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Abstract

The need for clean, energy efficient and environmental friendly technologies to close
the resource cycle and help building a sustainable economy is higher than ever. A
promising approach to achieve this goal is the utilization of atmospheric CO5 by its
electro-catalytic reduction towards non-fossil fuels and chemical resources.

Despite numerous dedicated studies carried out in the past decades, detailed un-
derstanding of the reaction mechanism and the reaction’s dependence on specific
parameters such as the surface orientation and structure on an atomic scale, the
chemical environment under which the reaction is carried out, the oxidation state of
the employed catalysts or quantum size effects possibly becoming relevant at small
length scales, is missing.

The scientific work presented here is addressing many of these issues focusing
on examining the influence of oxides when running the reaction as well as on the
selectivity-structure correlations on an atomic scale. Utilizing various existing ultra
high vacuum based techniques together with operando, synchrotron-based, electro-
chemical experiments and developing new techniques, this work demonstrated for
the first time that oxide species are particularly important for the reaction path-
way towards multi-carbon chain oxygenate products. Surprisingly, unlike thought,
the selectivity towards especially ethylene is independent on the presence of those
species. Employing well defined single crystal surfaces it is revealed that structural
properties are the key parameter determining the reduction reaction selectivity to-
wards non-oxygenate products. By controlling and characterising such surfaces on
the atomic scale this work significantly contributes to the field by further pointing
out that the pristine undisturbed crystal orientation of the surface is, unlike believed
on the basis of the existing theoretical predictions and experimental data, not as
important as the presence of defects in the atomic lattice and high index facets on
the surface. Furthermore, those results are put to use and into perspective when
analysing the behaviour of high surface area nano-structured catalysts that are also
considered for large scale up industrial applications. Using a combination of spectro-
scopic and electrochemical techniques the work provides detailed information about
the importance of the chemical environment in the catalytic performance and points
out new directions to further improve existing catalysts. For instance synergistic
effects in bi-metallic nano structured systems are utilized, and the crucial role of
the support in determining the reaction outcome explained. Similarly the effects
of the electrolyte are explored, showcasing that the performance of already existing
highly selective catalysts can be further improved due to an enhanced stability of
crucial reaction intermediates on the surface as a consequence of the exposure to
certain halides and alkaline cations.

These results clearly indicate that structural and morphological properties of
catalysts are the key factors in determining the reaction selectivity towards specific
products while only the oxygenate selectivity is found to be significantly affected
by the chemical state and environment.
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1 Introduction

The rapid advance in technology which was accompanied by a drastic increase in
the overall world population has led to numerous new challenges over the course of
the last century. Among them, feeding the all time high demand for energy and
resources is of general societal interest [1-4]. Up to now the conventional industry is
mainly based on fossil fuels, whether it is for energy production by burning them, or
fossil cracking for carbon based chemicals and other goods. This approach, however,
has lead to a drastic increase in the carbon dioxide concentration which is on an all
time high since 800 thousand years [5, 6]. As COs is a green house gas, this causes
changes in the global climate and offsets the thermodynamic equilibrium state of
many processes on the planet, thus changing the global ecosystem. Furthermore the
conventional industrial processes led to a great deal of pollution across the planet,
which is threatening ecosystems and animal life.

As the aformentioned mentioned economy is not sustainable on a long time scale,
new ways and technologies have to be found and implemented into the existing
industry to be able to close the resource cycle. Of special importance is hereby the
carbon cycle, since the released CO; in endangering the planet’s climate.

A promising concept is to recover carbon dioxide from the air, or take it con-
centrated from industrial sites and make use of it as a source for carbon based
chemicals. If such a process is only powered by energy from renewable sources
such as wind and solar, a sustainable artificial closing of the carbon resource cycle
could be achieved. A possible technology in this framework, that could be used to
transform carbon dioxide into useful chemicals is the so called electrochemical cat-
alytic reduction of CO,. While within the field of electrochemistry the conversion
of chemicals into electrical energy has been studied to an extend since almost 250
years [7], including reactions such as hydrogen- (HER) or oxygen evolution reaction
(OER) from water splitting, CO5 reduction reaction (COsRR) remained relatively
unexplored until three decades ago. It was the work of Hori and his co-workers that
sparked interest in the field when they reported that it was possible to transform
carbon dioxide into valuable hydrocarbons such as ethylene and ethanol when the
right catalyst is employed [8, 9]. Developing this and similar technologies on an
industrial scale has since then been a goal within developed countries and regions,
whose achievement remained elusive until now. Nevertheless, since Hori’s discovery
over three decades ago, dedicated research within the field has led to more fun-
damental knowledge [4, 9-13] , allowing rational design of new catalysts not only
for the generation of hydrocarbons from COs but also carbon monoxide (CO). The
latter is an important synthetic gas for common industrial processes such as the
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synthesis of methanol [14-16] or simply as a reducing agent within chemical syn-
thesis [4, 17, 18]. Additionally, energy storage technologies, especially independent
ones, have become more important due to a shift into a more sustainable economy.

The present work is motivated by the aformentioned problems and research. It is
dedicated not only to fundamental research but also to finding practical solutions
with respect to the catalyst design to be able to contribute to COsRR becoming
viable.

It is clear that in order to incorporate this technology on a large scale within
future industry it has to be as efficient as possible. They key is hereby to get as
close as possible to an energy conversion rate of 100 % to the targeted products. For
achieving this, the right choice of catalysts and its design is crucial. Demands for
these are for instance a high stability in operation over a long time while being active,
so that high amounts can be converted per given time. Also economy related needs
such as price, abundance and availability play an important role. Furthermore, since
CO, is a very stable molecule, the energy barrier of reducing it has to be lowered
by the catalyst as much as possible, at best meeting the thermodynamically needed
minimum energy.

There are various COsRR catalysts [9, 19] which are mainly metals, however,
possible industrial candidates among them are very few. For instance copper, is
the only metal capable of catalysing the pathway towards hydrocarbons such as
methane, ethane, ethylene, ethanol and n-propanol [8]. Especially ethylene and
ethanol are of great interest due to their widespread usage and the high economic
value. The first is a fundamental basis chemical needed as a precursor for the
polymere industry and for the synthesis of carbon based chemicals [20, 21] and
the second is a common and easy-to-use fuel to power machines [22, 23|, which
is also reflected by the relatively high market prices [4]. Other materials are only
able to generate formic acid which is mostly considered as a low value product or
carbon monoxide from CO,. As mentioned, CO is widely employed and needed
in industrial processes, which also makes the usage of other metal catalysts than
copper interesting.

A summary of the elements that have been tested by researchers over the last years
[19, 24, 25] and their capabilities are given in Figure 1.1.

What can be seen immediately is that most of the considered elements are only
capable of producing hydrogen under CO3RR conditions, which requires fairly high
negative potentials due to the high stability of the CO, molecule. Moreover, a
common need among all catalysts, is to suppress the parasitic HER from water
which competes for active sites on the used catalysts surfaces. Metals that have
been considered for CO generation are Au, Ag and Zn. Not all of them are attractive
for usage though, as for example gold is very expensive due to its low availability on
the planet and therefore, large scale industrial applications on its basis are elusive.
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Figure 1.1: Possible elements for COsRR. Bar sizes only reflect the major relative amount
of products with respect to each other as reported in the literature [19, 24].

