on the same surface, the binding
energies of the metals to COads will be “averaged” leading to further reduction of COads to
hydrocarbons [19].

Interestingly, studies into electrochemical reduction of CO2 on AuPd obtained different
findings; Kortlever et al. studied palladium electrodeposited on a polycrystalline gold foil
in a 0.1 M KH2PO4 + 0.1 M K2HPO4 buffer (pH = 6.7) and observed a mixture of C1 – C5products from an onset potential of -0.8 V vs. RHE [15]. Humphrey et al. investigated the
same metal combination as core-shell nanoparticles in a 0.1 M Na2SO4 electrolyte at pH
4 with different shell thicknesses of palladium. In their study, hydrocarbons (C1 – C2) and
formate were observed with nanoparticles with a Pd shell thickness of 5 nm or higher, while
thinner Pd shells only produced CO and H2 [16]. Contrary to previous studies, Wang et al.
did not observe any hydrocarbon formation when studying AuPd nanoparticles with varying
Pd surface compositions in 0.1 M KHCO3 [20]. Neither did Hahn et al. when investigating
different compositions of thin film AuPd alloys in a 0.1 M KHCO3 buffer [21]. To elucidate
the origin of the differences in observed product selectivity between the aforementioned
studies, electrodeposited palladium on a gold surface was studied in aqueous 0.1 M KHCO3



3

32
3. THE EFFECT OF SURFACE CONDITIONS ON THE ELECTROCHEMICAL CO2REDUCTION PERFORMANCE OF BIMETALLIC AUPD ELECTROCATALYSTS

and 0.1 M KH2PO4 + 0.1 M K2HPO4 electrolytes. As a comparison, electrodeposited
palladium on a glassy carbon electrode and a polycrystalline gold electrode were studied in
both buffers to investigate the effect on the separate counterparts.

3.2. EXPERIMENTAL
3.2.1. MATERIALS
All solutions were prepared using ultrapure water (Millipore Milli-Q IQ 7000 system, 18
MΩcm) and reagents of trace metal purity. Electrolytes were prepared from KH2PO4 (99.995
%, Supelco), K2HPO4 (99.99%, Supelco) and KHCO3 (≥ 99.95%, Sigma-Aldrich). Poly-
crystalline gold foils (25x25x1 mm, 99.995%) were obtained from MaTecK GmbH, while
glassy carbon electrodes (25x25x1 mm) were purchased from HTW (Sigradur®, polished).
As counter electrode either a platinum foil (MaTeck Gmbh, 25x25x0.1 mm, 99.995%) or
glassy carbon electrode (HTW, Sigradur®, polished) was used.

3.2.2. ELECTROCHEMICAL MEASUREMENTS
Prior to all measurements, the resistance of the system was determined using potentiostatic
electrochemical impedance spectroscopy (PEIS) at open circuit potential on a Biologic 200
SP potentiostat. The potentiostat corrected for 85% of the ohmic drop during the measure-
ment, while the remaining 15% was manually compensated. All potentials were converted
to the RHE scale, unless mentioned otherwise, using 𝑉𝑅𝐻𝐸 = 𝑉(𝐴𝑔∕𝐴𝑔𝐶𝑙)+0.197+0.059 ⋅
𝑝𝐻𝑏𝑢𝑙𝑘.

Chronoamperometry measurements were performed for 1 hour to determine the elec-
trocatalytic performance. The measurements were carried out in a custom-made electro-
chemical cell made of PEEK consisting of a cathodic and anodic compartment separated
by a Selemion membrane (ForBlue Selemion AMVN, AGC Engineering, Japan), follow-
ing the design from Lobacarro et al. [22]. The cell compartments were stored in 20 vol.%
HNO3 (Sigma, ACS reagent, 70%) overnight and washed with ultrapure water prior to each
experiment. The electrode of interest was used as working electrode, while platinum foil
(25x25x0.1 mm, 99.995 %, MaTeck GmbH) was used as a counter electrode. The elec-
trodes were held in place by copper tape (AT528, Advance Tapes), which also provided
electrical connection to the potentiostat. A leak-free Ag/AgCl electrode (LF-1.6-48, Inno-
vative Instruments) was used as a reference electrode. The leak-free electrode was stored in
3.0 M KCl saturated with silver chloride (Supelco).

Prior to the experiment, each cell compartment was filled with 1.8 mL of the electrolyte.
Humidified CO2 gas (4.5 N, Linde Benelux B.V., The Netherlands) was flown through the
cathodic compartment with a flow rate of 8 mLn/min for at least 15 minutes to remove any
other (dissolved) gasses and to saturate the electrolyte. The CO2 gas flow was maintained
over the duration of the chronoamperometry measurement to supply fresh CO2 and remove
any formed gaseous products from the cathode compartment headspace. The outgoing gas
stream was sampled every 2 minutes by an inline gas chromatograph (Compact GC 4.0,
GAS). The GC was calibrated with a series of calibration gasses containing product gasses
with concentrations in the range of 50 ppm – 8000 ppm, balanced with CO2 (Linde Benelux
B.V., The Netherlands). The faradaic efficiencies and partial currents for gaseous prod-
ucts during chronoamperometry measurements were determined by averaging the measured
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values between 34 min and 55 min after the start of the chronoamperometry measurement.
After the experiment, the electrolyte in the cathodic chamber was collected and 100 µL was
injected into a high-performance liquid chromatograph (HPLC, Agilent Technologies 1260
Infinity, USA) to quantify the formed liquid products. The HPLC was calibrated with a di-
lution series in the range of 0.01 mM to 5 mM of formic acid (95%, Sigma–Aldrich). The
flowrate of the eluent (1 mM H2SO4 (aq)) was set to 0.6 mL min−1 and the measurement
ran for one hour. The HPLC used two Aminex HPX-87H columns (Biorad) in series heated
to 60 °C. A refractive index detector (RID) was used for the detection of products.

3.2.3. ELECTRODE PREPARATION

Three electrodes were examined as working electrode: polycrystalline gold (Au), palla-
dium electrodeposited on polycrystalline gold foil (AuPd) and palladium electrodeposited
on glassy carbon (Pd/C).

Prior to every measurement, the platinum counter electrode was washed with ultrapure
water and flame annealed until the surface glowed red-hot. Polycrystalline gold foil was
first wetted and manually sanded using ultrafine sandpaper (2000, Struers, USA) for one to
two minutes to make sure any contaminants were removed from the surface. After sanding,
the electrode was washed using ultrapure water, subsequently dried using compressed air,
and flame annealed to the point that the electrode glowed red hot to remove any organics
left on the surface. Glassy carbon electrodes were first cleaned using acetone to remove any
left-over glue on the surface from the copper tape used in the previous experiments. Next,
the electrode was ultrasonicated using ultrapure water for at least 15 minutes and manu-
ally polished for one to two minutes using undiluted alumina paste and a microfiber cloth
(DP-floc, Struers, USA). After another washing step with ultrapure water, the electrode was
ultrasonicated in water for 15 minutes to remove any residual alumina particles from the
surface. Subsequently, the electrodes were ultrasonicated for 15 min in 20 vol.% HNO3 (aq)
(Sigma-Aldrich, ACS reagent grade, 70%) solution to make sure all leftover alumina dis-
solved from the electrode surface. Then, the electrode was washed and ultrasonicated for at
least 15 minutes using ultrapure water to ensure all acid was removed from the electrode.
Finally, the electrodes were dried using compressed air.

The AuPd and Pd/C electrodes were prepared using the cleaned gold foil or glassy car-
bon electrode respectively, following the procedure of Kortlever et al. [15]. In short, the
freshly cleaned electrode was placed in a single compartment cell with one side of the elec-
trode exposed to electrolyte. A glassy carbon counter electrode was placed perpendicular
to the working electrode. A leakless Ag/AgCl electrode (LF-1.6-100, Innovative Instru-
ments) was used as reference electrode and the electrolyte chamber was filled with a 0.1 M
H2SO4 (Sigma-Aldrich, ACS reagent grade, 95.0-98.0%) + 1 mM PdCl2 (Alfa Aesar, Pre-
mion, 99.999%) solution. After performing potentiostatic electrochemical impedance spec-
troscopy (PEIS) at open circuit potential to determine the resistance of the setup, chronoam-
perometry was performed at 0.315 V vs. Ag/AgCl for 60 seconds. During the process,
palladium ions from the solution were reduced and deposited on the surface of the elec-
trode.
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3.2.4. MATERIAL ANALYSIS
X-ray photoemission spectroscopy (XPS) spectra were obtained using a Thermo Scientifc
K𝛼 spectrometer utilizing a monochromatic Al K𝛼 excitation source. The base pressure
inside the analysis chamber was about 2 ⋅ 10−9 mbar. High resolution XPS spectra were
recorded using 400 mm spot size, 0.1 eV step size and 50 eV pass energy (200 eV for the
survey). All spectra were charge-corrected to the C 1s adventitious carbon (284.8 eV). The
obtained XPS spectra were deconvoluted with CasaXPS v2.3 software. Scanning electron
microscopy (SEM) images were obtained using JEOL 6500F microscope at an accelera-
tion voltage of 15 kV, coupled with an energy dispersed X-ray analysis detector (Ultradry,
Thermo Scientific).

3.3. RESULTS & DISCUSSION
In Figure 3.1, SEM images of the gold-palladium electrode can be found. The images show
a fairly uniform surface except for some bright and dark spots, which is further supported
by the XPS data of the electrode (appendix A section A.2). In Figure 3.2A-C, the EDX
mapping image shows that these dark spots on the SEM image are not identified as either
gold, palladium, or any other element. Therefore, these dark spots are assumed to be small
cavities in the electrode. Lighter streaks on the SEM image can be excess islands of gold
as they are also observed on the pure gold electrode (see Figure 3.1C and 3.1D), taking
into account that no other element was detected by the EDX mapping (see Figure A.1). In
contrast, palladium forms small particles when electrodeposited on the glassy carbon rather
than forming a uniform monolayer. The difference is clearly visible from the SEM images
of the Pd/C (Figure 3.1E and 3.1F). The particles were confirmed as palladium using EDX
mapping of the surface ( Figure 3.2D-3.2F).

Figure 3.1: Scanning electron microscopy (SEM) images of electrodeposited palladium on a gold electrode (A &
B), pure gold electrode (C & D), and electrodeposited palladium on a glassy carbon electrode (E & F) at different
magnifications.
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Figure 3.2: Elemental mapping of the gold-palladium electrode surface (A-C) and electrodeposited palladium on
a glassy carbon electrode (D-F) using energy-dispersive X-ray spectroscopy (EDX)

Both palladium and gold are identified on the AuPd surface by XPS (see Figure A.2
in appendix A). The Pd 3d spectra have two predominant metallic Pd peaks at 335 eV and
341.3 eV, which matches the peaks of the palladium foil (Figure A.3 in Appendix A). On
the gold-palladium and palladium foil, the inevitable formation of Pd-oxide species was
observed at 336.1 eV and 337.5 eV. The sharp peaks in the Au 4𝑓7∕2 spectra at 83.9 eV do
not show a negative shift of 0.6-0.8 eV with respect to the metallic Au state (Figure A.4 in
Appendix A). The absence of this shift suggests that a layer of metallic Pd covers the Au
foil rather than that the gold and palladium have formed an alloyed phase [23], [24].

The faradaic efficiencies toward the major products on all three electrodes in the phos-
phate buffer are shown in Figure 3.3A, 3.3C and 3.3E for gold-palladium, gold, and palla-
dium, respectively. The partial current densities towards the major products on the same
electrodes are shown in Figure 3.4A, 3.4C, and 3.4E. Using the phosphate buffer, small
amounts of hydrocarbons with partial current densities between a few and tens of microam-
peres are observed on all electrodes. These results agree fairly well with literature results,
as Kortlever et al. observed hydrocarbons within the C1 – C5 range with a higher selectiv-
ity in the same phosphate buffer [15]. The difference in selectivity can be explained by
a difference in cell hydrodynamics between both studies since both studies used different
cell setups. Also, while only hydrocarbons in the C1 – C2 range could be quantified in this
study, propane/propene was observed qualitatively. However, since the gas chromatograph
was not calibrated for propane or propene, these products are not included in the figures.
Higher hydrocarbons (C4 – C5) are not observed, meaning that if they were produced their
concentrations remained under the limit of detection. On gold small amounts of hydrocar-
bons were observed in the phosphate buffer with a faradaic efficiency of around 0.2 % at 0.8
V vs. RHE, which agrees with the findings of Noda and co-workers [25]. Using a phos-
phate electrolyte of pH 6.8, they observed small amounts of hydrocarbons with a selectivity
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Figure 3.3: Faradaic efficiencies for CO2 reduction for gold-palladium, gold, and palladium electrode in both
phosphate (0.1 M KH2PO4/ 0.1MK2HPO4) and bicarbonate (0.1 M KHCO3) electrolyte. The major products
observed on the electrodes are hydrogen (◼), carbon monoxide (●), formate (⬥), methane (◼), and ethene (◂).
The error bars show the standard deviation over the triplicate results.

of 0.6 % at -0.8 V vs. RHE on a polycrystalline gold electrode. The difference in selectivity
could again be attributed to differences in cell hydrodynamics.