Good candidates are Ag because if its high chemical resilience and CO selectivity
26, 27] and Zn due to its selectivity, low cost and abundance [28, 29].
Generally, an easy concept that is used frequently to understand what determines if
a catalyst is selective for hydrogen or carbon monoxide is the binding strength of CO
on the surface and the overpotential of HER. The term overpotential hereby refers
to the potential needed to drive a given reaction beyond the thermodynamic mini-
mum potential needed. After overcoming the most energetically uphill step with is
the splitting of CO4 [4, 30, 31], carbon monoxide has to remain on the surface to
be further reduced which is the case of copper. If this step is not achieved and the
C-O bond is not broken, while at the same time the overpotential for HER is high,
the catalyst mainly produces formic acid [30, 32]. If the binding strength of CO is
weak and the HER overpotential moderate, the catalyst is selective for CO as the
produced CO is released and hydrogen does not poison the catalyst nor compete
too strongly for active sites [32, 33]. If the binding strength of CO is strong and
the overpotential for HER low, the catalyst tends to produce hydrogen because the
active sites for CO,RR are poisoned by CO. A prime example for this behaviour
is Pt [34]. Within this framework, the unique ability of copper is explained by a
moderate binding strength of CO, leading to a further reduction without poisoning
the active sites, since the intermediate states and products do not bind to strongly
(35, 36].
With this in mind, it is clear that the binding strength of CO on a given catalyst sur-
face plays a crucial role in determining the reaction outcome. Thus, understanding
and being able to modify the surface properties in a beneficial way to balance the
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CO vs hydrogen adsorption properties has been a topic of research. Key parameters
that are linked to the CO binding strength are the catalyst structure, especially on a
microscopic scale, its shape, surface orientation and the total surface area available.
The latter is of importance since higher surface area catalyst facilitate the increase
the overall CO surface coverage, which is believed to enhance the coupling of CO
molecules with each other and consequently result in a higher amount of Cy hydro-
carbon products [37]. Another commonly used approach to alter the CO binding
strength and thus, the selectivity is the use of bimetallic systems [38—40]. Within
these the electronic structure of the surface is changed, many times due to alloying,
with respect to the mono-metallic analogue and thereby the binding strength of CO
on the surface of is altered [39]. Additionally, some of these bimetallic systems also
show a synergistic effect just by being next to each other, without any alloying. For
instance, in the case of combining Cu and Ag, a more selective formation of COsRR
products as a result of a higher CO coverage and spill over effect has been reported
27, 41, 42].

Regarding the surface properties of Cu catalysts and especially those determining
the surface binding strength of CO is the crystalline orientation. Therefore, already
early on studies on single crystal surfaces have been conducted to gain insight into
their influence on the catalytic selectivity. And indeed, using mechanically and
chemically polished Cu(hkl) single crystal surfaces, significant differences have been
observed [37, 43, 44]. For instance, Cu(111) has been found to exhibit a high
selectivity for unwanted methane, while Cu(100) surfaces are selective for the much
desired ethylene and Cu (310) and (911) surfaces have displayed a higher selectivity
for ethanol [37, 44, 45]. The reasons for this behaviour are up to this point not
fully clear. Theoretical and experimental studies supposed it to be linked to the
different binding properties of the pristine surfaces [46, 47], but also defect sites and
steps are believed to play a crucial role [48]. For instance, the superior selectivity
of Cu(100) surfaces for Cy hydrocarbons was predicted to be linked to a higher
dimerization probability due to the binding properties of CO on the surface leading
to a higher overall coverage and thus, a higher probability of forming the C-C
bond [37, 49]. Precise knowledge on how the reduction pathway towards a specific
product proceeds remains elusive, especially when going beyond single crystal model
systems, that are easier to model in theory than polycrystalline surfaces.

Nevertheless, dedicated theoretical and experimental efforts conducted during
past years have led to a consensus on possible pathways, even though the details
are under a lot of debate up to date [25, 31, 46, 50-55] Parameters considered are
hereby not necessarily linked to CO binding only, but also chemical state, catalyst
composition, pre-functionalization, the electrolyte composition, the pH and ther-
modynamic parameters such as temperature and pressure which are also able to
influence the reaction pathway.

Summarizing these complex dependencies has been attempted in the past [4, 10—
12], but remained elusive, as a consistent theoretical concept has not been provided.
Here only the fundamental ideas and pathway dependencies having the most agree-
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ment shall be discussed. Figure 1.2 shows a simplified schematic of possible reaction
pathways.
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Figure 1.2: Schematic reaction pathway for CO2RR. C-C coupling step is highlighted
light blue.

The underlying idea in this simplified picture as well as within detailed studies
that rely on numerical and analytical theoretical calculations is that the pathway
chosen should be the one which is energetically most favourable. Besides the first
step which is the binding and activation of CO5 on the surface, the whole reduction
reaction is energetically downhill with slight differences within the different possible
pathways. This makes it difficult to determine which of all possible routes is chosen.
Considering only the first step which is the binding of COy on the surface, two
different possibilities are taken into account. The first is that the carbon dioxide is
bound to the surface by means of the oxygen atoms.

This leads to the hydrogenation of carbon and thus to the first product which is
formic acid. This pathway is therefore mostly considered to be a dead end. If, how-
ever, the carbon atom within the molecule is the one interacting with the surface,
there is the possibility of hydrogenating one of the oxygen atoms leading to carbon
monoxide on the surface (see fig. 1.2). This also illustrates why CO and its binding
strength to the surface is considered to be one of the most important parameters in
determining a catalysts COsRR behaviour, as it is a common intermediate for all
consequent reduction products.

From this crucial step of having CO on the surface there is either a further hydro-
genation of CO leading to methane or the C-C bound is formed leading to higher
chain hydrocarbons such as ethylene or alcohols such as ethanol.

An important macroscopic parameter affecting the choice of reaction pathway is
the electrolyte pH, which can be locally different from the bulk pH in the vicin-
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ity of the working electrode due to kinetic limitations [53, 56, 57]. Studies that
changed the bulk pH, as well as those employing electrolytes with different buffer
capacity, revealed that a lower pH, and thus a higher concentration of hydrogen,
favours methane generation [57, 58]. This is understood by means of the probability
of hydrogenating the oxygen atom of carbon monoxide over forming the C-C bond.
A higher hydrogen concentration increases this probability and thus leads to more
methane yield at lower pH [57, 59]. On the contrary with a high pH, Cs products
are favoured since the dimerization and formation of the C-C bond is happening
before the hydrogenation occurs.

This effect and explanation has also been considered and supported within other
studies that changed kinetic limitation parameters other than the employed elec-
trolyte. For instance, studies on nano- and micro-structured high surface area cop-
per based dendrite catalysts also showed that the selectivity for methane is decreas-
ing drastically once the reaction is proceeding fast enough so that the local pH is
changing to higher values [27, 60]. Mostly these studies have been carried out in
H-type cell configurations (see chapter 2), which limits the carbon dioxide trans-
port towards the catalyst by their intrinsic design. They rely on the dissolution and
consequently the transport of COy within the electrolyte and thus are kinetically
limited. As this can lead to the depletion of the available carbon dioxide in the
electrode vicinity due to the high surface area catalyst consuming it faster than it
can be kinetically redelivered. Consequently, parts of the catalyst surface which
could be doing CO3RR are instead free for performing HER, artificially increasing
the selectivity of the catalyst for HER vs COsRR. As per Hy molecule two OH
molecules are generated, the local pH in the vicinity of the electrode is increasing
in these type of systems [60]. Regarding only the CO,RR products disregarding
the competing HER from the total amount yield, this increase in the local pH is
believed to suppress the methane generation in favour of higher chain hydrocarbons
which is what is experimentally observed [27, 61]. Therefore, balancing these two
effects out to generate the optimal Cy hydrocarbon yield is crucial for high surface
area catalysts who are especially important for possible large scale industrial ap-
plications, since they are also the ones capable of being operated at high current
densities. This idea has also been supported by studies carried out on the same cat-
alyst in flow cell setups that manage to overcome kinetic limitations to an extend.
These experiments showed that the amount of ethylene generated with respect to
hydrogen can be further increased, while still suppressing methane generation, by
delivering enough carbon dioxide to the active sites of the surface area dendrite
catalysts [61].

Another macroscopic parameter that has shown to be important when it comes
down to engineering and affecting the selectivity is the electrolyte employed. Hereby,
different cations and anions within the electrode vicinity are believed to affect the
binding strength, structure of CO,RR intermediates on the surface as well the trans-
port of hydrogen and OH™ ions across the electrodes vicinity interface [58, 62—64].
By changing the content of alkaline and halide ions in different experiments, an in-
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crease in the selectivity for ethylene was achieved[63, 65], together with an increase
of the overall activity [62, 66, 67]. These changes are again understood as a change
in the overall CO binding strength on the copper surface, but also bigger alkaline
ions are believed to affect the hydrogen transport across the electrolyte/electrode
interface due to the differently sized hydration shell around the ions [63]. Fur-
thermore, halides especially iodine have been found to significantly alter the overall
mesoscopic structure and the chemical state of the catalyst leading to a higher over-
all surface area and samples with Cu(I) being present either as Cu,O or Cul [62,
66]. Especially those two parameters the overall roughness and surface oxidation
affect the selectivity and have gained a lot of attention recently since studies on
oxygen-plasma treated polycrystalline Cu surfaces reported an up to 45 % higher
ethylene selectivity as compared to non plasma treated samples [68].

First speaking about the higher surface area and its effect on the catalytic selectiv-
ity, the idea behind it is linked to the previously discussed local pH effect as well as
the CO surface coverage that has been suggested as a reason for the superior ethy-
lene selectivity over Cu (100) surfaces [37]. A higher surface area would naturally
lead to a higher amount of active sites, thus a higher activity. Therefore, similar
to dendritic catalysts who exhibit a high surface area, the depletion of reactants
would lead to a higher local pH and consequently a higher selectivity for ethylene
on pre-oxidized so called "oxide derived (OD)" systems. At the same time, a higher
surface area also means that more active sites might be present, which could serve
as a binding partner for CO, thus increasing the overall surface coverage with CO
during the reduction reaction.

Remarkably, the authors who pointed out the superior catalytic performance
of pre-oxidized Cu systems have, at the same time, being able to prove that the
overall roughness cannot solely explain the observed catalytic trends as the sample
exhibiting the highest roughness had significantly worse selective (20%) for ethylene,
likely due to mass transport limitations [68]. This has lead to numerous assumptions
and studies focusing on the presence of residual oxides during CO2RR [27, 45, 69—
76] since the surfaces are supposed to be mostly metallic under CO,RR conditions
and the presence of specific active sites or structures on the nano scale [66, 77-80].
Since the first is difficult to investigate due to the poor stability of oxides and the
need of combining operando techniques with electrochemical setups, their role and
effect on the COsRR pathways is still under debate. Similarly, the precise effect
of special active sites and/or nano-scaled structures that are only selective towards
a given product remains under debate even though dedicated research efforts on
model systems managed to narrow down their role. For instance, it has been shown
on model nano-sized Cu based particles that the smaller those particles are, the
higher is their selectivity towards hydrogen due to an increased amount of under-
coordinated sites [29, 38, 81]. Thus, the superior Cy chain hydrocarbon selectivity
of oxide- derived catalysts cannot be attributed to the presence of such structures
on the surface.
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These insights and ideas have led to numerous attempts to facilitate and increase
the catalytic performance through surface engineering. Common approaches based
on the previously discussed ideas are related to tuning the catalysts morphology
either by pre-functionalization [27, 66, 82, 83] and/or exposure to specific chemical
environments [62, 67, 84, 85]. Also the use of bimetallic and/or nanostructured
systems is a commonly applied strategy [38-40, 84, 86].

With all these developments in recent years it was possible to increase the Faradaic
efficiency for the generation of ethylene from 23 % as first reported by Hori [8] to
up to 60 % when using oxide-derived catalysts [68, 72| and to go even beyond 80 %
by employing nanostructured catalysts and additionally optimizing kinetic aspects
of the reaction which was done recently [87, 88].

The presented work connects to the previous literature discussing many of the
mentioned aspects within different research efforts towards understanding and im-
proving the electroreduction of CO, towards valuable hydrocarbons and alcohols.
Special emphasis is given to the role of the chemical state of copper and its rela-
tion to morphological and structural aspects of copper-based catalysts, providing
new insights into the role of residual oxides and their overall stability, as well as
narrowing down the nature of the active sites on the catalytic surfaces employed.
The work not only contributes to the fundamental understanding of the reaction
but also gives perspectives and new approaches to support the technical advance in
the research field by working out new experimental procedures and setups allowing
to study CO5RR in new ways.
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The goal of this chapter is to give a detailed description of the employed experi-
mental setups, as well as brief overview of the underlying fundamental techniques
used within the presented studies. The latter is of importance when considering
the design of experiments and especially when it comes down to combining tech-
niques that traditionally are not designed to work together, such as for example
electrochemical methods and UHV based techniques.

2.1 Electrochemistry

Electrochemistry, being the branch of chemistry dedicated to studying the inter-
play of chemical reactions and electrical currents has led to numerous industrial
processes as well as devices such as for instance electroplating of surfaces, batteries
and accumulators. While the latter are mainly used to turn chemical energy into
electricity and vice-versa, it is also of great interest to convert chemicals into one
another such as for instance converting CO, into hydrocarbons. Most of the time
this field is referred to as the electrocatalytic conversion of chemicals.

What all these devices and techniques share in common is that they are at least
based on a so-called two electrode setup consisting of a working electrode (WE),
where the catalytic conversion is happening and a counter electrode (CE), where
the counter reaction happens.