The faradaic efficiencies toward the major products on all three electrodes in the bicar-
bonate buffer are shown in Figure 3.3B, 3.3D and 3.3F for gold-palladium, gold, and pal-
ladium respectively. The partial current densities towards the major products on the same
electrodes are shown in Figure 3.4B, 3.4D, and 3.4F. Interestingly, these results show that
while hydrocarbons are produced in the phosphate electrolyte, they remain mostly absent in
the bicarbonate electrolyte or are produced at much smaller rates. For AuPd, hydrocarbons
were observed at more negative potentials in the bicarbonate electrolyte in comparison to
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Figure 3.4: Partial current densities for CO2 reduction for gold-palladium, gold, and palladium electrode in both
phosphate (0.1 M KH2PO4/0.1 M K2HPO4) and bicarbonate (0.1 M KHCO3) electrolyte. The major products
observed on the electrodes are hydrogen (◼), carbon monoxide (●), formate (⬥), methane (◼), and ethene (◂).
The error bars show the standard deviation over the triplicate results.

the phosphate electrolyte, with methane and ethylene production at -1.1 V and -1.2 V vs.
RHE. In the literature, AuPd in a bicarbonate electrolyte was only tested up to a potential of
-1.0 V vs. RHE in the case of Hahn et al. [21], while Wang and co-workers only tested up
to a potential of -0.8 V. Hori et al. report that a small amount of methane (2.9 % selectivity)
is produced on palladium in 0.1 M KHCO3, with a total faradaic efficiency balance of 60%
[18]. This discrepancy in the total faradaic efficiency was explained by the absorption of
hydrogen into the electrode. Additionally, Azuma and co-workers observed small amounts
of hydrocarbons (C1 – C6) on a palladium electrode in a 0.05 M KHCO3 electrolyte at -2.16
V vs. RHE [26]. Their obtained selectivities of the hydrocarbons decrease with increasing
hydrocarbon size from 0.3 % for methane to about 0.001 % for the highest hydrocarbons.
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Figure 3.5: Partial current densities for CO2 reduction for gold-palladium, gold, and palladium electrode in increas-
ingly more concentrated bicarbonate (0.1 M KHCO3) electrolyte. The major products observed on the electrodes
are hydrogen (◼), carbon monoxide (●), formate (⬥), methane (◼), and ethene (◂). The error bars show the stan-
dard deviation over the triplicate results.

Other major reduction products also follow a similar trend in the two electrolytes for
all electrodes. The HER activity and formate production rate are higher in the phosphate
electrolyte compared to the bicarbonate electrolyte. On the other hand, the activity towards
CO production remains mostly unaffected by the electrolyte choice. However, we note that
on the gold electrode, CO production tapers off around 4.5 mA cm−2 in both buffers. A
stagnation in production rate could indicate either a kinetic limitation of the catalyst or a
limitation of CO2 transfer to the electrode. To assess this hypothesis, the hydrodynamics of
the cell setup were measured using the ferro-/ferricyanide redox couple. The experimental
approach and results can be found in the appendix (section A.3). From the calculations, it
is estimated that when the CO2 consumption rate exceeded 27 nmol s−1, the concentration
of CO2 at the surface reaches zero and its transport rate becomes mass transfer limited. The
consumption rate of CO2 on gold in both buffers approached 25 nmol s−1 (see Table A.2).
Hence, the CO2 reduction on the gold electrode was mass transfer limited for both buffers
over the whole potential range.

In summary, the dependency of the product selectivity upon the choice of electrolyte
shows that apart from the catalyst material, the local conditions at the electrode play a key
role. The cause of this dependency could be due to the different anions that enhance or
impede the formation of products on the electrode. Alternatively, since the buffer strength
of the phosphate buffer is higher than the bicarbonate buffer, the buffer strength of the elec-
trolyte could influence the formation of hydrocarbons by causing different surface conditions
(for instance, differences in local pH and CO2 availability). To determine the cause for the
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observed differences, the AuPd catalyst activity was measured in a series of electrolytes with
increasing bicarbonate concentration at a fixed potential. The purpose of these experiments
is two-fold: if the cause for the observed difference is due to buffer strength, increasing the
buffer strength will mimic the conditions of the phosphate buffer and an enhancement in
the formation of hydrocarbons is expected. However, if the observed differences are due
to the different anions, an increased presence of HCO3 – or CO32 – would not yield any
significant differences. The potential chosen for these experiments was -1.1 V vs. RHE,
since this is the lowest potential at which hydrocarbons were observed initially in the 0.1 M
bicarbonate electrolyte. In Figure 3.5, the partial current densities are shown for AuPd at
-1.1 V vs. RHE in bicarbonate buffers with increasing KHCO3 concentration. Hydrogen,
formate, and hydrocarbon production rates all increase linearly with KHCO3 concentration.
Meanwhile, the CO activity remains mostly unaffected by the changing buffer strength. If
the presence of HCO3 – or CO32 – would impede the reactions towards certain products, the
production rates towards hydrogen, formate, and hydrocarbons should not have increased
with increasing buffer concentration. Therefore, based on these results, we conclude that it
is the difference in buffer strength between the phosphate and bicarbonate electrolyte that
leads to the earlier observed differences in product activities.

Figure 3.6: Possible pathways towards multi-carbon hydrocarbons on Cu (100) and other (bimetallic) transition
metals based on literature and data in this article [4], [27]

Since stronger buffers will result in a lower surface pH during reaction, the rate-determining
step towards hydrocarbon products on these three catalysts can be assumed to be pH-dependent.
On copper, ethylene is formed via two different reaction mechanisms: CO-dimerisation,
which is pH-independent, and a pH-dependent route that shares a common intermediate with
methane formation CHO* [28]. On other transition metals, higher hydrocarbon formation
has been observed as well, often following a Schulz-Flory distribution. This mechanism was
first suggested by Cook et al. based on the correlated production of hydrocarbons on various
transition metals [29] and subsequently by Kudo and co-workers on iron, cobalt, and nickel
[30]. The same conclusion was also drawn by Kortlever et al. for the gold-palladium elec-
trode that was discussed earlier in this chapter [15]. Which exact intermediate(s) participate
in the C-C bonding step is however unclear. From the observed pH-dependency of the hy-
drocarbon formation, it is clear that C-C bonding intermediate(s) of this mechanism share a
common intermediate the pH-dependent formation of methane (CHO*). The articles above
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all suggest that the formation of higher hydrocarbons proceeds through chain-coupling of
the CH2* intermediate following a Fisher-Tropsch mechanism, but no experimental proof of
the intermediate on these catalysts exists in literature. Based on DFT calculations on a po-
larised nickel surface, Zhou and co-workers suggest a reaction between COOH* and CHx*
(x = 1,2) as the favoured C-C coupling step [27]. It is clear, however, that on non-copper
metals the formation of C2+ products follows a different mechanism than the preferred CO-
dimerisation on copper. This is a logical conclusion based on the nature of the metals;
Only on Cu(100), the CO* intermediate has an intermediate binding strength that makes the
dimerisation step possible [31], while on the other metals, the CO-binding strength is either
too strong or weak to make its dimerisation reaction kinetically favourable. Therefore, C-C
bonding is more likely through other intermediates than CO*, see Figure 3.6. Therefore,
to enhance the formation of C2+ products on a non-copper alloy, it would be more advan-
tageous to study these materials in a stronger buffer. The stronger buffer will enhance the
production of C2+ products making it more likely to pass the limit of detection and easier to
identify promising materials. However, this reaction mechanism is a hypothesis and further
in-situ spectroscopic characterisation is needed to confirm it or give further insights.

3.4. CONCLUSION
In conclusion, a AuPd electrocatalyst has a higher activity towards hydrocarbons in a phos-
phate buffer compared to a bicarbonate buffer around the same pH. This observation also
holds for a polycrystalline gold electrode and electrodeposited palladium on glassy car-
bon. Through the study of CO2 reduction on AuPd in bicarbonate buffers of varying buffer
strengths, we conclude that the observed differences in product activities are caused by the
difference in buffer strength, not the presence of certain anions at the electrode interphase.
The results presented here show a strong link between the buffer choice and product activity,
further demonstrating the strong interaction between the catalyst activity and the local reac-
tion conditions at the surface. Our data suggests that ethylene and higher hydrocarbons are
formed via a pH-dependent reaction mechanism that is different from the pH-independent
CO-dimerisation mechanism on a copper surface. These observations highlight the impor-
tance of the buffer choice on the catalytic activity. In conclusion, the study gives additional
evidence that catalyst design cannot be a one-sided effort solely optimising the catalyst ma-
terial. During the catalyst design process, the material should be evaluated under multi-
ple reaction conditions to investigate their electrocatalytic response before conclusions are
drawn on their selectivity.
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The analytical tools to quantify CO2RR products are often slow and have high limits of
detection. As a result, researchers are forced to extend the duration of their experiments to
accumulate sufficient product and surpass these detection limits. This considerably slows
down research, and the research scope often remains limited. To help speed up CO2RR
catalyst studies, we have developed a new Differential Electrochemical Mass Spectrometer
(DEMS) setup and cell design that enables the quantification of the major gaseous and liquid
products significantly faster than conventional analytical techniques. Special attention was
given to the hydrodynamics of the cell to avoid mass transfer limitations and the calibration
of the setup to accurately quantify the major CO2 reduction products. As proof of concept of
the methodology, the products formed during CO2RR on a polycrystalline silver and copper
electrode in a 0.1 M KHCO3 electrolyte at different potentials were measured and quantified.

This chapter has been published in https://doi.org/10.1016/j.checat.2024.101065
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4.1. INTRODUCTION
The electrochemical CO2 reduction reaction (CO2RR) towards valuable products using re-
newable electricity can offer an efficient route to reduce CO2 emissions and the dependency
on fossil resources [1]–[3]. However, a stable and selective catalyst for the direct conver-
sion of CO2 towards these valuable products has yet to be found. Depending on the catalyst,
different gaseous and liquid products are produced on the cathode. During initial catalyst
development studies, researchers generally use in-line gas chromatography (GC) and offline
high-performance liquid chromatography (HPLC) or nuclear magnetic resonance (NMR)
spectroscopy to quantify the gaseous and liquid products, respectively [4]. However, these
analytic techniques have long analysis times and relatively high limits of detection, forcing
researchers to extend the duration of experiments to accumulate a detectable concentration
of products. Furthermore, HPLC and NMR measurements are offline and indirect, making
it difficult to keep track of time-dependent processes such as reaction kinetics or catalyst
stability. Therefore, considerable effort has been taken to develop techniques that are able
to quantify the production rates of major CO2RR products directly and in real-time. Differ-
ential electrochemical mass spectrometry (DEMS) uses a pervaporation membrane to sepa-
rate (dissolved) gases and volatile organic compounds from the electrolyte. The production
rates of both gaseous and liquid products are quantified by monitoring the responses of the
products’ mass peaks in the mass spectrum. Since mass spectrometry has a lower limit of
detection and both liquid and gaseous products are measured directly in the same setup, the
development of new CO2RR catalysts can potentially be sped up significantly.

One of the earliest DEMS setups that was applied for the reduction of CO2, was used to
monitor the adsorption of CO on platinum [5]. Wolter and co-workers placed a thin, porous
Teflon membrane close to the working electrode inside the cell [6]. The setup allows for the
detection and quantification of gaseous and dissolved molecules in the electrolyte. However,
by placing the membrane close to the electrode surface, reactants are removed from the elec-
trolyte alongside the products, affecting the reaction conditions near the surface. Kita et al.
developed another configuration that uses a small tip close to the electrode surface to remove
formed products [7] thereby inspiring later similar setups by Hillier et al. [8] and by Won-
ders et al. [9]. These setups are able to detect a wide range of gaseous and volatile products
including hydrocarbons from electrochemical CO2 reduction, CO2 from CO adlayer oxida-
tion, reduction and oxidation of acetylene, or methanol oxidation, and NO and N2O from
hydroxylamine electrochemistry [9]. However, it is difficult to quantify these measurements
as the placement of the tip relative to the electrode surface is poorly controlled and leads
to reproducibility issues. Recently, Clark et al. developed two setups that were able to
semi-quantitatively monitor the production of formed alcohols during electrochemical CO2reduction. By deconvoluting the contribution of different species to the mass peaks, they
were able to quantitatively determine the production rate of ethanol and 1-propanol on cop-
per [10], [11]. However, the setup has several downsides. First, the cell requires a restrictive
working electrode design, where the catalyst is either coated on the PTFE membrane itself
or has a specific ring-like geometry. Second, once the solubility limit of gaseous products
in the electrolyte is reached and bubbles start to form, large standard deviations are encoun-
tered in both the current and mass signal response. Lastly, full deconvolution of the mass
spectrum is not possible without separate measurements from a separate flow cell setup and
additional HPLC measurements.



4

48
4. DIRECT QUANTIFICATION OF ELECTROCHEMICAL CO2 REDUCTION PRODUCTS WITH

AN IMPROVED DEMS SETUP

While for ethanol oxidation DEMS setups for product quantification already exists [12],
[13], all of the examples above are not able to rapidly quantify the product spectrum of
previously untested catalyst material for CO2RR products. Therefore, we here set out to
develop a DEMS setup capable of directly quantifying major CO2RR products in both the
gaseous and liquid phases in real-time without any prior knowledge of the catalyst’s prod-
uct distribution. We discuss the design choices of a newly developed electrochemical cell
and MS setup, specifically regarding the mass transfer rate of CO2 to the electrode and the
quantification of the CO2RR products. Finally, we devise a numerical model to deconvolute
the obtained mass peaks and quantify the production rates of the major CO2RR products
without the need of additional measurements. We show that with the help of this setup,
we can determine the product spectrum as a function of applied potential in a much shorter
time scale than is currently possible. This setup can thus enable rapid screening of different
catalyst materials thereby speeding up catalyst development and facilitate testing catalyst
under different process conditions.

4.2. EXPERIMENTAL
4.2.1. MATERIALS
All solutions were prepared using ultrapure water (Millipore Milli-Q gradient A10 sys-
tem, 18 MΩ cm) and reagents of high purity. Electrolytes were prepared using KHCO3 (≥
99.95%, Sigma-Aldrich), K3Fe(CN)6 ⋅H2O (99.9%, Sigma Aldrich) and K4Fe(CN)6 (99.9%,
Sigma Aldrich). Polycrystalline silver foils (25 x 25 x 1 mm, 99.995%) were purchased from
MaTecK GmbH, Polycrystalline copper foils (25 x 25 x 1 mm, 99.99%) were obtained from
Sigma-Aldrich, while glassy carbon electrodes (25 x 25 x 1 mm) were purchased from HTW
(Sigradur®, polished). As a counter electrode either a platinum foil (MaTeck Gmbh, 25 x
25 x 0.1 mm, 99.995%) or glassy carbon electrode (HTW, Sigradur®, polished) was used.
For the calibration of the liquid products, methanol (≥ 99.9 % Sigma-Aldrich), ethanol (≥
99.8 %, Sigma-Aldrich), 1-propanol (≥ 99.9 % Sigma-Aldrich) and allyl-alcohol (≥ 99 %
Sigma-Aldrich) were used to make dilution series.