The downside of these simple two electrode setups is that they are not sufficient
for scientific investigation of the underlying processes as the potential at the work-
ing electrode remains unknown in two electrode setups and only the cell voltage,
which is the voltage across the whole device including the electrolyte and counter
electrode, can be measured. Therefore, most commonly a third electrode, the so-
called reference electrode (RE) is introduced to be able to define the potential at the
working electrode. The standard electrode referred to is the so-called reversible hy-
drogen electrode (RHE) or the so-called silver-silver chloride (Ag/AgCl) electrode.
To understand the idea of this third electrode it is helpful to recall that even in an
unconnected electrochemical cell, where two electrodes are conductively connected
throughout the electrolyte interfacing them, chemical reactions happen. These lead
to a transport of ions across the electrolyte interface resulting in an electric current
across the electrodes. The potential in between two different electrode materials
driving the current is hereby dependent on the given reaction and the reaction en-
thalpy of a given reaction with respect to another one. This is also known at the



Experimental Setups

electrochemical voltage series and discussed into detail elsewhere [56]. The key point
of a reference electrode is to be able to know and control the rate and the potential
that is building up due to these thermodynamic equilibrium reactions happening at
the electrode/electrolyte interface of the reference electrode. Knowing the potential
building up there it is possible to use it as a reference to measure and define the po-
tential at a given working electrode. RHE electrodes are based on Pt wires resting
within a hydrogen-saturated aqueous solution, while in Ag/AgCl electrodes Ag is
used in a saturated aqueous chloride solution. The electrodes employed for all stud-
ies conducted within this work are commercially available ones (RHE: HydroFlex,
Gaskatel ; Ag/AgCl: LF-1, Innovative Instruments).

2.1.1 Electrochemical Cell Design
Two Electrode Cell

The two electrode setup is only used for tasks that do not necessarily require a well
defined control of the voltage applied at the working electrode. Those are operated
by applying a voltage across the cell at the two electrodes. The setup is very simple
and shown in Figure 2.1.

Figure 2.1: Two electrode setup. The working electrode is hung using a gold-coated
crocodile clamp and the exchangeable counter electrode (a Pt mesh here) is connected
via a gold wire that is not in contact with the electrode. The whole setup is leak-tight.
Additionally, two gas inlets are connected via glass tubes for purging or saturating the
solution with a specific gas.

10
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As it can be seen it consists of a single glass compartment cell that can be sealed
with respect to the environmental air to be able to work in a well defined gas at-
mosphere. This is for instance used and of importance when the employed solution
needs to be purged of oxygen or saturated with COs;. The two glass tube inlets
are used for these purposes. The working electrode is fixated with the help of a
gold-coated crocodile clamp, wile the counter is connected via a gold wire that is
not in touch with the employed solution at all.

The two electrode setup is mainly employed for either electropolishing/etching sur-
faces or to electrochemically grow nanostructured catalyst from a precursor solution
(see also chapter 3.1 and 3.2).

Three Electrode Cell

The three electrode setup is used within most of the conducted scientific studies as
it has the advantage of being able to know and control the potential at the working
electrode with respect to a given reference electrode. A schematic design of the cell
is shown in Figure 2.2. The actual setup used is shown in Figure 2.3.

Exhaust GC Analysis

o, = CE I RE  WE I"COz

Membrane

Figure 2.2: Schematic of an electrochemical H-type cell as used within the present work.

From the electrochemical point of view the investigation of the electrochemical
reduction of CO,, especially on copper based catalysts comes with some additional
challenges that need to be addressed within the framework of the experimental setup
and procedures. An obvious, yet important, example is the fact that unlike other
reactions such as for example hydrogen (HER) or oxygen (OER) evolution reaction
there, is more than just one reaction product for COoRR. This demands several

11
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things on the electrochemical setup. For instance the detection of the gas products
by gas chromatography to quantify the amount of the different products.

Figure 2.3: Electrochemical H-type cell made out of PEEK used in this thesis.

Our H-type cell is made out of Poly-ether-ketone (PEEK). Both compartments
are separated from each other by an anion exchange membrane (Selemion AMYV)
so that reaction products from neither the cathodic nor the anodic side are able to
migrate towards their respective counter electrode and be oxidized/reduced again,
which would affect the quantification of the gaseous products. The caps are gas-
leak tight sealed by the use of standard viton rings and screwed against the body
of the cell. This way the only outlet for the gases are the exhaust for the counter
compartment and the gas chromatography detection line for the working electrode
compartment. The counter electrode employed is a high surface area Pt gauze mesh
(MaTeck, 3,600 mesh cm™2) so that the counter reaction which is OER for the case
of CO3RR is not limited by the active surface area which could lead to a limitation
of the CO3RR on the working electrode. Pt is chosen since it is known to be active
for OER and is addition chemically very stable. The employed reference electrodes
for all CO,RR experiments are commercial leak-free Ag/AgCl (LF-1, Innovative
Instruments, Inc.).

2.1.2 Gas Chromatography

The detection of the products and their quantification is crucial for CO,RR to
evaluate wether a given catalyst is selective for a specific product.

12
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To achieve a reliable detection, a gas chromatograph (GC, Agilent 7890B) is directly
connected to the electrochemical cell. This is also denoted as the online detection
of gas products. The used chromatograph is equipped with a thermal conductivity
detector and a flame ionization detector to be able to detect the gaseous products
resulting from CO,RR (Hy, CO, CHy, CyHy, CsHg). The idea and underlying
principle is schematically represented in Figure 2.4 (a), and (b) shows an image of
the work station including the GC.
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Figure 2.4: (a) Schematic of a gas chromatograph. (b) Experimental work station.

Every 16 minutes, gas from the Cell is injected into the GC colum within which

it is absorbed on a porous material. By increasing the temperature from 7" = 60°C'
to T = 200°C' using a linear ramp, the separation of the different gases is achieved,
since they have a different desorption temperature and diffusivity within the colum.
At the end of the colum line, the exhaust gases are constantly directed towards
the two detectors where they are combusted. The FID (flame ionization detector)
is based on measuring the resulting CO, from the combustion, whereas the TCD
(thermal conductivity detector) measures the thermal conductivity. Naturally, the
TCD detector is also able to detect non flammable gases such as Ar or Ns.
To be able to quantify and interpret the resulting chromatograms, the GC has to
be calibrated, meaning that the peak intensity and area obtained from the detector
signal has to be normalized to a given known amount of the respective gas species.
This is done by employing a known calibrated gas mixture containing a well defined
mixture of the gases of interest of which the concentration is known. The mixture
used here contains all COoRR products (Hs, CO, CHy, CoHy, CyHg) in a known
concentration (Westfalen, 99,995% purity for each).

Once this is done, the concentrations of each product produced in a given exper-
iment can be quantified and measured by the GC. Consequently, it is possible to
calculate the so-called faradaic efficiency (FE), that is commonly referred to within
the field of electrochemistry. Assuming that the current measured is always used up
to drive the reaction process within the electrochemical cell, the faradaic efficiency

13
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is simply balancing the total charge consumed with the charge consumed to produce
a given product. The resulting equation reads:

F - ?fCOgcgasniF

asi = 2.1
3 Vil 21)

with:

fco, - The carrier flow of COs into the cell that goes throughout the GC
Cgas - The measured gas concentration by the GC

n; - The amount of electrons used to generate a specific gas species

F - Faraday constant

V,n - molar volume of an ideal gas

I - Average current during the electrolysis time

For the liquid products the concentration of a given species is measured with
the help of a liquid GC (Shimadzu 2010 plus) and similarly normalized over the
total charge consumed during the electrolysis time. Note that the amount of liquid
products is not measured online as the gaseous ones, but after electrochemistry.
Therefore, the obtained values are the integral of all liquid products that have been
produced over the full electrolysis. The equation used to calculate the concentration
of liquid products used reads:

CliquidvnF

QTotal (22)

-Fliquid -
with:
Cliquid - Measured liquid concentration
V - Total electrolyte volume
Qtotar - Total charge consumed

An example chromatogram obtained during a run injecting the calibration gas
mix is shown in figure 2.5. As seen the mixture contains all of the major CO,RR
gas products and does not show any oxygen or nitrogen peaks, supporting the leak
tightness of the employed system. Since the relative concentration of the gases with
respect to each other within the calibration mixture is known from the obtained
peak area in the chromatogram, one can normalize by these values. This is then
used to quantify the amounts measured in a given COsRR experiment.
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Figure 2.5: Example chromatogram obtained when injecting the calibrated gas mixture.

2.1.3 Electrolyte Cleansing

Another important topic to address, especially for CO3RR, is to work in a very
clean environment. Keeping the used solutions, i.e. the electrolyte, free of metallic
and other impurities such as iron for example, which has shown to be poisonous for
CO2RR on copper, is crucial [89]. Due to this issue, all used glassware and parts
have been cleaned by the following procedure and afterwards have not been exposed
to any contaminants or solutions except the ones they are intended for:

1. Initial rinsing by MilliQ) water (R = 18.2M€ cm) and immersion into a
KMnO, solution for 24h.

2. Rinsing 5 times by boiling MilliQQ water within the vessel.
3. Immersion into a 1M HNOj3 solution for 24h.
4. Rinsing 5 times by boiling MilliQ) water within the vessel.

5. Since the glassware is dissolved by the KOH solution, only the non-glass parts
of the setup such as Teflon, Viton, Pt Mesh etc. have been cleaned by immer-
sion into 1.5M KOH solution for 24h at T'= 60°C. This step is crucial when
removing Silicon that can be introduced by dust or dirt particles easily.

In addition, the electrolyte usually contains a salt, like KHCOj3 in most CO;RR
applications, which was priorly purged off metal contaminations that are commonly
present. The treatment is based on a polymer called Chelex Resin (Bio-Rad Lab-
oratories Inc.) which is able to capture small (ppm) amounts of metal impurities
(90, 91]. To achieve cleanness, the Chelex is purged itself by the following procedure
prior to usage:
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1. Per 1 L of MilliQQ Water, 60g of the Chelex Resin is used and cleaned by
adding HCL so that a 1M HCI solution is obtained. The solution is stirred
for at least 12h.

2. The Chelex is rinsed with MilliQ) Water using a filter to capture the Chelex
at least with 5 L of water that is poured through the filter.

3. The Chelex is introduced in a 1M KOH solution and stirr it for at least 24h
at T = 60°C.

4. The Chelex is rinsed with MilliQQ Water using a filter and at least 5L of water.

5. The last step is to clean the electrolyte for instance in a 0.1M KHCOj5 solution
by introducing the chelex and stirring for at least 12h. By filtering out the
Chelex, a clean metal impurity-free electrolyte can be obtained.

All samples measured within the present work have been evaluated in electrolytes
pre-cleansed using the previously described chelex resin procedure.

2.1.4 Electrochemical Techniques

This section intends to shortly summarize the electrochemical techniques and pro-
cedures used. All electrochemical measurements are done by using a commercial
potentiostat (Autolab, PGSTAT 302 N).

Compensation of Resistances

The compensation of resistances is mentioned first since it is a general concern for all
electrochemical experiments and has to be taken into account for all electrochemical
experiments, especially those showing high currents.

Generally the applied potential which is defined by using a reference electrode
suffers from ohmic losses across the electrolyte. Since the potential is defined by
the use of a reference electrode, only the ohmic loss in between the working and the
reference electrode has to be taken into account. From the experimental point of
view this immediately constraints the position of the reference electrode with respect
to the working electrode. Since the ohmic loss is proportional to the thickness of
the electrolyte layer that has to be crossed, or the distance of the two electrodes,
the reference should be mounted as close as possible to the working electrode within
the electrochemical cell. Nevertheless, losses will occur and have to be compensated
by increasing the applied voltage to counteract the offset. Since the voltage loss is
proportional to the resistance and the current, the target voltage can be calculated
as follows:

EWE = Eapplied - EIR = Eapplied —IR (23)
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Usually this correction is denoted as the IR-correction. Since the current is the
standard response function measured in electrochemical experiments, the problem
is to obtain the resistance. Most commonly there are two ways of determining the
solution resistance in between the reference and the working electrode. Both are
based on the fact that the electrochemical cell can be understood in the form of a
circuit diagram as a capacitor parallel to a resistor.

This property originates from the solid liquid boundary interface of the electrolyte
and a given electrode. Since information about the working electrode is most com-
monly to be investigated it is the one looked at the most. The interface is sketched
in Figure 2.6.

Potential

Figure 2.6: Schematic of the Helmholz layer building up at the electrode/liquid interface
and the corresponding change in the surface potential.

Due to the applied voltage at the working electrode, ions of the opposite charge
are attracted towards the electrode surface and within its vicinity, the accumulation
of an opposite charged layer takes place. This layer is also known as the Helmholz
Double Layer [56]. This layer is also considered as being dominated by diffusive and
electric field transport rather than convective due to its behaviour being dominated
by the electric field and the concentration difference of species across the double
layer interface. This results in a potential drop across the interface and thus there
is a different potential, commonly also denoted as the surface potential to refer to
solid state interfaces. This potential difference and the separation of charge across
the interface is from a physical perspective nothing but capacitor, which is why it
can be understood in the framework as such. More precise and detailed models are
not discussed here can be found in the related literature[56].

As a consequence, the capacitive behaviour of the cell can be used as a characteristic
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fingerprint to extract information from the electrolyte solid interface such as the
resistance. One possibility to do this is the frequency modulation while tracking
the interface response to it which is commonly denoted as impedance spectroscopy.
Another, approach that is used for the experiments conducted in this work is the
so called I-interrupt method. It is based on applying a voltage for a short time
(commonly 1s) that is used to charge the capacitor of the cell. In the following step
the voltage is turned off and the discharge of the cell is measured by monitoring the
resulting decreasing voltage over time. Since the discharge is proportional to the
time constant 7 = RC', the resistance can be estimated from the extrapolation of
the measured voltage drop.

Electrochemical Procedures

With the previous discussion in mind the electrochemical procedures and protocols
used to run experiments can be briefly explained and highlighted in short which is
the goal of this subsection.

Cyclic Voltammetry: Cyclic Voltammetry (CV) is one of the most important
and powerful tools of electrochemical analysis. The experiment is based on chang-
ing the potential from a defined bottom cathodic potential (U.) to an upper anodic
value (U,) with a given scan rate. By observing the systems response in the form
of monitoring the current, several conclusions can be drawn. Fig. 2.7 shows an
example CV acquired on a Cu(100) single crystal in a 0.1M KHCOj solution. The
peaks linked to a change in the oxidation state are marked and can be seen very
well choosing a scan rate that is low enough to resolve them and high enough to get
a decent peak intensity.