4.2.2. ELECTROCHEMICAL MEASUREMENTS
All electrochemical experiments were performed using a Biologic SP-200 potentiostat, us-
ing a RE-6 Ag/AgCl reference electrode (BASi).

4.2.3. ELECTRODE PREPARATION
Prior to every measurement, the polycrystalline silver and copper foils were polished by
hand using 3 µm and 1 µm diamond paste (DP-floc, Struers, USA) and a microfiber cloth
(DP-floc, Struers, USA) for a couple of minutes to ensure that contaminants were removed
from the surface. After each polishing step, the electrode was washed using ultrapure water
and subsequently dried using compressed nitrogen or argon. After mechanical polishing,
the copper foil was electropolished twice in 85 v/v % H3PO4 (aq) solution (Sigma–Aldrich,
USA). In short, a two-electrode setup was used with the copper foil as the working electrode
and a carbon rod as the counter electrode. Copper tape (AT528, Advance Tapes) was used to
hold up the copper foil while both electrodes were immersed in a 100 mL beaker containing
the electrolyte. A potential difference of 2.1 V was applied between the two electrodes for 3
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minutes. After electropolishing, the copper foil was washed with ultrapure water and dried
using compressed argon. Glassy carbon electrodes were first cleaned using acetone to re-
move any left-over glue on the surface from the tape used in the previous experiments. Next,
the electrode was ultrasonicated using ultrapure water for at least 15 minutes and manually
polished for a couple of minutes using undiluted alumina paste (DP-floc, Struers, USA) and
a microfiber cloth (DP-floc, Struers, USA). After another washing step with ultrapure water,
the electrode was ultrasonicated in ultrapure water for 15 minutes to remove any residual
alumina particles from the surface. Subsequently, the electrodes were ultrasonicated for 15
min in a 20 v% HNO3 (aq) solution (prepared with 70 v% HNO3 from Sigma-Aldrich) to
make sure all leftover alumina dissolved from the electrode surface. Then, the electrode
was washed and ultrasonicated for at least 15 minutes using ultrapure water to ensure all
acid was removed from the electrode. Finally, the electrodes were dried using compressed
nitrogen or argon. Prior to each experiment, the platinum counter electrode was polished by
hand using 3 µm diamond paste and a microfiber cloth (DP-floc, Struers, USA) for about 1
to 2 minutes to make sure any contaminants were removed from the surface. Next, it was
washed with ultrapure water and flame annealed until the surface glowed red-hot.

4.2.4. FERRO/FERRICYANIDE EXPERIMENTS
The ferro-/ferricyanide redox couple was used to determine the hydrodynamics of the cell.
A buffer of 0.1 M KHCO3 (99.95%, Sigma Aldrich) + 5 mM K3Fe(CN)6 ⋅H2O (99.9%,
Sigma Aldrich) + 5 mM K4Fe(CN)6 (99.9%, Sigma Aldrich) was flown through the cell,
using glassy carbon as both the working and counter electrode [14]. Furthermore, argon was
bubbled through the electrolyte to remove any dissolved oxygen, to prevent ferrocyanide ox-
idation [15]. Lastly, all experiments were performed in the dark to prevent photolysis of the
cyanide complexes through photodissociation under UV light leading to cyanide formation
[16]. Linear sweep voltammetry was performed from open circuit potential to +0.6 V vs.
at a sweep rate of 1 mV s−1 and maintaining different flowrates. The sweep rate was kept
low to limit the contribution of double layer charging. Cell resistances could not be deter-
mined using PEIS since faradaic reactions occur at any potential. Therefore, these results
are shown without ohmic drop compensation.

4.2.5. FORMATE QUANTIFICATION
Because ions cannot pass the DEMS membrane, it was not possible to quantify the formate
production at each potential. Instead, formate production was quantified using HPLC. Fol-
lowing the obtained residence time distribution, the electrolyte exiting the liquid DEMS inlet
was collected 7 minutes after the chronoamperometry measurement started. The concen-
tration of formate was measured by injection 100 µL of sample into the high-performance
liquid chromatograph (HPLC, Agilent Technologies 1260 Infinity, USA) to quantify the
formed liquid products. The HPLC was calibrated with a dilution series in the range of
0.01 mM to 5 mM of formic acid (95%, Sigma–Aldrich). The flowrate of the eluent (1 mM
H2SO4 (aq)) was set to 0.6 mL min−1 and the measurement ran for one hour. The HPLC
used two Aminex HPX-87H columns (Biorad) in series heated to 60 °C. A refractive index
detector (RID) was used for the detection of products.
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4.2.6. MASS SPECTROMETER SETTINGS
Mass spectrometry was performed on a Hiden HPR40 dissolved-species mass spectrometer.
All incoming species were first ionised and subsequently accelerated with a voltage of 3
V and an electron current of 500 µA. Finally, all cations were detected by a Secondary
Electron Multiplier (SEM) which was set at a voltage of 870 V. The electron current and
SEM voltage were optimised to maximise the signal-to-noise ratio of liquid products (see
section B.4 in appendix B).

4.2.7. PRODUCT CALIBRATION
For the gaseous products, five standard concentration bottles were used from Linde. The
concentration of analytes in these bottles ranged from 50, 100, 1000, 3000 and 8000 ppm.
The bottles were balanced with CO2 and the flowrate used for calibration was 2 mLn/min.
Additionally, the background values of each mass peak were measured by flowing pure CO2through the setup. At startup or after changing the bottle, the signal was first stabilized for
at least three hours. Each liquid product was calibrated by flowing a series of increasingly
diluted standards from 5 mM, 1 mM, 500 µM, 100 µM to 50 µM. Each standard was pre-
pared using ultrapure water and was pumped through the liquid inlet with a flowrate of 1
mL min−1 for 30 minutes before measurements were taken. After each dilution series had
ended, ultrapure water was pumped through the system to obtain the background noise of
each signal.

4.3. RESULTS & DISCUSSION
4.3.1. CELL DESIGN
An exploded view of the cell is shown in Figure 4.1. The catholyte enters the cell through
the side of the catholyte endplate (f), where it encounters the tip of the reference electrode
(BASI RE-6) (g). From here, the electrolyte takes a sharp 90-degree turn and enters the
flow plate (c). Here, the electrolyte flows through ten parallel channels over the working
electrode. Here, parallel channels are chosen to increase the flow velocity of the electrolyte
through the channel, enhancing the mass transfer inside the cell. One side of the channel is
exposed to the working electrode, while the other is in contact with the membrane (e, Nafion
117) to prevent product cross-over to the counter electrode. At the end of the channel, the
electrolyte flows back to the endplate and takes another sharp turn before exiting the cell.
The same design is maintained on the anode side. The working and counter electrodes are
placed parallel to each other to ensure a uniform potential distribution. The exposed surface
areas of the working and counter electrodes are 2.75 cm2 each. The flow- and endplates
are all manufactured from PEEK and are separated by Silicon (0.015" High-Temperature
Silicone Rubber Sheets, McMaster-Carr) gaskets to ensure leak tightness.

4.3.2. CELL MASS TRANSFER
When the conversion rate of CO2 at the electrode becomes higher than the supply rate,
the concentration of CO2 at the electrode surface drops. A lower CO2 concentration at
the electrode surface affects the local reaction conditions and gives skewed results for the
catalyst activity and selectivity. Therefore, CO2 depletion at the surface due to mass transfer
limitations should be prevented. Additionally, improved mass transfer conditions aid in
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Figure 4.1: Exploded view of the DEMS cell. Each of the components is labelled accordingly: Counter elec-
trode endplate (a), silicon gasket (b), flow plate (c), membrane gasket (d), cationic membrane (NAFION 117) (e),
catholyte endplate (f) and BASi RE-6 reference electrode (g).

product removal and hinder bubble formation. The mass transfer of CO2 can be improved by
increasing the flowrate of electrolyte through the cell, thereby decreasing the thickness of the
diffusion boundary layer. However, the liquid product concentration also decreases at higher
flowrates and could drop below the limit of detection of the MS. Therefore, the flowrate was
varied to determine the optimal trade-off for product detection and the hydrodynamics of
the cell.

The hydrodynamics of the new cell were determined using the ferri-/ferrocyanide redox
system [17]. Since both redox systems use an aqueous electrolyte under the same tempera-
ture and flowrates, the governing hydrodynamics in both systems were considered to be the
same. Therefore, any derived equations to describe the hydrodynamics in one system, could
be applied to the other by plugging in the corresponding values. The ferri-/ferrocyanide
system is less complex than the CO2RR system since it only has a single electron transfer
and one reaction product. Linear sweep voltammograms were recorded at increasing elec-
trolyte flow rates ranging between 0.2 mL min−1 – 5 mL min−1. Figure 4.2A shows that
the limiting current goes up with electrolyte flowrate through the channels, as expected. An
expression for the mass transfer of CO2 to the electrode surface was derived using the film
model (see section B.1 of Appendix B). A Sherwood expression was obtained from van
Male et al. for flow in a microchannel [18]. Using this expression, limiting currents from
the model were calculated and compared with the experimentally obtained values in Figure
4.2B and 4.2C. As shown in Figure 4.2B, the experimental data fits well with the obtained
expression for the Sherwood number. Therefore, the Sherwood expression can be used to
calculate the concentration of CO2 at the interface for a given flow rate and partial current
densities during an experiment. Alternatively, the dependence upon the flowrate can be es-
timated using the Koutecky-Levich equation for limiting currents in channel electrodes that
was derived by Scherson et al. [19]:
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Figure 4.2: A.Linear sweep voltammograms with a sweep rate of 1 mV s−1 on glassy carbon in the DEMS setup us-
ing a 0.1 molar KHCO3 + 5 mM K3Fe(CN)6 ⋅H2O + 5 mM K4Fe(CN)6. Anodic limiting currents are obtained for
each flow rate (dashed lines show the flowrates maintained through the cell). B+C: The experimentally measured
limiting currents are set out against the calculated limiting currents from the Sherwood model and Koutecky-Levich
equation, respectively. <Gz> is defined as the averaged Graetz number and calculated by averaging the function
𝑣
𝐷

𝑑2
𝑧 over the distance z, where v is the average velocity through the channel, d the height of the channel, and D

the diffusion coefficient.

𝑖𝑙𝑖𝑚 = 1.0175 ⋅𝑛 ⋅𝐹 ⋅𝑤 ⋅ℎ−1∕3 ⋅𝐿2∕3 ⋅𝑣1∕3 ⋅𝐷2∕3 ⋅ 𝑐 (4.1)
Here, n is the number of electrons that is transferred, F the Faraday constant, w stands

for the width of the channel, h is the half-height of the channel, L represents the length of the
channel, v the fluid flow velocity in the centre of channel, D is the diffusion coefficient and
c is the bulk concentration of the reacting species. Figure 4.2C shows that the experimen-
tally obtained values also fit well with the Koutecky-Levich equation. Section B.2 of the
appendices provides more details on how the limiting currents were calculated using these
two models. According to equation 4.1, the limiting current scales with the flowrate to the
power of 1/3. This means that even though there is some initial gain from increasing the
flowrate, the gain in mass transport to the surface is limited at higher flowrates. Therefore,
the flowrate was set at 1 mL min−1 for all quantification measurements. The liquid-phase
product detection limit is 5 µM at this flowrate according to Clark et al. [10]. The limiting
current density at this flowrate is 5.3 mA cm−2 for 2 e−/molCO2 such as carbon monoxide
and formate and 16 mA cm−2 for 6 e−/molCO2 products, such as ethylene and ethanol, as
calculated by equation 4.1. These limiting currents are on par with limiting current densities
of other electrochemical cells in literature [20] and this thesis (see section A.3 in appendix
A).

4.3.3. REPRODUCIBLE COLLECTION EFFICIENCY
A schematic overview of the setup is given in Figure 3. During an experiment, electrolyte
is stored in a reservoir and pumped through the cell by a peristaltic pump (Masterflex
L/S®Digital Miniflex®Pump, Dual-Channel) lined with Precision Pump Tubing, VersilonTM
2001 Tubing, L/S 13. The electrolyte is pumped through the cell using positive pressure,
as otherwise, the liquid flowrate would become irregular when bubbles start to form. This
is due to the fixed volume per minute that the peristaltic pump transports. Therefore, if the
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Figure 4.3: Schematic overview of the DEMS setup. CO2 saturated electrolyte is pumped through both compart-
ments of the cell. The catholyte flows via a check valve through a tee-junction where it mixes with dry CO2 gas.
Afterwards, the two phases are separated using a bubble trap. The separated gas flows through a static mixer into
the gas inlet of the DEMS, while the liquid directed goes to the liquid inlet of the setup. CE, Counter Electrode,
LIQ., liquid; WE, Working Electrode.

electrolyte is pumped using a negative pressure, the pump has to transport both gas and liq-
uid and the volume amount of electrolyte will not be the same for every experiment. 1/16”
OD PTFE tubing (Darwin Microfluidics, 1/32” ID) was used to connect all parts of the setup.

For reproducible and steady CO2RR product detection it is vital that the products are
collected by the mass spectrometer in a manner corresponding with their rate of production
inside the cell. However, if the cell outlet is directly connected to the DEMS inlet, the
mass spectrum signal becomes unstable when bubbles start to form on the electrode and
pass over the DEMS membrane after their release. This is in correspondence with Clark et
al., who reported that as soon as bubbles were formed, the standard deviation of the mass
signal increased instantaneously by a factor hundred [10]. This observation can be explained
by the vast difference in the density of gaseous products in the gas phase and dissolved
in the electrolyte, as the product density in a bubble is much higher than in the saturated
electrolyte. Therefore, when a released bubble passes over the DEMS inlet membrane, much
more product passes through in a short period of time compared to when saturated electrolyte
flows over the inlet of the DEMS. As a result, the amount of product passing the membrane
will fluctuate greatly when the membrane is presented with an immiscible flow of bubbles
and saturated electrolyte.