The information contained in the CVs goes beyond this simple application of

measuring the changes in the oxidation state and defining the respective potential
needed to drive the changes. Generally, the peaks can also be linked to the adsorp-
tion and desorption of specific molecules on different parts of the surface, as the
adsorption energy will depend on the surface energy which is linked to the under-
lying structure of the surface. A common application for instance is CO stripping
which is a standard technique on Pt-based materials since Pt manages to adsorb
CO strongly. Hereby CO is adsorbed on and stripped off the surface by cycling the
potential.
Since the adsorption strength is dependent on the surface orientation as well as on
the presence of defects and impurities in the atomic lattice, those can be identified
[92, 93]. Furthermore, not only the identification but also the quantification is possi-
ble since the obtained peak area and magnitude is highly dependent on the amount
of adsorption sites present. Additionally, the technique provides insight into which
processes are fully reversible. For these the amount of charge transferred during the
adsorption and desorption should be equal to each other, thus the obtained peak
area for the respective peaks should be the same.
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Looking at the case of Cu which is the most discussed one in COsRR, CO stripping
is not possible due to its weak binding onto the surface. Instead, OH™ is used to
probe the presence of specific active sites, defects and binding sites on the surface
[45, 94].
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Figure 2.7: Example cyclic voltammetry obtained on a UHV prepared Cu(100) single
crystal in 0.1M KHCOg solution. Reported potential values vs Ag/AgCl.

Chronoaperometry: Chronoamperometry (CA) is a standard technique in
which a given constant potential is applied and the response in current is mea-
sured. This is usually done to study the long term behaviour and activity of a given
catalyst for a given reaction. In the framework of COoRR it is commonly used to
study the faradaic selectivity of a given catalyst by additionally employing a GC
to quantify the evolving gas products. An example chronoamperometry obtained
during a CO3RR experiment is shown in Figure 2.8. The initial decrease of the
current magnitude is linked to the initial reduction of native oxides as well as the
system converging into its stable kinetic conditions. The abrupt increases in the
current magnitude seen throughout the run are related to the gaseous products ac-
cumulating at the electrodes surface and being released at once in the form of a
bubble which rapidly frees up additional active surface area.

19



Experimental Setups

-0.002-

| LA /’- / / /
-0.004+ / / / /

-0.006 |

|/ mA

-0.008 .

-0.0104 .

0 600 1200 1800 2400 3000 3600
t/s

Figure 2.8: Current over time dataset acquired during a chronoamperometric CO2RR
experiment on an electropolished Cu foil at -0.9V vs RHE.

Pulsed electrolysis: Pulsed electrolysis means to apply a series of alternating
potentials for a well defined period of time ¢,. Usually the technique is used to
study the dynamic response of a system which is why short times are most com-
monly used. Similar to CA, the response of the system is observed by measuring
the current. The only difference is that the applied potential is a function of the
time and changes accordingly. The advantage over CA is that the technique can
be used to dynamically change the chemical environment and/or state of a given
catalyst and thereby take influence in its behaviour or study effects related to such.
For instance, it is possible to oxidized a catalyst in between a series of two reduc-
tive potentials to investigate the influence of the oxides on the reaction. Another
application would be the cleaning or refreshing of a given catalyst, for instance if
the catalysts gets poisoned during electrolysis by one of the reaction intermediates
or products, applying a high enough opposite biased voltage usually results in the
desorption of those products.

Capacitance measurements: Electrochemical surface area measurements (ECSA)
are also based on the previously discussed capacitance of the Helmholz double layer.
The technique is used to define the surface area of a given catalyst with respect to a
reference sample. The most commonly used reference in the field of CO4 electrore-
duction is an electropolished Cu foil as it is also the benchmark sample for the gas
product selectivity. The technique is based on the assumption that the capacitance
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is proportional to the electrochemical surface area:

dQ  Idt I I
U=~ " ava S (24)
with:
S - scan rate

Using the above definition of the capacitance it can be estimated by looking at the
slope obtained from the difference in current at the upward and downward sweep
for different scan rates (see Fig. 2.9 (b)). The current difference is hereby to be
considered since it arises from the capacitative current being biased opposite to each
other at the two sweep directions. When increasing the voltage at an overall negative
potential, the double layer gets charged and and discharged when decreasing.
Since the obtained signals are usually in the yA range and the differences are not to
be affected by chemical processes going on, the potential window chosen is usually
small and within the range where no chemical reactions occur. An example data
set obtained on an electropolished Cu (100) single crystal surface is shown in Figure
2.9. Commonly, unlike here, the current is reported in the form of the geometric
current density which is important when comparing surfaces to one another.
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Figure 2.9: (a) CVs acquired at different scan rates and (b) the resulting current difference
in between the upper and lower sweep current.

2.1.5 Setup Benchmarking

As mentioned before electropolished Cu foils have become the benchmarking sam-
ples among the field of CO2RR since the prioneeing work of Hori et. al [8]. The
previously described setups including the electrochemical cell, as well as the poten-
tiostat and the GC are also checked and benchmarked using these type of samples.
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Several Cu foils (Advent Research Materials, 99,995 %) have therefore been elec-
tropolished (see also chapter 3.1) for 3 minutes each. Consequently they have been
measured under CO,RR conditions at different potentials. The resulting faradaic
efficiencies for the gaseous products obtained are presented in Figure 2.10 together
with the values reported in the literature extracted from [9].

As it can be seen below, the values obtained with the setup used to study COsRR
within this work are in agreement with the literature values. This check supports
the validity of the calibration as well as the functionality of the setup employed here.
Usually this test is repeated after each recalibration of the GC or if any parts of the
electrochemical cell have been exchanged like for instance the reference electrode.
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Figure 2.10: Faradaic efficiency for the main gaseous products of an electropolished Cu
foil at different potentials. Black curve: Measured with the experimental setup used to

study CO; electroreduction within this work. Red curve: Literature values extracted
from [9].

22



Scanning Probe and Electron Microscopy

2.2 Scanning Probe and Electron Microscopy

Scanning probe microscopy (SPM) covers the physical interaction of a given sample
surface and a probe. The probe usually consists of a sharp tip. By probing the in-
teraction strength in between the tip and a given surface when scanning across the
surface this techniques can be used to obtain very highly resolved (< 1nm) images
of the height and structure of surfaces. The origin of these techniques goes back to
scanning tunneling microscopy (STM), which uses the quantum mechanical tunnel-
ing effect. Hereby the current obtained due to electrons tunneling across a potential
barrier when a small voltage (0-2V) is applied is proportional to the distance of the
tip to the sample. Thus, by monitoring and controlling the current, the distance
from tip to sample can be obtained. Another similar and commonly used technique
is the so-called atomic force microscopy (AFM). Instead of monitoring the current
obtained, the forces in between the tip and the surface are monitored. Since those
are dependent on the distance of tip and surface to each other, the distance can be
obtained. Both techniques are only shortly summarized and sketched within this
section to motivate and describe why they are of use to study the electrochemical
reduction of CO,. Detailed discussions can be found across the literature [95, 96].

2.2.1 Atomic Force Microscopy

Atomic force microscopy (AFM) is based on the interaction and the resulting forces
between the employed tip and the sample surface. The magnitude of the force is
hereby probed employing a tip at the end of a cantilever that is bended due to the
repulsive forces originating form the surface and tip interaction. The experimental
setup is schematically presented in Figure 2.11.
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Figure 2.11: AFM set-up.
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As can be seen inf Fig. 2.12, the cantilever bending results in the movement of the
laser movement across the position-sensitive detector by redirecting the laser from
the reflective cantilever coating on its back to the detector. This way the detector
is able to sense small movements and thus using a feedback loop, the tip to sample
distance can be obtained and controlled. By scanning across the surface, the sample
topography can be re-constructed. An example of a UHV prepared Cu(111) single
crystal model nanoparticle system is shown in Fig. 2.12 (a) and (b). As it can be
seen, the height of the nanoparticles is well resolved by AFM. Important is hereby
that the lateral size of the objects can not be trusted in AFM measurements due
to tip convolution effects making objects appear bigger than they actually are. The
tip convolution originates from the fact that the tip has a finite size and a given
object is therefore a combination of its own lateral size and the tip size.

UHV Prepared Cu (111) CuspZns, Nanoparticles
0,4 1416 18 0.0 um 02 04

0,0 yum 0,2 06 08 10 12

Figure 2.12: Example AFM images taken throughout studies conducted on a clean UHV
prepared (see also section 3.3) Cu (111) single crystal and bimetallic nanoparticlies con-
sisting of a 1:1 mixture of Cu and Zn supported on a Si waver.

Briefly talking about the underlying models and forces used in AFM the most
important one is the modelling of the cantilever by means of second order differential
equation including damping and an external force. During a given measurement,
the homogeneous part of the differential equation is used by setting the tip to be
moving in its resonance frequency with the help of a piezo motor. The damping
term is mostly reflecting simple damping due to the surrounding air or liquid, but
also energy dissipation due to the interaction with the surface forces. The external
forces who alter the oscillation frequency of the tip are the atomic forces that can
generally be attractive and repulsive.

This way of measurement is particularly important since it enables to measure
without the tip being in contact with the sample, which can cause damage to the
surface. This so-called tapping mode is the preferential one used and also the one
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employed for this work. Regarding the surface forces, the repulsive ones are mainly
resulting from the Pauli repulsion while the attractive ones originate from dipole
moment interactions, so basically Van-der-Waals forces.

The AFM used within this work is a commercial one (Bruker Multi Mode). An
image of the setup is presented in Fig. 2.13 (a), also highlighting the laser pathway.

Figure 2.13: (a) Commercial AFM setup used and (b) close-up shot of the sample stage
showing parts also mentioned in Fig. 2.11.

Scanning Modes

As mentioned AFM measurements can be carried out in different ways using differ-
ent scanning modes. The information about the samples surface topology can be
extracted from the up and down movement of the tip that is realized by a piezo
crystal. The main difference in scanning modes is hereby if the tip is in contact
with the sample. Tapping made imaging is the most frequently used mode, as it is
less likely to damage the samples surface:

1. Contact Mode: As the name suggests the sample is in very close distance to
the tip during the whole time of measurement. Usually this mode is employed
for very hard and stiff surfaces that give a good and well defined response at
all times and are at the same time less likely to be changed by the tip. The
benefit of this mode is that due to the strong interaction of tip and sample
due to their close distance to each other atomic resolution can be achieved
using this mode.

2. Tapping Mode: The tapping mode is the most commonly used made as it
does not require a direct contact between the sample and the tip but rather
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the tip is driven into oscillations near its resonance frequency in the vicinity
of the surface. When interacting with the forces originating from the sam-
ple, this frequency is changed due to the external force. The shift in the
oscillation frequency as well as the accompanied change in the tip oscillating
amplitude can be measured and contains the information about the strength
of the interaction, which is proportional to the tip to sample distance. Since
there is no direct physical contact between the tip and the sample, this mode
does damage the sample surface. Furthermore, this mode provides additional
information about the sample, as the phase shift in between two oscillations
can be measured, which is proportional to the energy dissipation out of the
cantilever system [95, 96]. This dissipation corresponds to the stiffness of the
sample and thus the information about the stiffness of different sample regions
can be obtained.

2.2.2 Scanning Tunneling Microscopy

STM is based on controlling the distance of the sample to tip by means of the
quantum mechanical tunnel current obtained when bringing both closely together
while applying a voltage. The tunnel current results from the quantum mechanical
properties of electrons being able to jump across a potential barrier due to their
wave function existing outside of the barrier, thus them having a likelihood to
reside there [96, 97]. The situation is schematically drawn in the form of an energy
level diagram in Fig. 2.14 to illustrate the basic working principle of STM. Details
about the technique can be found in the literature [98, 99] and are not discussed
in detail here since the employed commercial STM (SPECS GmbH) has not been

modified.
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Figure 2.14: Energy level diagram of STM.

In short, the applied voltage offsets the Fermi level of tip and sample with respect
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to each other, so that electrons can tunnel throughout the potential barrier into
free states on the site with the lower Fermi level. Only electronic states near the
Fermi level are mapped and only those accessed depending on the value of the
extend potential bias applied. Since the overlap integral of the states within the
tip and sample is dependent on the distance of each other this results in a current
proportional to their distance. This tunnel current is then used within feedback
loop electronics to control the distance with the help of piezo elements. Since
STM measurements are usually carried out under UHV environments using the
tunnel effect the techniques yields very high precision (atomically resolved) surface
topographic images.

The STM used within this work is a commercial one (SPECS GmbH) implemented
in the UHV system employed. The tip piezo movement is controlled with the help
of the Nanonis (SPECS GmbH) electronics.

2.2.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is used to generate highly resolved (nm range)
contrast images of a given surface by monitoring the interaction of electrons with a
given surface. Additionally so called energy dispersive X-ray (EDX) measurements
can be used where the photons originating from the sample, due to exposure to
X-rays, are probed. Since their energy depends on the characteristic atomic states
it is possible to quantify the elemental composition with the technique. Both tech-
niques are frequently used to study catalysts with respect to their morphology and
composition which is also done in the present work. Since no modifications on the
commercial SEM setup have been done and the technique is widely spread and dis-
cussed into detail in the literature this is not done here (see [100]).

The experimental setup used is the Quanta 200 FEG microscope from FEI with a
field emitter as electron source (10 kV). To acquire the images, a secondary elec-
tron detector (Everhart Thornley) was employed. The EDX measurements were
performed with a separate liquid-N2-cooled detector (10 kV).
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2.3 X-ray Photoelectron Spectroscopy

X-Ray Photoelectron spectroscopy has over the past century since its discovery
and understanding of the photoelectric effect made its way into everyday modern
surface science. It is a powerful tool as it does not only provide information about
the elemental composition of a given surface, but also about the chemical state of
those elements.

Fig. 2.15 shows and example spectrum acquired on a clean Cu(100) single crystal
without any contamination such as carbon or oxygen for instance.
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Figure 2.15: UHV-cleaned (see section 3.3) Cu (100) single crystal XPS survey scan. The
sample does not contain any oxygen or carbon as judged from the respective XPS scans.
Cu peaks are labeled, including Auger peaks Cu-LMM.