To stabilise the signal of the mass spectrometer, the electrolyte and bubbles exiting the
flow cell need to be separated and enter the mass spectrometer simultaneously via two differ-
ent inlets. However, simply separating bubbles from the saturated electrolyte is not enough.
If both phases are immediately separated from each other after they exit the flow cell, part of
the formed gaseous products will enter the mass spectrometer from the gas phase while the
dissolved gaseous products in the electrolyte will enter from the liquid phase. Each of these
phases has a different collection efficiency. As a result, the mass signal will no longer be
linearly dependent on the product formation rate [21]. Therefore, all dissolved gaseous prod-
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Figure 4.4: Schematic drawing of the tee-junction where the catholyte is mixed with a dry flow of CO2 gas. Both
phases travel down together a stainless-steel tube during which dissolved gaseous products are drawn from the
electrolyte into the gas slugs.

ucts need to be extracted from the liquid electrolyte. In that case, all the gaseous products
will enter the mass spectrometer in the gas phase while all the liquid products will enter the
mass spectrometer dissolved in the electrolyte. Each does so simultaneously through their
respective inlets, which will be referred to as the gas and liquid inlet, respectively. Drawings
and pictures of the gas and liquid inlet can be found in section B.3 of appendix B.

Figure 4.5: Schematic drawing of the static mixer.
The incoming gas flow is mixed over the direction of
the flow through the 3 metal bulbs that are stacked on
top of one another. The static mixer is added to the
setup to improve the homogeneity in product concen-
tration in the gas flow before it enters the DEMS.

To adhere to these design criteria, the
catholyte is pumped through a PEEK tee-
union where it mixes with dry CO2 gas that is
delivered by a CO2 mass flow controller (EL-
FLOW Select). A schematic drawing of this
can be found in Figure 4.4. Due to the absence
of products in the CO2 gas, dissolved gaseous
products are withdrawn from the liquid phase
into the gas slugs while travelling down the
tube. Before both the gas and electrolyte in-
let, a microfluidic check-valve prevents the
fluid from flowing the wrong way (Masterflex
®One-Way, Avantor ®and IDEX, inline check
valve). A microfluidic check valve was cho-
sen for the liquid stream to minimize bubble
hold-up. A 4.5 cm long 100 µm ID PEEK
tube (VWR) was used to insert the gas into the
tee-junction, while a 4.5 cm long 0.010” ID
PEEK (VWR) tube was used for the catholyte
to create a stable Taylor flow regime to en-
hance the mass transfer of gaseous products
from the electrolyte to the gas phase. After
the tee-union, both electrolyte and gas flow
together through a 15 cm long stainless-steel
tube (1/8” OD, 1/16” ID, Swagelok) in a Tay-
lor flow regime. A rigid material is used here

to stabilise the flowrate of the Taylor flow. The gas and liquid are subsequently separated
from each other using a commercial bubble trap (Large PEEK bubble remover, Elveflow)
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Figure 4.6: Step response function of the DEMS setup. The intensity was rescaled to the maximal measured
intensity to show that all formed hydrogen was collected by the DEMS setup. The measurement window is shaded
in green.

with a hydrophobic membrane.
From here, the separated phases are sent to their respective DEMS inlet. However, the

product concentration that flows into the gas inlet still remains intermittent even when the
product formation is constant, as bubbles containing gaseous products will still leave the
flow cell at irregular time intervals. To smoothen the concentration gradient at the gas inlet
over time, a static mixer was placed between the bubble trap and gas inlet to mix the gas
stream before it enters the mass spectrometer. The design of the mixer was based on a series
of three small spherical mixing chambers of about 3 cm in diameter with small 3 mm holes
to separate them. At the end of the mixer, two PEEK frits (2 µm, IDEX) were placed to
increase the pressure inside the mixer. Figure 4.5 shows a schematic drawing of the static
mixer. In the liquid inlet, a PTFE membrane (20 nm pore size, Hangzhou Cobetter Filtration
Equipment Co.) is used to separate the dissolved liquid products from the electrolyte.

Including the static mixer will result in a more spread-out residence time distribution
that has to be taken into account to correctly link the production rate in the cell to the corre-
sponding mass peak signal. To determine the residence time distribution of the setup, a step
input experiment was performed by carrying out chronopotentiometry experiments at -20
mA for 15 minutes in a CO2 sparged 0.1 M KHCO3 electrolyte using a platinum working
electrode [22]. Since platinum is relatively inactive for CO2 reduction, the only obtained
product is hydrogen, and the mass peak 2 m/e can be used to follow the retention time of
hydrogen in the setup. The results can be found in Figure 4.6. Here, the influence of the
static mixer can be clearly seen. Even though hydrogen is being produced in the cell at t
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= 0, there is a clear delay until the produced hydrogen is detected by the MS. In the first
minute, there is no hydrogen detection due to the tubing between the cell and the MS. Once
the gas reaches the static mixer, the concentration starts to increase steadily. After roughly
seven minutes, the concentration stabilises and the production in the cell matches the col-
lection of the MS. When the chronopotentiometry is stopped at t = 15 min, the process
proceeds in reverse order: First there seems to be no change for about a minute, then the
concentration at the inlet begins to drop until it reaches the background value. Concluding,
the rate of production matches what the mass spectrometer measures only seven minutes
after an experiment has started. Then, about a minute after the experiment ends, the mea-
sured products start to decline. Therefore, to make sure that the production rate accurately
quantifies products, only measurements within such a measurement window were taken into
account. In practice, this means that instead of sweeping between two potentials, a series
of chronoamperometry measurements is performed for fifteen minutes each. For each mea-
sured potential measurement data acquired between 7.8 minutes to 16.3 minutes after the
start of the chronoamperometry were taken into account to quantify products.

4.3.4. PRODUCT DETECTION AND QUANTIFICATION
The setup must be able to quantify the most common CO2 reduction products, being hy-
drogen, carbon monoxide, formic acid, methane, ethylene, methanol, ethanol, allyl-alcohol,
and 1-propanol [23], [24]. Carboxylic acids, such as formic or acetic acid, are present as
ions in the neutral electrolyte and are therefore unable to pass the PTFE membrane at the
inlet of the mass spectrometer. Therefore, they cannot be detected by the DEMS and are
omitted from the calibration. Instead, these products were quantified using HPLC. Carbon
monoxide suffers from a lot of background signal as its mass spectrum overlaps with CO2(12 m/e, 16 m/e, and 28 m/e) and N2 (28 m/e). To minimize the background noise from
carbon dioxide, mass 28 m/e is measured at a lower electron energy (19.5 eV), which is the
dissociative ionisation barrier for CO+ from CO2 [25]. As a result, the electron current for
this mass peak signal had to be lowered to 50 µA to avoid filament failure. To remove the
background signal coming from air-derived nitrogen as much as possible, the back pressure
of the scroll pump is supplied with argon at 1.15 barg and a flow rate of 0.4 L min−1.

Moreover, since PTFE tubing is not leak-tight under vacuum conditions, air will leak
into the setup and create background noise from air that leaks into the setup as a result of
the vacuum. To circumvent this, all tubing between the gas outlet of the bubble trap and
the gas inlet of the DEMS is made from stainless steel and has Swagelok fittings. Due to
the similar structure and small mass of the main products, there is much overlap between
the mass peaks of the different products. Moreover, mass peaks cannot be used for the
quantification of products if they are obstructed by too much background signal from other
species, such as CO2, water, air, or argon. Therefore, there is a limited number of mass peaks
that can be used to detect and quantify the formed products. To optimise the settings of the
mass spectrometer (electron current and SEM voltage), ethanol is calibrated by flowing a
series of increasingly diluted standards from 5 mM to 50 µM through the mass spectrometer
using different settings (see section B.4 of appendices). The limit of detection for each mass
peak is estimated by dividing the standard deviation by the slope of the obtained calibration
coefficient for each mass peak signal. The lowest overall limit of detection was obtained
at an electron current of 500 µA, an electron energy at 70 eV, and Secondary Electron
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Multiplier (SEM) voltage of 870 V. At these settings, 11 mass peaks could be used to
quantify products with a limit of detection of 5 µM. These are: 2 m/e, 15 m/e, 26 m/e,
27 m/e, 28 m/e, 30 m/e, 31 m/e, 41 m/e, 57 m/e, 58 m/e, 59 m/e. Other mass peaks that
should give a mass peak signal, such as 29 m/e, have too much background noise to be used
for product quantification. As mentioned earlier, mass 28 m/e is measured at an electron
energy of 19.5 eV and an electron current of 50 µA. 2 m/e is also measured at these settings
to prevent overload at high production rates. Most of these mass peaks have overlapping
contributions from multiple reduction products and must be deconvoluted.

4.3.5. MASS PEAK DECONVOLUTION AND PRODUCT QUANTIFICATION
For the mass peak deconvolution, the measured mass peak signals Y and the relative product
concentrations X are assumed to satisfy the following linear model:

𝑌 = 𝜇+𝐵𝑋+𝐸 (4.2)
where 𝑌 is an 11-dimensional vector containing the eleven measured mass peak signals,

𝐵 is an 11x8 dimensional matrix that contains the coefficients, 𝑋 is an 8-dimensional vector
that contains the concentrations of the eight products to be calibrated, 𝜇 is an 11-dimensional
vector that contains the background signals of each of the 11 mass peak signals, and finally𝐸
is an 11-dimensional random vector representing the measurement error. The quantification
of products is done in two major parts. The first part is a calibration step in which the matrix
𝐵 is estimated on the basis of observed combinations of mass peak signals and relative
gas concentrations. The second part is the quantification step in which the vector 𝑋 of
gas concentrations is determined from newly measured mass peak signals and background
signals.

Each liquid product is calibrated separately with aqueous solutions of each analyte in
concentrations between 5 mM and 50 mM, while the gas products are simultaneously cali-
brated using calibration mixtures with concentrations between 8000 ppm and 50 ppm of an-
alytes balanced in CO2. Since the units of concentration of the gaseous and liquid products
are not the same, they are converted to their corresponding molar production rate in mol s−1.
The values of the coefficients are first estimated through calibration. If there was no linear
correlation between the product and mass peak according to NIST reference spectra [26],
the coefficient was set to zero. On the basis of 𝑛= 26 observed pairs ((𝑌𝑖, 𝑋𝑖) of (averaged)
mass peak signals and relative gas concentrations, the remaining non-zero elements in the
coefficient matrix are estimated by means of constrained least squares minimisation, con-
ditional on having non-negative coefficients. Each (𝑌𝑖) is the average of multiple observed
mass peak signals with the same gas concentration 𝑋𝑖. More details about the minimisation
and the resulting coefficient matrix �̂� can be found in the Appendix (B.5).

To quantify the products during a chronoamperometry measurement, new mass peak
signals 𝑌 ∗

1 , ...,𝑌
∗
𝑚 are obtained during the measurement window (see Figure 4.6) and are

averaged, such that a vector 𝑌 ∗ = (�̄�∗1, ..., �̄�
∗
11) with eleven averaged mass peak signals is

obtained:

�̄�∗𝑗 =
1
𝑚

𝑚
∑

𝑘=1
𝑦∗𝑘,𝑗 , 𝑗 = 1, ...,11 (4.3)
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Finally, the background varies from day to day and must therefore be measured sep-
arately at the beginning of each experiment or calibration series. To get an estimate of
the background value, the cell is run at open circuit potential for 30 minutes before the
chronoamperometry measurements. The mass peaks 𝑌 𝐵𝐺

1 ,⋯ ,𝑌 𝐵𝐺
𝑝 measured during these

30 minutes are averaged to obtain a new estimate for the vector of background signals
�̂�∗ = (�̂�∗

1 ,⋯ , �̂�∗
11) in the same way mass peak signals obtained during the measurement

window were averaged before:

�̂�∗
𝑗 =

1
𝑝

𝑝
∑

𝑘=1
𝜇𝐵𝐺
𝑘,𝑗 , 𝑗 = 1, ...,11 (4.4)

Here, p denotes the number of mass peak signal measurements that were obtained during
the 30 minutes of open circuit potential. To extract the concentrations from the new mass
peak signals 𝑌 ∗

1 , ...,𝑌
∗
𝑚 we assume that they satisfy the linear model in equation 4.3. Before

the quantification step, a qualitative identification step is taken to determine which products
could be present. Each compound of interest has one or several major mass peak signals
that must be significantly higher than the baseline (�̂�∗) when the compound is present. To
identify which peaks were significantly higher than their baseline value, for each mass peak
signal (𝑗 = 1, ...,11) a two-sample t-test is performed for the groups of background signals
𝑦𝐵𝐺1,𝑗 , ...,𝑦

𝐵𝐺
𝑝,𝑗 and mass peak signals 𝑦∗1,𝑗 , ...,𝑦∗𝑚,𝑗 . To this end, the value of the test statistic is

computed as:

𝑡𝑗 =
�̄�∗𝑗 − �̂�∗

𝑗
√

𝑠21,𝑗
𝑚 +

𝑠22,𝑗
𝑝

(4.5)

where 𝑠2(1,𝑗) and 𝑠2(2,𝑗) are the sample variances of the mass peak signals 𝑦∗1,𝑗 , ...,𝑦
∗
𝑚,𝑗

and background signals 𝑦𝐵𝐺1,𝑗 , ...,𝑦𝐵𝐺𝑝,𝑗 , respectively. They are calculated using the following
formulas:

𝑠21,𝑗 =
1

𝑚−1

𝑚
∑

𝑘=1
(𝑦∗𝑘,𝑗 − �̄�∗𝑗 )

2 (4.6)

𝑠21,𝑗 =
1

𝑝−1

𝑝
∑

𝑘=1
(𝑦𝐵𝐺𝑘,𝑗 − �̂�∗

𝑗 )
2 (4.7)

If all identifying mass peaks of a compound pass the t-test with a one-tailed alpha of
0.05, the compound is produced and can be quantified. Otherwise, it is not likely that the
compound was produced, and its concentration is set to zero during the quantification. The
selected identifying mass peaks for each of the compounds can be found in Appendix B.5.
After the identification step, the concentrations are computed by means of constrained least
squares minimisation:

min
0<𝑥𝑠<𝑈𝐵;𝑠=1,...,8

‖𝑌 ∗− �̂�− �̂�𝑋‖

2 (4.8)
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During the least squares minimisation, each coordinate 𝑥𝑠 of X is constrained to be be-
tween zero and an upper bound 𝑈𝐵𝑠. The upper boundary is determined by first calculating
a 95% confidence upper bound for ∑8

𝑠=1 𝛽𝑗,𝑠𝑥𝑠, for each mass peak (𝑗 = 1, ...,11) separately,
by means of the formula:

𝐶𝐵𝑗 = 𝑌 ∗
𝑗 − �̂�∗

𝑗 +𝑧0.95

√

𝑠21,𝑗
𝑚

+
𝑠22,𝑗
𝑝

(4.9)
where 𝑧0.95 denotes the 95 percentile of the standard normal distribution. An upper

bound for 𝑥𝑠 can then be determined by setting all other elements of X to zero and plugin
the estimate for 𝛽𝑗,𝑠. If a compound has multiple identifying mass peaks, the smallest upper
bound is taken. This leads to the formula:

𝑈𝐵 = min
𝑗=1,...,11

𝐶𝐵𝑗

𝛽𝑗,𝑠
, 𝑠= 1, ...,8 (4.10)

4.3.6. RAPID ELECTROCATALYST SCREENING
To demonstrate the ability of the setup to quantify all major CO2RR reaction products, a
series of fifteen-minute chronoamperometry measurements are performed with decreasing
potential from -0.6 V vs RHE to -1.3 V vs RHE on both a polycrystalline silver and cop-
per electrode in triplicates. Polycrystalline silver and copper are chosen as benchmark in
accordance with the benchmark set by Bell and co-workers [27]. The results can be found
in Figure 4.7. The trends of products over the potential range fit well with other literature
sources for both polycrystalline silver [28] and copper [24]. For silver, the current partial
densities (Figure B.2 in appendix B.6) are comparable to reported values in literature ( ∼
3 mA cm−2 for CO at higher potentials, see figure B.2 of appendix B.6) and follow similar
trendlines over the measured potential range [28]: At low potentials, hydrogen production
is dominant, but CO production slowly picks up and around -0.9 V vs RHE, the catalyst is
more selective towards CO. However, at higher potentials the production of CO stagnates,
and hydrogen production picks up. Meanwhile, formate production slowly rises from lower
to higher potentials and at higher potentials further reduced products such as ethanol and
methane are detected. On copper, the product current densities follow the same trendlines
as in literature [23], [24]; the selectivity of formic acid and carbon monoxide decreases
from low to high potentials. At intermediate potentials, ethylene selectivity increases but at
higher potentials this decreases as well, similar to the alcohol selectivity. Finally, methane
production becomes more prevalent towards higher potentials. Overall, this measurement
confirms that the designed setup and analysis procedure is able to rapidly and accurately
quantify the product distribution of CO2RR electrocatalysts.

At low overpotentials, and therefore low production rates, the faradaic efficiency bal-
ance could not be closed to 100%. This is due to a relatively bigger influence of the value
of the predetermined background signal (𝜇) at concentrations close to the lower limit of
detection. Additionally, if there are remaining sources contributing to the background in
the setup (residual nitrogen), this will result in a higher estimate of the background signal.
These background noises will diminish over time and at the start of the first chronoam-
perometry the actual background signal will be less, leading to an underestimation of the
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Figure 4.7: Faradaic efficiencies of detected CO2 reduction products as a function of potential for both silver (A &
C) and copper (B & D) electrodes divided into major and minor products, respectively.

production rate. Especially at low activities, these slight underestimations have a relatively
bigger influence. Additionally, some data points have larger standard deviations, especially
the alcohols and carbon monoxide. This is a result of the identifying step taken during the
product deconvolution procedure. These products have a mass peak with a relatively large
background noise (28 m/e and 31 m/e for CO and alcohols, respectively) and small coeffi-
cients compared to the other products such as hydrogen, methane, and ethylene. As a result,
the resulting mass peak signal of 28 m/e and 31 m/e when CO or alcohols are produced will
not always be significantly higher than the background signal and the production rate will be
set at 0. This results in much larger standard deviation between the different product runs.

The quantification could be sped up even further by shortening the governing residence
time distribution of the setup. The residence time distribution itself is limited by the gas-
holdup in the cell and the intermittent, discrete manner gas products leave the cell in the
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form of bubbles. Therefore, some mixing is required to obtain some level of continuous
product effluent. To shorten the residence time, the PEEK cell could be pretreated by ozone
making the cell more hydrophilic and thereby reducing the gas holdup. Also, the setup could
be slightly redesigned to work under high pressure conditions [10]. Under high pressure,
the solubility of gasses in the electrolyte is enhanced, limiting the number of bubbles that
get formed and increasing the mass transfer rate to the electrode surface.

4.4. CONCLUSION
An improved differential electrochemical mass spectrometer (DEMS) setup was designed
that enables the simultaneous quantification of gaseous and liquid products during the elec-
trochemical reduction of CO2 significantly faster than conventional analytical techniques
and without the need for additional ex-situ measurements. Alternatively, the setup could be
used for probing the long-term stability of catalysts by extending the time of the chronoam-
perometry measurement. The DEMS setup was validated by comparing the catalytic activity
of a polycrystalline copper and silver electrode against benchmarks from the literature. Cur-
rently, the setup is able to quantify the production rate of most of the major CO2 reduction
products; carbon monoxide, methane, ethylene, methanol, ethanol, 1-propanol, and allyl
alcohol. Thereby, to the best of our knowledge, it is the first DEMS setup that is able to si-
multaneously quantify carbon monoxide and liquid products without the need for additional
measurements.

To further improve the current setup, the residence time distribution could be shortened,
or the detection limit could be lowered. To shorten the residence time distribution of the
setup, the bubble hold-up over the cell needs to decrease. One could treat the PEEK cell with
ozone, similar to Clark et al. [10], but this needs specialised setups like an ozone generator.
Alternatively, the cell could be redesigned to work under high pressure. At elevated pressure,
the solubility of the gas products increases, and bubble formation is prevented. To reduce
the product detection limit, the background noise of the mass spectrometer signal can be
reduced by optimising the vacuum setup and regularly baking out the setup or by increasing
the area of the PTFE membrane to the liquid inlet. A larger area would increase the flow
of products into the mass spectrometer and thereby increase the detectability of the MS to
liquid products.

Compared to conventional research in H-cells, where the researcher needs to accumulate
liquid products for about an hour, the designed setup is about four times faster in determining
the catalytic response of a new electrocatalyst over a wide potential range. Therefore, the
DEMS setup can significantly speed up electrocatalyst development by enabling the testing
of different catalyst materials in a short period of time. Additionally, it enables researchers
to widen the number of reaction conditions they can test, for instance using wider poten-
tial ranges or different electrolytes. As the hydrodynamics of the cell were quantified and
successfully modelled, different hydrodynamic conditions can be used to probe reaction ki-
netics. Finally, unlike previously reported DEMS setups, the researcher is not limited to a
single cell design and the setup can be easily adapted to different cell designs.
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In this chapter, we experimentally screen a promising class of intermetallic alloys for the
electrochemical reduction of CO2 toward hydrocarbon products. Based on previous DFT-
based screening papers combinations of strongly CO-binding metals such as iron, cobalt,
and nickel with weakly CO-binding metals such as gallium, aluminium or zinc were selected
as potentially promising catalytic materials. Despite the challenging production of these al-
loys, we report a general two-step synthesis method for intermetallic alloys and discuss the
specific synthesis conditions that must be taken into account when synthesising these ma-
terials. After their synthesis, we use a recently developed DEMS setup to rapidly quantify
the CO2 reduction products over a range of potentials. Almost all newly developed inter-
metallic catalysts are shown to produce methane and ethylene, while the CoSn catalyst was
more selective towards formate. However, all tested catalysts mostly produce hydrogen and
only reduce CO2 to a small extent, despite the favourable computational screening results.
We discuss possible reasons for this discrepancy and outline a more holistic approach for
future DFT calculation studies.

This chapter has been published in https://doi.org/10.1016/j.cattod.2024.114805

https://doi.org/10.1016/j.cattod.2024.114805
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5.1. INTRODUCTION
We currently find ourselves in an energy transition from a society based on fossil fuels to one
based on renewable energy. This transition requires many technological changes and inno-
vations. One of the main challenges is developing new processes to produce bulk chemicals
using renewable energy and circular raw materials rather than extracting and producing them
from fossil feedstocks. If successful, these processes can provide sustainable commodity
chemicals in the chemical industry and transportation fuels. Additionally, these processes
can serve as a storage medium for renewably generated electricity and as such level off fluc-
tuations between renewable energy generation to match global demand. Currently, synthetic
fuels can only be made at an industrial scale via an indirect route, where CO2 and electro-
chemically produced hydrogen react to form (higher) hydrocarbons or alcohols. However, it
would be more efficient to produce these synthetic fuels directly from CO2 and water via an
electrochemical reaction. This process can be performed at milder conditions and can po-
tentially provide a more direct, efficient route compared to the thermochemical production
route.

Unfortunately, it has proven difficult to find an electrocatalyst that selectively reduces
CO2 to a (higher) hydrocarbon or alcohol. Most transition metals generally reduce CO2 to
2-electron reduction products such as CO and formate. Only copper is able to produce highly
desired hydrocarbons and alcohols [1]–[4]. Copper is able to reduce CO2 beyond CO due to
its optimal binding strength of the key surface intermediate CO* [5]. This intermediate is
crucial for the reduction of CO2 towards synthetic fuels. If the binding strength is too strong,
for instance with nickel, iron and palladium, the catalyst surface is poisoned by CO* and only
hydrogen is produced [6]. On the other hand, if the CO* binding strength is too weak, which,
for instance, is the case with gold, silver and zinc, CO* desorbs before it gets the chance to
be reduced further [7]. However, the CO* binding strength is not the only parameter that
enables copper to reduce CO2 towards further reduced products. Additionally, copper has a
no under potential deposited hydrogen (Hupd) [5], displays a favourable binding strength of
C* [8] and an ideal atomic spacing that enables it to perform C-C bond forming reactions via
CO dimerisation [9]. The major disadvantages of copper are that it produces (oxygenated)
hydrocarbons unselectively at relatively high overpotentials and experiences stability issues
making it less attractive for industrial applications [3], [10], [11].

Alloying different metals provides an alternative approach to design new catalyst mate-
rials that could have superior catalytic performances and superior stability. By alloying, the
binding strength of multiple key intermediates can be finetuned by varying the alloy ratio
or their geometric structure. However, the combination of more than two metals massively
expands the number of possible combinations and materials to be tested compared to the
limited selection of only pure metals. Synthesising and testing each of these materials indi-
vidually would be an enormous and unpractical task. Fortunately, the activity of a material
toward CO2 reduction to further reduced products can be predicted to some extent using
density functional theory (DFT) calculations, allowing the relatively fast screening of many
different materials. In the literature, many studies have reported simulations on a range of
different materials and predictions on potentially interesting materials [12]–[16]. Two of
these DFT studies, Li et al. and Tran et al., concluded that the combination of strong CO-
binding metals (iron, nickel, cobalt, and palladium) together with weak CO-binding p-block
metals (aluminium, gallium, tin, and zinc) can provide good candidates for CO2 reduction
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towards further reduced products [12], [13]. Moreover, combinations of these metals can
form a subclass of alloys referred to as intermetallic alloys. The two metal constituents of
these materials are arranged in a well-defined crystal structure with fixed atom positions and
site occupancies leading to long-range ordering [17]. This well-defined structure can give
intermetallic alloys an edge over ordinary bimetallic alloys as it provides a more homoge-
neous catalyst surface and better control over the catalyst design. Moreover, intermetallic
compounds are known for their excellent long-term stability.

However, only a few of these non-copper intermetallic compounds of this combina-
tion have been studied for their CO2 reduction activity. So far only alloy combinations of
nickel-group 13 have been tested in the literature [18]–[20]. This could be because of their
difficult synthesis process or because of slow analysis techniques to quantify the formed
products. Therefore, the goal of this study is twofold: first to design a generalised method
for the synthesis of different intermetallic alloys and second to rapidly screen the activity
of these alloys for their CO2RR activity using the DEMS setup developed in chapter 4 to
show the effectiveness of this technique. Overall, six different intermetallic alloys, namely
AlFe, AlNi, CoSn, NiGa, FeGa3, and FeZn4, were synthesised, characterised, and tested in
for their catalytic activity towards CO2 reduction. Each of these alloys was predicted to be
selective binary alloys for the further reduction of CO2 beyond CO by either one of the two
previously mentioned DFT screening papers [12], [13]. We find that although most of these
alloys produce hydrocarbon products during CO2 electroreduction, they mostly produce hy-
drogen and only reduce CO2 to a limited extent. Therefore, we outline several causes for
the observed mismatch between the computational and experimental results. Moreover, we
advocate for a more holistic approach to computational material screening for CO2RR to
improve its accuracy.

5.2. EXPERIMENTAL

5.2.1. MATERIALS

All solutions were prepared using ultrapure water (Millipore Milli-Q gradient A10 sys-
tem, 18 MΩ cm) and reagents of high purity. Electrolytes were prepared using KHCO3(≥ 99.95%, trace metal basis, Sigma-Aldrich). As counter electrode, glassy carbon counter
electrodes (25x25x1 mm) were purchased from HTW (Sigradur ®, polished). For the cal-
ibration of the liquid products, formic acid (≥ 95 % Sigma-Aldrich), methanol (≥ 99.9 %
Sigma-Aldrich), ethanol (≥99.8 %, Sigma-Aldrich), 1-propanol (≥ 99.9 % Sigma-Aldrich)
and allyl-alcohol (≥ 99 % Sigma-Aldrich) were used to make dilution series. The gaseous
products (hydrogen, carbon monoxide, methane, and ethylene) were calibrated using cali-
bration mixtures with concentrations between 8000 ppm and 50 ppm of analytes balanced
in CO2 (Linde). To equilibrate the incoming electrolyte into the cell with CO2 and in
the DEMS setup highly pure CO2 gas was used (4.5N, Linde). To synthesise the alloys,
pure metals were used: Iron powder (99.9%, 100-325 mesh, ChemPur), Nickel powder
(99.99%, 100 mesh, MaTeck), Cobalt powder (99.9%, 200 mesh, MaTeck), Aluminium
powder (99.95%, 100-325 mesh, MaTeck), Gallium pellets (99.999%, < 3 mm, MaTeck),
Tin granules (99.9%, ~3 mm, MaTeck), Zinc granules (99.999%, 1-5 mm, MaTeck).
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Table 5.1: Synthesis conditions of the six prepared alloys. In the second and third columns, the temperature
and duration of the thermal diffusion step are shown. In the final two columns, the temperature and duration of
the subsequent SPS step are shown. *: The CoSn, FeZn4, and NiGa samples were synthesised in a tube oven.
Furthermore, the NiGa sample was obtained as one piece and therefore did not need to be spark plasma sintered.

Alloy Thermal diffusion
temperature (°C)

Thermal diffusion
duration (h)

Temperature
SPS (°C)

Duration
SPS (h)

AlFe 1250 2.5 1050 2
AlNi 1250 2.5 1050 1.5
CoSn* 1200 24 900 1.5
FeGa3 900 1.5 700 1.5
NiGa* 1200 24 - -
FeZn4* 670-550 12-24 500 2.5

5.2.2. ELECTROCHEMICAL MEASUREMENTS
All electrochemical experiments were performed using a Biologic SP-200 potentiostat, us-
ing a RE-6 Ag/AgCl reference electrode (BASi). The measurements were performed in
a PEEK electrochemical flow cell where the electrolyte flowed over the electrodes in ten
parallel channels with 1 mL min−1 to improve mass transfer to the electrode surface. All
electrochemical measurements were measured in triplicate. A cationic membrane (Nafion
117) was used to prevent any crossover of formed products. Further details about the elec-
trochemical cell can be found in section 4.3.1 of chapter 4. As a counter, a polished glassy
carbon (HTW, Sigradur ®) was used. Prior to every measurement run, the glassy carbon
electrode was polished using a 3 µm diamond paste (DP-floc, Struers, USA) and a microfiber
cloth (DP-floc, Struers, USA) to remove any contaminants. After polishing the glassy car-
bon electrode was washed with Milli-Q water. The PEEK cell was stored every night in an
aqueous 20 vol.% HNO3 solution to prevent any build-up of contaminants. Further details
about the DEMS setup are given in section 4.3.3 of chapter 4.

5.2.3. INTERMETALLIC ALLOY SYNTHESIS
Thermal diffusion was used in this study to obtain the desired alloys. For this method, the
pure metals were mixed in their desired atomic ratios and placed inside a crucible with a lid.
Typically, around 20 g of each metal was used. The crucible and contents were subsequently
heated up to a temperature based on the phase diagram of the alloy in question. The FeZn4alloy suffered from the high vapour pressure of zinc. Therefore, instead of placing the metals
in an open crucible, they were placed in a quartz ampule which was purged with argon and
sealed off under vacuum. This ampule was placed in a tube furnace and heated up. To
prevent the formation of different intermetallic phases, the ampule was first heated up to
670 °C with a heating rate of 5 °C min−1 to form the Γ-phase. Then, the ampule was cooled
down with a cooling rate of 5 °C min−1 to 550 °C to obtain the desired Γ1-phase [21]. The
CoSn and NiGa samples were synthesised in a tube oven in an alumina crucible under a
constant argon flow of 250 mLn/min. Their heating rate was 5 °C min−1. The other three
samples were synthesised in a pressureless SPS setup and were heated and cooled at a rate
of 15 °C min−1. During the pressureless SPS synthesis, the die was kept at an overpressure
of 20 mbar with argon.
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However, after their synthesis, most alloys were often irregular in size, porous, or fragile
and could therefore not be used directly in an electrochemical flow cell. Therefore, the
metals were crushed into a fine powder and sintered in carbon moulds using spark plasma
sintering (SPS) at a pressure of 50 MPa. Only the NiGa sample was obtained as a single
piece after melting and therefore did not need a spark plasma sintering treatment. Finally,
the obtained disks were sanded to remove the carbon outer layer and polished to obtain a
flat surface. The precise synthesis conditions used for each alloy combination can be found
in Table 5.1.

5.2.4. XRD MEASUREMENTS
For the XRD measurements, several settings and apparatus were used. For the CoSn and
NiGa a Bruker D8 Advance diffractometer Bragg-Brentano geometry and Lynxeye-XE-T
position sensitive detector was used. The source was Cu K𝛼 radiation at 45 kV and 40 mA.
The variable divergence slit was set to 12 mm irradiated length, and the air scatter screen
height to 5 mm. The detector settings were set to “high resolution”. For the FeGa3 sample
a graphite monochromator and Vantec position-sensitive detector with graphite monochro-
mator was used with Co K𝛼 radiation at 40 kV and 40 mA. Also, the air scatter screen
height was set to 8 mm. The AlNi, AlFe, and FeZn4 were measured with a Bruker AXS D2
Phaser using radiation Cu K𝛼 radiation at 30 kV and 10 mA current. For the iron samples
that were measured with this setup, the lower discriminator value was set at 0.190 V and the
upper value was set at 0.25 V.

5.2.5. ELECTRODE PREPARATION
After sintering, the residual carbon was removed from the metal surface using P180-grid
sandpaper and sanded into the desired dimensions for the electrochemical DEMS cell, see
4.3.1. Subsequently, the electrodes were sanded stepwise with sandpaper of finer grid sizes
(P320, P800, P1200. P2000). Finally, the alloyed electrodes were polished using 3 µm
and 1 µm diamond paste (DP-floc, Struers, USA) and a microfiber cloth (DP-floc, Struers,
USA). Prior to each measurement, the polishing steps were repeated to remove any rough-
ened surface and contaminants from the electrodes. Finally, the electrodes were washed
using ultrapure water and subsequently dried using compressed nitrogen or argon before
cell assembly.

5.2.6. PRODUCT ANALYSIS
MASS SPECTROMETRY SETTINGS
Mass spectrometry was performed on a Hiden HPR40 dissolved-species mass spectrometer.
All incoming species were first ionised and subsequently accelerated with a voltage of 3 V
and an electron current of 500 µA at an electron energy of 70 eV, except for mass 28 and
mass 2. These two masses were accelerated using an electron beam with a current of 50 µA
at an electron energy of 19.5 eV. Finally, all masses were detected by a Secondary Electron
Multiplier (SEM) which was set at a voltage of 935 V. The calibration method for each of
the major reduction products (gasses and alcohols) is discussed in section 4.2.7 of chapter
4.
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CARBOXYLIC ACID DETECTION AND QUANTIFICATION
Since carboxylic acids are in the deprotonated form in the 0.1 M KHCO3 electrolyte (pH
= 6.8), they cannot pass the DEMS membrane and hence cannot be quantified with the
mass spectrometer. Instead, carboxylic acid production was detected and quantified using
high-performance liquid chromatography (HPLC). Following the obtained residence time
distribution of the DEMS, see figure 4.6 in chapter 4, the electrolyte exiting the liquid DEMS
inlet was collected 7 minutes after the chronoamperometry measurement started. The con-
centration of carboxylic acids was measured by injecting 100 µL into the HPLC (Agilent
Technologies 1260 Infinity, USA) to quantify the formed carboxylic acid products. For the
catalysts tested in this study only formic acid was detected. The HPLC was calibrated with a
dilution series in the range of 0.01 mM to 5 mM of formic acid (95%, Sigma–Aldrich). The
flowrate of the eluent (1 mM H2SO4 (aq)) was set to 0.6 mL min−1 and the measurement
ran for one hour. The HPLC used two Aminex HPX-87H columns (Biorad) in series heated
to 60 °C. A refractive index detector (RID) was used for the detection of products.

5.3. RESULTS & DISCUSSION
5.3.1. SYNTHESIS AND CHARACTERISATION OF INTERMETALLIC AL-

LOYS
The main challenge in testing different intermetallic alloys for their electrochemical CO2reduction activities was their synthesis. While there are several methods in literature to pro-
duce specific intermetallic combinations, these methods are often not transferable to other
combinations. Furthermore, wet synthesis methods are often unreliable since there is often
not an a-priori known relationship between the starting ratio between the elements and the
resulting desired composition [17]. Instead, the alloys of interest were synthesised using
thermal diffusion by mixing the pure metal constituents in a crucible and heating the mix-
ture. Here, the different metals diffuse into one another and form the desired alloy phase.
Although this method is rather straightforward, several considerations had to be made. For
instance, the choice of crucible material was limited due to the nature of all the metals in-
volved; carbon or silicon carbide crucibles will leach carbon into the resulting alloy, while
boron nitride will react with both cobalt and nickel at higher temperatures. Therefore, high-
purity alumina crucibles were used, except in the case of cobalt-containing alloys, since
cobalt oxide and alumina from the crucible react at 1200 °C to form the pigment cobalt blue
[22]. Moreover, the temperature could not be increased too much as the crucibles often
cracked at higher temperatures. Therefore, the higher melting metals could not be liquefied
and had to dissolve into the liquid to form the desired alloy below their melting point. To
enhance the mixing of the constituents and shorten the diffusion time of the metals into one
another, the high-melting-point metals were added as a fine powder. Finally, due to the low
boiling point and high vapour pressure of zinc, this metal was difficult to work with. To
prevent the zinc from boiling off, the temperature of these alloys was kept below 900 °C and
the metals were sealed in a quartz ampule under vacuum. All alloys were prone to oxidation
and were therefore synthesised under an inert argon atmosphere. An oxygen filter was used
to keep the oxygen level at ppb levels. However, gallium is much more prone to oxidation
and even trace amounts of oxygen below 1 ppb for prolonged periods of time caused the
formation of a layer of gallium oxide (Ga2O3). Therefore, the gallium alloys were synthe-
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sised in a pressureless SPS setup where the presence of graphite foils at high temperatures
removes any trace of oxygen from the atmosphere and by using a much shorter synthesis
time of 1.5 hours.

Figure 5.1 shows the XRD analysis to indicate the presence of the desired intermetallic
compounds. In some cases, relatively small amounts of other phases are detected, which
could be due to the incomplete thermal diffusion of both metals into one another. How-
ever, in all cases, the relative amount of these other compounds is negligible compared to
the desired material following Rietveld refinement. In the case of AlFe, 9% of Al2O3 was
detected, while in the CoSn sample, 5% Co2Sn3 was observed.

5.3.2. ELECTROCHEMICAL MEASUREMENTS
The CO2 reduction activity of the intermetallic compounds was evaluated using a recently
designed DEMS setup. The mathematical model to deconvolute the mass peak signal is de-
scribed in section 4.3.5 of chapter 4. Consecutive fifteen-minute chronoamperometry mea-
surements were conducted with decreasing potential steps of 0.2 V from -0.3 V vs. RHE to
-1.3 V vs. RHE, using 0.1 M KHCO3 as electrolyte. The potential range is chosen based on
the conditions outlined in the screening paper that formed the basis of the selection of alloys
for this study [12]. All catalysts were stable when emerged in the electrolyte at open circuit
potential, with the exception of FeZn4. Due to the ignobility of zinc, the material corrodes
and dissolves to form Zn2+ and hydrogen. Therefore, the catalyst activity of this catalyst
was tested at a more negative potential range between -0.7 V vs. RHE and -1.5 V vs. RHE.
Moreover, the potential was always kept at -0.7 V vs. RHE prior to the chronoamperometry
measurements to keep corrosion to a minimum.

Figure 5.2 presents the results of the chronoamperometry measurements. At lower po-
tentials, the catalysts do not reach a hundred percent faradaic efficiency balance (see section
C.1 of appendix C), most likely due to side reactions where metal oxides on the surface are
reduced. These oxide layers can be formed during exposure to air prior to or during the
assembly of the cell. It is also possible that at lower potentials, hydrogen is adsorbed on the
surface. These reactions cannot be quantified by the DEMS and will therefore not account
for the faradaic balance. Eventually, most of the surface oxides are reduced and at higher
potentials, the faradaic efficiency balances are closed.

Most catalysts produce methane and ethylene with AlNi being the most active towards
hydrocarbon formation, displaying an onset potential for methane production of -0.5 V vs.
RHE. Ethylene formation is further observed on FeGa3, FeZn4, and NiGa. AlFe produces
only methane and seems to be unable to form a C-C bond necessary to produce ethylene.
Among all the tested catalysts only CoSn does not produce any hydrocarbons, but instead
only reduces CO2 to CO and formate. It is, however, quite active towards formate production
with an onset potential of -0.3 V. Its inability to form any further reduced products is in stark
contrast to the prediction from Li et al. that CoSn should be selective towards C2+ products
[12].

Since the catalysts in this study have mostly not been tested in literature for their CO2RR
performance before, it is difficult to compare the results with literature sources. Neverthe-
less, their results are in reasonable accordance with other literature sources that tested com-
parable materials. Paris and colleagues tested Ni3Al around -0.8 V vs. RHE and found that
the catalyst produced mostly hydrogen and some carbon monoxide when a buffered solution
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Figure 5.1: XRD diffractograms of the six investigated alloys. The symbols mark the location of the standard
diffraction patterns of each respective material. The square root of the intensity is taken to be able to better distin-
guish the smaller peaks in the diffractogram.
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Figure 5.2: Partial current densities for CO2 reduction in a 0.1 M KHCO3 buffer for AlFe, AlNi, CoSn, FeGa3,
FeZn4, and NiGa. The major products observed on the electrodes are hydrogen (◼), carbon monoxide (●), formate
(▾), methane (●), and ethene (⬥). To indicate the activity of the catalyst and the complete quantification of all
products, the total measured current is shown as well (◼).
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was used of 0.1 M K2SO4 with KHCO3/CO2 at a pH of 6.5 [18]. Additionally, Torelli et al.
found that NiGa mostly produced hydrogen with some hydrocarbons and trace amounts of
CO in 0.1 M Na2CO3 acidified to pH 6.8 with 1 atm CO2 [20]. They found that the catalyst
is more active towards ethane rather than ethylene. However, it is difficult to distinguish
these two products using the DEMS setup at these production levels, since both products
have a similar mass spectrum. Therefore, the activities towards both products could not be
quantified in our system.

Finally, the results clearly show that, although most catalysts produce hydrocarbon prod-
ucts, all tested catalysts mostly produced hydrogen and were far from selective towards fur-
ther CO2RR products under the tested conditions. This observation is in contrast to the
predictions made by screening papers that these materials would selectively produce C2+or further reduced products. Possibly, due to the testing conditions in ambient, aqueous
electrolytes, hydrogen evolution is quickly the dominant product due to the overwhelming
presence of water and the low solubility of CO2. Studies have shown that under elevated
pressure where there is a higher amount of CO2 present at the surface, the selectivity of dif-
ferent catalysts can shift significantly [23]–[25], for example, nickel and iron catalysts that
produce mostly hydrogen at atmospheric pressures.

Alternatively, the surface composition or structure of the catalyst material during elec-
trochemical testing could differ from the as-synthesised materials. Jovanov and coworkers
found a similar discrepancy between prediction and experimental results on Au – Cd alloys
[26]. They attributed this discrepancy to the dissolution of cadmium from the alloy. The
FeZn4 sample was observed to have some hydrogen formation at open circuit potential in-
ferring some zinc dissolution. This could possibly explain why the FeZn4 sample was not
selective towards CO2 reduction, while this was suggested by Li et al. [12]. Significant
leaching of metals from the other alloys is unlikely. If there would have been substantial
leaching, there would have been an accompanying reduction reaction to the oxidation of the
alloy components. However, no reduction products at open circuit potential for any of the
other catalysts or a substantial unbalance in our faradaic efficiency balance during catalyst
testing was observed. Alternatively, the in-situ crystal structure could be reformed due to
the electrolyte or the applied potential as was observed on a PdAu electrode [27]. Further in-
operando spectro analysis of the alloys could indicate if this is the case. Finally, the catalyst
surfaces are unavoidably most likely to be slightly oxidised either ex-situ or in-situ prior to
the measurements. These oxides are reduced before or during the catalytic measurements.
However, the reduction of these oxides will have an effect on the structure and surface rough-
ness of the alloys in-operando. To correctly identify the role of these processes, specialised
equipment such as Synchrotron X-ray absorption spectroscopy or XANES in combination
with specially designed cells are needed.

Nevertheless, our results stress the impact that the hydrogen evolution reaction has on
the selectivity towards CO2 reduction for a catalyst material. The effect of its hydrogen
affinity on a catalyst’s CO2RR selectivity was already highlighted by multiple researchers
[28]–[30]. However, in computational CO2RR screening studies, the hydrogen evolution
reaction is often not considered. Therefore, we advocate for a more holistic approach to
CO2RR catalyst screening where both the CO2RR and the HER are taken into account. This
practice is already more common for electrochemical nitrogen reduction screening papers
[31], [32]. Furthermore, computational screening studies should also take into account a
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material’s selectivity towards formate or CO. Many studies focus on the binding strengths of
CO2RR intermediates after the reduction to CO to screen catalyst materials towards further
reduced products. However, this step could be premature as CO2 first has to reduce to CO.
However, if this step is not favourable, formic acid is produced instead. However, finding a
single descriptor to determine whether a catalyst is selective towards CO or formate has been
proven difficult; no clear reason has been found why monometallic catalysts such as silver or
gold are selective towards CO under experimental conditions but should be selective towards
formate according to DFT simulations. Morrison and coworkers have shown that the surface
coverage plays an important role in predicting whether a surface is selective towards CO or
formate [33] while Christensen and coworkers show that the materials lattice constant could
be used to classify materials [34]. Finding such a descriptor for alloys can greatly enhance
the accuracy of computational screening methods.

Finally, screening papers often limit themselves to specific crystal structures or bimetal-
lic compositions (A3B or AB), due to the large computational efforts that are involved in
DFT calculations. However, these structures or compositions might not exist in reality or
separate into two stable phase compositions. Examples of this can be found in literature
where a catalyst material was synthesised with a specific initial composition, but in-situ
segregated into two phases [35], [36]. Also, several predicted alloys from Li et al. could not
be synthesised in this study due to this reason (FeGa, FeZn). Therefore, instead of specific
bimetallic compositions for all alloys, researchers should use databases of electronic struc-
tures of stable compositions to obtain usable predictions from computational screenings.
For instance, Tran and coworkers already obtained their intermetallic combinations from
the Materials project [37]. Alternatively, researchers could use phase diagrams to check if
an alloy is (likely) to be stable at room temperature [38]. Without the use of these databases,
computational time and effort are wasted on materials that are impossible to synthesise in
practice.

5.4. CONCLUSION
We have synthesised and tested several intermetallic alloys for their CO2 reduction reaction
activity. Moreover, we have outlined a general method to produce these materials and sev-
eral lessons that were learned. The alloy compositions were selected based on predictions
highlighting their CO2RR selectivity towards further reduced products from previous com-
putational screening papers. The selected compositions were AlFe, AlNi, CoSn, FeGa3,
FeZn4, and NiGa. Almost all catalysts were shown to produce hydrocarbons (methane and
ethylene), while CoSn was active towards formate. Most materials that were characterised in
this chapter have not been tested before in the literature. Nevertheless, their results matched
well with similar tested alloy materials in the literature. However, the materials were mostly
active towards hydrogen formation and only had limited CO2 reduction activity. We have
postulated several reasons for this discrepancy and outlined several ways to improve CO2RR
screening methods. These results highlight the importance of experimental validation of
DFT results and how modelling and experimental work should work together to iteratively
find selective CO2 reduction materials.
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6.1. CONCLUSION
Following the global energy transition from a fossil fuel-based to a renewable energy-based
society, new processes must be developed to produce many different bulk chemicals from
electricity and CO2. This dissertation investigated the role bimetallic electrocatalysts could
play within this transition. This thesis aimed to develop a new bimetallic catalytic material
that could produce renewable fuels directly from CO2, water, and electricity. The focus was
on non-copper alloys, as copper alloys have already been widely tested in literature.

The field of bimetallic electrode materials has so far mainly focused on copper alloys, yet
has made no significant improvement in the performance of monometallic copper. There-
fore, we first studied the currently available literature to identify possible causes for this
lack of improvement. In chapter 2, several of the main shortcomings in the current liter-
ature were highlighted and several ways were indicated to circumvent them. As of now,
progress in research is mostly hindered in three ways: firstly, catalyst material analysis is
often only done on pristine catalysts in ex-situ conditions without consideration whether
these structures are maintained during in-situ conditions. Therefore, the reported electro-
catalytic material structure might deviate from the tested catalyst structure. Secondly, most
research groups use different, custom-made cells for their research with different govern-
ing cell hydrodynamics. These hydrodynamics greatly influence the surface concentrations
during CO2 reduction or even lead to mass transfer limited conditions. By not standardising
the hydrodynamics of the used cell, results could unknowingly be affected making compar-
isons between results difficult. Finally, analytical techniques used to quantify CO2 reduction
products are slow and have a high limit of detection. As a result, researchers have to extend
the run time of experiments slowing down their research. Therefore, the research scope of-
ten remains limited to only a handful of catalysts and there is little to no variety in tested
process conditions. So, there are still many more catalyst materials to be tested or materials
that have been tested under sub-optimal conditions.

As was noted in the previous chapter most research is often done under the same reac-
tion conditions and using the same electrolyte, the often overlooked role of the electrolyte
(buffer) on the CO2 reduction process was investigated in Chapter 3. The influence of two
buffers, KHCO3 and KH2PO4/K2HPO4, was studied on the selectivity of a bimetallic gold-
palladium electrode to elucidate observed inconsistencies between different studies into this
metal combination. Both the bimetallic AuPd electrocatalyst as well as monometallic gold
and palladium catalysts were shown to have a higher activity towards hydrocarbons in a
phosphate buffer compared to a bicarbonate buffer around the same pH. Through the study
of CO2 reduction on AuPd in bicarbonate buffers of varying buffer strengths, it was con-
cluded that the observed differences in product activities were caused by the difference in
buffer strength, not the presence of certain anions at the electrode interphase. The results
showed a strong link between the buffer choice and product activity, further demonstrat-
ing the strong interaction between the catalyst activity and the local reaction conditions at
the surface. Our data suggested that on the tested catalyst materials ethylene and higher
hydrocarbons are formed via a pH-dependent reaction mechanism that differs from the pH-
independent CO-dimerisation mechanism on a copper surface. In short, the study gave ad-
ditional evidence that catalyst design cannot be a one-sided effort by solely optimising the
catalyst material.
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As stated in chapter 2, product quantification techniques are often slow, limiting the
scope of researchers and the speed of catalyst development. To accelerate these quantitative
techniques, a new differential electrochemical mass spectrometer (DEMS) setup was devel-
oped in Chapter 4 that enables the quantification of most major gaseous and liquid-products
CO2RR products four times faster than conventional analytical techniques and without the
need for additional ex-situ measurements. The reproducibility of this new setup was demon-
strated by comparing the catalytic activity of a polycrystalline copper and silver electrode
against benchmarks from the literature. Moreover, the hydrodynamics of the cell were quan-
tified and successfully modelled. This model enhanced the understanding of the mass trans-
fer rate of CO2 to the surface and helped to indicate when the conversion rate is suffering
from mass transfer limitations. The methods used in this chapter provide a way to determine
the mass transport of CO2 in other cell configurations as well. As such, it provides a handle
to keep process conditions consistent between measurements and research groups.

Finally, in chapter 5, several intermetallic compounds were synthesised and their elec-
trochemical CO2 reduction activity was quantified using the newly developed DEMS setup
from the previous chapter. Although the synthesis of these materials has been proven diffi-
cult, a generalised method was devised for a wide range of different materials by applying a
two-step process where the materials were first synthesised using thermal diffusion and sub-
sequently pressed into the desired shape using spark plasma sintering. Several intermetallic
compounds were selected that were predicted to be selective towards C2+ products based on
two DFT-based screening papers. While most materials did reduce CO2 to further (higher)
hydrocarbons, all materials mostly produced hydrogen and only produced CO2RR products
to a minor extent. These results suggest that there is a mismatch between the computational
screening of catalyst materials and their in-situ selectivity. Several possible reasons for this
discrepancy were discussed. Also, the mismatch shows that instead of a detailed screen-
ing of materials based on their CO reduction capacity, computational screening of CO2RR
catalyst materials should take a more holistic approach where the catalyst activity towards
hydrogen, formate, and carbon monoxide should be taken into account.

6.2. RECOMMENDATIONS
The vast number of different materials that are still left to be tested, their ability to break
scaling relations, and their large freedom of design, make bimetallic CO2 reduction catalysts
interesting for the development of new active and selective catalysts. However, the field
currently lacks a systematic approach which leads to inefficiency and a lack of a significant
breakthrough. The recommendations to improve each step of the catalyst development cycle
are listed below:

• Currently, new catalyst designs are often based on DFT calculations that assume ideal
conditions. These conditions rarely hold in practice. Instead, new materials should
be developed based on experimental results. Given enough data points from different
catalyst materials under various conditions, machine learning could offer a great tool
to help catalyst development further. With the current analytical techniques and cell
designs, this task would be impossible, but with the newly developed DEMS setup,
these two tools could work together, where the DEMS would provide the quantitative
experimental results as input for the machine learning model. Meanwhile, the ma-
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chine learning model would use this input to predict possible new catalyst material
designs that will be tested by the DEMS setup. The feedback loop created this way
would be able to get more accurate predictions with every iterative step and spur on
high throughput catalyst development.

• Successful catalyst synthesis remains one of the most challenging aspects of catalyst
development. Thermal diffusion is a more consistent method to acquire the desired
alloy composition compared to other synthesis methods like wet synthesis methods
and results in more stable catalyst configuration under in-situ conditions. However,
the method often requires a second sintering step to produce a solid electrode that
can be used in cell configurations. These sintering setups are not always available
and are expensive. Therefore, research into (new) reliable catalyst synthesis methods
is crucial for rapid catalyst development. Alternatively, one could explore different
sintering, casting or spray-coating methods to manufacture stable electrodes.

• While the new DEMS setup is able to successfully quantify products at a potential
about four times as fast as with conventional setups, it would be beneficial to speed
this up even further. The main bottleneck towards rapid measurements is the govern-
ing residence time distribution of the setup. The residence time distribution itself is
limited by the gas holdup in the cell and the intermittent, discrete manner gas products
leave the cell in the form of bubbles. Therefore, mixing is required to obtain a stable
measurement signal. To shorten the residence time, the PEEK cell could be treated
with ozone making the cell more hydrophilic and thereby the gas holdup.

• Currently, the DEMS setup and most conventional setups work under ambient pres-
sure, it would be beneficial to redesign the cell to work under high-pressure condi-
tions for two reasons: under high pressure, the solubility of gasses in the electrolyte
is greatly enhanced, limiting the number of bubbles that get formed, removing the
need for mixing and shortening the residence time distribution. Additionally, under
high-pressure conditions, the reaction conditions resemble industrial conditions more
closely, making further scale-up easier.

• In electrochemical CO2 reduction, deriving kinetic rate equations for CO2RR catalyst
development is not widely applied. However, knowing the effect of surface condi-
tions on catalyst activity and selectivity can provide important insights into the reac-
tion mechanism and rate-determining steps. These kinetic insights could help focus
catalyst development and lead to interesting new materials. To measure the catalyst
kinetics, a setup needs to be developed that is able to vary the surface concentration of
CO2 and H+ under well-defined hydrodynamics. Here, the newly developed DEMS
setup developed in this thesis could be used. If the setup would be redesigned to work
under high-pressure conditions, such a system would be ideal for probing the kinetic
behaviour of new catalyst materials.
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A.1. SEM-EDX RESULTS

Figure A.1: EDX spectrum of the gold-palladium electrode surface.
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A.2. XPS RESULTS

Figure A.2: XPS survey spectrum from -10 eV to 1200 eV of a Pd-Au electrode. Pass energy is 200 eV with step
size 0.1 eV.

Table A.1: AuPd and Pd foil XPS fitting parameters.

AuPd Pd Foil
Name Position FWHM Position FWHM
PdO 5/2 335 1.05 335.17 1.1
PdO 3/2 340.3 1.05 340.47 1.1
PdO 5/2 336.1 1.33 336.1 1.5
PdO 3/2 341.4 1.33 341.4 1.5
PdO2 5/2 337.5 2 337.3 3
PdO2 3/2 342.8 2 342.6 3
Au 4d 5/2 334.5 4
Au 4f 7/2 83.91 0.94
Au 4f 5/2 87.59 0.96
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Figure A.3: XPS high-resolution Pd 3d and Au 4d spectral region for a Pd foil and AuPd electrode.

A.3. FERRO/FERRICYANIDE EXPERIMENTS
Ferro-/ferricyanide redox couple was used to determine the hydrodynamics of the flow
within the cell. A buffer of 0.1 M KHCO3 (99.95%, Sigma Aldrich) + 5 mM K3Fe(CN)6 ⋅H2O
(99.9%, Sigma Aldrich) + 5 mM K4Fe(CN)6 (99.9%, Sigma Aldrich) was made and inserted
through the cell, using polished glassy carbon (HTW) as both the working and counter elec-
trode, since unpolished glassy carbon or metal surfaces could lead to unwanted side reactions
[1]. Furthermore, Argon was bubbled through the electrolyte to simulate the CO2 bubbles
during the experiment and to remove any dissolved oxygen to prevent ferrocyanide oxidation
[2]. Lastly, all experiments were performed in the dark to prevent photolysis of the cyanide
complexes through photo dissociation under UV light leading to cyanide formation [3]. Lin-
ear sweep voltammetry was performed between open circuit potential to + 0.7 V vs. E𝑜𝑐 at
a sweep rate of 1 mV s−1 and maintaining an Argon flowrate of 8 mLn/min. The sweep rate
was kept low to limit the contribution of double-layer charging. Cell resistance could not
be determined using PEIS since at any potential faradaic reactions occur. Therefore, these
results are shown without ohmic drop compensation.
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Figure A.4: XPS high-resolution Au 4f spectrum for a AuPd electrode.
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Figure A.5: Reversible ferrocyanide oxidation during a LSV of 0.1 mV s−1 from open circuit potential to E𝑜𝑐+ 0.7 V. Results shown are the average of eight consecutive LSVs. The potential is shown up until 0.8 V. The
average oxidation current is shown as a dashed line in the figure and the average of the current between 0.6 V vs.
Ag/AgCl and 0.8 V vs. Ag/AgCl.
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Table A.2: CO2 consumption rates on a polycrystalline gold electrode in both a phosphate and bicarbonate buffer
at a potential range between -0.8 V vs. RHE and -1.2 V vs. RHE. The consumption rates are calculated from the
sum of average partial current densities of all CO2 reduction products at each respective potential.

CO2 consumption (nmol s−1)

Applied potential vs. RHE
Phosphate buffer

(0.1 M KH2PO4 +0.1 M K2HPO4)

Bicarbonate buffer

(0.1 M KHCO3)
-0.8 4.6 10.5
-0.9 12.8 11.1
-1.0 22.7 19.5
-1.1 25.1 24.5
-1.2 22.9 23.6
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B.1. FILM THEORY
CO2 availability near the electrode surface has a major influence on the catalyst activity and
selectivity. Therefore, it is important to ensure that enough CO2 can reach the surface to
prevent depletion and keep the CO2 concentration the same during and between experiments.
Therefore, the mass transfer of species towards the electrode surface was analysed using the
so-called film model. Here, the molar flux from the bulk of the solution is defined as follows:

𝜙= 𝑘 ⋅𝐴𝑠𝑢𝑟𝑓 ⋅ (𝑐𝑏𝑢𝑙𝑘− 𝑐𝑠𝑢𝑟𝑓 ) (B.1)
Here, k, the mass transfer coefficient, can be expressed as follows: 𝑡𝑒𝑥𝑡𝑖𝑡𝑘= (𝑆ℎ ⋅𝐷)∕𝑑.

Here, Sh (Sherwood number) is a dimensionless number representing the ratio between con-
vective and diffusion mass transfer rate to the surface. d is the height of the flow channels
and D is the diffusion coefficient. 𝐴𝑠𝑢𝑟𝑓 is the area of the electrode that is exposed to the
electrolyte, while 𝑐𝑏𝑢𝑙𝑘 and 𝑐𝑠𝑢𝑟𝑓 represent the bulk and surface concentration of the reactant
concerned. Now, the expression becomes:

𝜙=
𝑆ℎ ⋅𝐷 ⋅𝐴𝑠𝑢𝑟𝑓 ⋅ (𝑐𝑏𝑢𝑙𝑘− 𝑐𝑠𝑢𝑟𝑓 )

𝑑
(B.2)

Since it is not possible to measure the concentration of a species at the surface directly,
the current is measured using linear sweep voltammograms (LSV, sweep rate 1 mV s−1)
until the mass transport becomes limiting instead. When mass transport becomes limiting,
the concentration near the surface approaches zero. To link the mass transport towards
the surface to the measured current, Faraday’s laws of electrolysis were used. Since CO2reduction can have multiple parallel reactions, the ferro-/ferricyanide redox couple was used
as it is a single electron reaction without side reactions.

𝜙=
𝑆ℎ ⋅𝐷 ⋅𝐴𝑠𝑢𝑟𝑓 ⋅ (𝑐𝑏𝑢𝑙𝑘)

𝑑
(B.3)
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B.2. CALCULATING LIMITING CURRENTS
In this paper, the limiting currents for the new cell design were calculated in two ways:
following the Koutecky-Levich expression, as derived by Scherson et al. for the limiting
current over a channel electrode [1]:

𝑖𝑙𝑖𝑚 = 1.0175 ⋅𝑛 ⋅𝐹 ⋅𝑤 ⋅ℎ−1∕3 ⋅𝐿2∕3 ⋅𝑣1∕3 ⋅𝐷2∕3 ⋅ 𝑐 (B.4)
Where, n is the number of electrons that is transferred, F the Faraday constant (96485
C/mole– ), w stands for the width of the channel, h is the half-height of the channel, L rep-
resents the length of the channel, v the fluid flow velocity in the centre of channel, D is
the diffusion coefficient and c is the bulk concentration of the reacting species. The width,
height, and length of the channel were taken from the design and were 1 mm, 1 mm, and
25 mm respectively. The fluid velocity was calculated by dividing the fluid flowrate by the
cross-sectional area of a channel (𝑤 ⋅ℎ) and 10 to account for the fact that the fluid divides
itself over 10 different channels. The diffusion coefficient, D, was taken from the literature
as 6.67 ⋅ 10−10 m2 s−1 for ferrocyanide and 19.7 ⋅ 10−10 m2 s−1 for CO2 [2], [3]. The con-
centration of CO2 in the bulk, 𝑐𝑏𝑢𝑙𝑘, was calculated using Henry’s law where the value for
the Henry law coefficient was taken from the literature and equal to 0.034 mol L−1 bar−1
[4].To obtain the total limiting current over all the channels, this value was multiplied by
the number of channels N.

Secondly, the limiting current was calculated following equation S.3 in combination with
an expression for the Sherwood number for flow through a microchannel from van Male et
al. [5]:

𝑆ℎ= 2.467 ⋅
(

1+ 𝐺𝑧
27.3

)0.407
(B.5)

Where Gz is the Graetz number, which is calculated as follows:

𝐺𝑧=𝑅𝑒 ⋅𝑆𝑐 ⋅ ℎ
𝑧
= 𝑣 ⋅ℎ2

𝐷
1
𝑧

(B.6)
Where Re is the Reynolds number, Sc is the Schmidt number, h is the height of the

channel. v is the fluid velocity, D is the diffusion coefficient, and z is the coordinate along
the length of the channel. Since the Graetz number changes over time, to obtain the average
of the Sherwood number, the Gz number is averaged over the length of the electrode by
integrating over z between the position where the electrode begins and ends (2.5 mm and
27.5 mm)

⟨𝐺𝑧⟩= 1
𝐿 ∫

𝑣 ⋅ℎ2

𝐷
1
𝑧
𝑑𝑧 (B.7)

Since the fluid velocity, height of the channel, and diffusion coefficient is constant over the
length of the channel, these can be taken out of the integration:

⟨𝐺𝑧⟩= 1
𝐿
𝑣 ⋅ℎ2

𝐷 ∫
1
𝑧
𝑑𝑧= 𝑣 ⋅ℎ2

𝐷 ⋅𝐿

[

ln𝑧
]𝑧=27.5

𝑧=2.5
= ln11 ⋅ 𝑣 ⋅ℎ

2

𝐷 ⋅𝐿
(B.8)

Subsequently, the average Graetz number was calculated for the different flowrates and
used to calculate the corresponding Sherwood number with formula B.5. This value was
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used in formula B.2, where D was the diffusion coefficient for ferrocyanide or CO2 (6.67 ⋅
10−10 m2 s−1 and 19.7⋅10−10 m2 s−1 respectively [2], [3]). 𝐴𝑠𝑢𝑟𝑓 is the area of the electrode
that is exposed to the electrodes (𝐴𝑠𝑢𝑟𝑓 = 𝑤 ⋅𝐿 ⋅𝑁), where w is the width of the channel,
L is the length of the channel, and N is the number of channels. Finally, n is the number
of electrons that is transferred, F the Faraday constant (96485 C/mole– ), the concentration
of CO2 in the bulk, 𝑐𝑏𝑢𝑙𝑘, was calculated using Henry’s law where the value for the Henry
law coefficient was taken from literature and equal to 0.034 mol L−1 bar−1 [4], and h is the
height of the channel.

B.3. GAS AND LIQUID INLET DESIGNS

Figure B.1: Drawings and pictures of the gas (left) and liquid inlet respectively. The top two figures show the
SolidWorks designs and the ones below show the manufactured inlets mounted on the KF25 support from HIDEN.
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B.4. MASS SPECTROMETER SETTINGS

Table B.1: Estimated lower limits of detection for ethanol for four different mass peaks at different mass spectrom-
eter settings.

Estimated Coefficient Baseline error LOD (mM) 𝑅2

19.5 eV - 50 µA - 1400 V
Mass 15 7.74 × 10−13 1.67 × 10−13 0.216 0.969
Mass 26 1.93 × 10−13 5.06 × 10−14 0.261 0.924
Mass 27 1.24 × 10−12 8.76 × 10−14 0.071 0.982
Mass 28 2.25 × 10−11 1.29 × 10−13 0.006 0.999

70 eV - 50 µA - 1200 V
Mass 15 6.29 × 10−12 4.19 × 10−13 0.067 0.998
Mass 26 2.54 × 10−12 9.00 × 10−14 0.036 0.996
Mass 27 5.94 × 10−12 6.08 × 10−13 0.102 0.996
Mass 28 2.70 × 10−11 1.10 × 10−13 0.004 0.997

70 eV - 500 µA - 1200 V
Mass 15 3.24 × 10−10 6.59 × 10−12 0.020 0.999
Mass 26 9.63 × 10−11 7.46 × 10−13 0.008 0.999
Mass 27 2.70 × 10−10 6.92 × 10−12 0.026 0.999
Mass 28 1.47 × 10−9 1.20 × 10−12 0.001 0.999

70 eV - 500 µA - 870 V
Mass 15 1.31 × 10−11 1.73 × 10−13 0.013 0.999
Mass 26 3.80 × 10−12 5.80 × 10−14 0.015 0.999
Mass 27 1.03 × 10−11 1.07 × 10−13 0.010 0.999
Mass 28 5.54 × 10−11 9.68 × 10−14 0.002 0.999

B.5. COEFFICIENT MATRIX

Table B.2: Coefficient matrix between the calibrated products and mass peak signals. Coefficients in bold indicate
the identifying mass peaks for the respective product.
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Hydrogen 61.38 0 0 0 0 0 0 0 0 0 0
Carbon monoxide 0 0 0 0 5.09 4.09 0 0 0 0 0
Methane 0 1743.8 0 0 0 0 0 0 0 0 0
Ethylene 6.60 221.18 951.28 889.53 17.23 9.45 0 0 0 0 0
Methanol 0 4.30 0 0 0 1.06 7.18 0 0 0 0
Ethanol 0 3.61 1.09 2.62 0 0.85 12.02 0.13 0 0 0
1-Propanol 0 1.42 1.30 3.80 0 0.68 18.91 0.88 0.19 0.36 0.76
Allyl Alcohol 0 0.60 1.46 2.60 0 0.99 1.91 0.40 1.87 0.44 0
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Figure B.2: Partial current densities of detected CO2 reduction products as a function of potential for both silver
and copper electrodes.

B.7. NYQUIST PLOT
Potentiostatic electrochemical impedance spectroscopy (PEIS) was performed to determine
the total uncompensated resistance (𝑅𝑢) of the system while running a CO2-equilibrated
buffer solution of 0.1 mol KHCO3. Potential waveforms with a sinus amplitude of 20 mV
between frequencies of 300 kHz and 100 mHz. Per decade 100 different frequencies were
applied at the open circuit potential. For every data point, three measurements were averaged
for every applied frequency. The results are shown in the Nyquist plot shown in Figure B.3.
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Figure B.3: Nyquist impedance plot of the DEMS cell obtained at an electrolyte flow rate of 1 mL min−1 at the
open circuit potential.

B.8. CHRONOAMPEROMETRY MEASUREMENTS
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Figure B.4: Currents measured during a set of chronoamperometry measurements between -0.6 V and -1.3 V on
silver and copper respectively, using a CO2-equilibrated buffer solution of 0.1 mol KHCO3 in water.
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Figure C.1: Faradaic efficiencies of all detected CO2 reduction in a 0.1 M KHCO3 buffer for AlFe, AlNi, CoSn,
FeGa3, FeZn4, and NiGa. The major products observed on the electrodes are hydrogen (◼), carbon monoxide (●),
formate (▾), methane (●), and ethene (⬥). To indicate the faradaic efficiency balance of each catalyst the sum of
all faradaic efficiencies per potential is shown as well (◼).
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