The XPS intensity is a function N(E), where E denotes the kinetic or binding

energy and N is the number of electrons detected with that given energy. It is com-
mon to represent spectra in terms of binding energy even though the kinetic energy
of the electrons is measured.
Within the following sections the fundamentals and key features of XPS are dis-
cussed briefly focusing on the parts that are important for the present work, as
detailed discussion and information on the fundamentals of the technique is also
available elsewhere [101].
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The basis idea of XPS is to use the fact that the maximum energy available to pho-
toelectrons is the one of the initial photon. By balancing out the equation knowing
the initial X-ray energy and measuring the photoelectrons kinetic energy it is pos-
sible to determine the binding energy of a given state within an atom the electron
originates from. As these energy states are characteristic for each specific element
it is therefore possible to identify them (Fig. 2.15). The equation used reads:

hv = Ekm + Eb + Qb (25)

¢ is hereby the so called work function. It is the energy difference of the fermi
level (highest occupied state) within an atom or compound and the vacuum state
(unbound/free electron state).
As mentioned the technique also yields information beyond just the binding energy
of electrons within atoms and therefore the identification of elements which is the
chemical state of those atoms.

2.3.1 Chemical shifts and energy level splitting

Assuming a constant work function ¢ and a constant initial photon energy the elec-
trons kinetic energy measured only depends on the binding strength of the electron
in its quantum mechanical sate within the atom. Thanks to the effort directed to-
wards understanding these energy levels during past century it is well known, that
these quantum mechanical energy states obey Schrodinger’s equation (SE), even
when considering multiple atoms bound to each other:

HY = BV (2.6)

The Hamiltonian H is the operator that thereby contains the information on how
the physical properties such as angular momentum, spin, external electric- and/or
magnetic fields and so forth (see. [97] for further details) act on the wave function
V. When just considering the easy case of a hydrogen atom SE reproduces Bohr’s
famous values for the energy levels within the hydrogen atom [97], however, when
considering the more realistic and complicated case of atoms bound to each other
within a solid or liquid solving SE gets far more challenging. Sometimes beyond
the scope of our up to date knowledge and capabilities. As detailed mathematical
and physical discussions about this topic are available elsewhere [97] again only the
general idea and results are presented here to be able understand why photoelectrons
are sensitive to the chemical state of molecules and atoms.

When considering multi body quantum mechanics the Hamiltonian accounts for
those additional bodies by multiple terms:

N N
H=> Hi+)Y Hy; (2.7)
i=1 i,j
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where the second terms accounts for the cross interaction between atoms and the
first for interaction within a single atom. Similar to the Hamiltonians the Wave
function will be a linear combination of single atom wave functions:

N
Vot = > o, (2.8)
i=1

Usually these states within molecules represented by W, are referred to as molec-
ular orbitals. The corresponding SE can be solved using multiple approaches from
which numerical methods such as the self consistent Hartree Fock Theory [102] for
instance are a very convenient way for many cases. Important here is only that the
solution of these equations leads to the so-called initial (n electrons) and final (n-1
electrons) state of the atoms involved. The binding energy of the emitted electron
can then be defined as the difference between those states:

Ey = E](”Z@_all) - Ei('z)tal (29)
Thus, the energy measured in the experiment depends on the state of the atom
before and after emitting the electron due to the photoelectric effect. Generally it
is possible to split the obtained energy into different contributions. Here, only the
two most important ones for XPS shall be mentioned:

Eb = A-Echem + AE/‘B—elerrwnt (210)

where:

EB_ciement 1 the term representing the energy levels of the stand alone atom not
bound to any other atom via molecular orbitals (sharing of electrons/states within
two or more atoms).

Ecpem is the energy difference invoked by local changes of the electronic density
within a given molecule or in other words atoms bound to each other. Within the
molecular orbitals the probability of an electron to be close to one of the atoms
can be higher than for the others, resulting in a local effective separation of charge
and an electric potential. Therefore the core potential of the atoms can be more or
less shielded. This stronger or weaker shielding is consequently affecting the energy
of electrons escaping the atoms. Thus, this change in energy contains information
about the local separation of charge within molecules and compounds and their
binding structure and thereby their chemical state.

A common example for this change in the measured energy are metal oxides. Look-
ing at copper oxides for instance the higher positive charge due to the weaker shield-
ing of the copper atom core results in a lower kinetic energy of photoelectrons and
thereby, in a higher binding energy. For the electrons escaping the oxygen atoms
the trend is the opposite as there is a higher negative charge. An example of the
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Cu 2p XPS line spectra for copper and copper oxide is given in Fig. 2.16. As seen
here there is a clear shift in the binding energy of the oxide species with respect to
the metallic peak. In addition there are two peaks for CuO, the so called shake-up
peaks. Those can only be seen for CuO and other compounds where copper is in
the 2+ state (Cu™).
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Figure 2.16: Cu 2p XPS spectra of a copper (black) and a copper oxide sample (red).
Acquired on UHV cleaned polycrystalline Cu Foil and 10 min oxygen plasma treated Cu
foil.

These arise from the fact that the emitted photoelectrons can scatter with and
impart energy from another electron within the atom final state. If the electron
scattered with is lifted into a higher unoccupied state within the atom it is called
shake-up and when even set free into a vacuum state the process is called shake-off.
Nevertheless the initial electron will lose parts of its kinetic energy resulting in a
well defined peak at higher binding energies within the XPS spectrum. Why this
peak only shows up for CuO or other 24 states in Cu is due to the amount of
electrons being used to bind within then the molecules. In the case of CuO the
electrons used to bind have a higher probability within the molecular orbitals of
being close to the oxygen atom resulting in effective free states in the Cu band
structure. This increases the cross section of scattering processes significantly that
involve the occupation of free valence states and thus shale up electrons are likely
to be pushed into these states by emitted electrons from the core levels due to the
photoelectric effect.
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As discussed it is usually possible to distinguish the oxidation states by shifts in
binding energies of even additional peaks arising but not for all. For instance to be
able to identify CuyO in which copper is in its one plus state (Cu™) using only the
core level spectra is not sufficient. Fortunately, there are additional processes that
lead to so-called Auger electrons that are even more sensitive to the chemical state
of a given atom. Auger electrons are different from photoelectrons in the sense that
they are produced by secondary processes after the photoelectric effect has taken
place and left an unoccupied core level behind. These core levels can be refilled
by electrons from higher shells having a lower binding energy as compared to the
one within the core level. The energy difference between those two states results
in the creation of a photon with exactly that energy. This photon can then again
be annihilated and invoke another photoelectric effect, ejecting an electron with a
lower binding energy than the aformentioned electrons. The process is sketched in
terms of an energy diagram in Fig. 2.17.
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Figure 2.17: Energy diagram of the photoelectric effect (left) and secondary auger electron
processes (right).

Usually the resulting Auger electrons originate from the outer shells of the atoms
involved due to their nature of having a higher energy state than the core level ones.
Since especially those electrons within or close to the valence states are involved
into molecular binding, they contain more information about the chemical state
and binding environment than the core level atoms who are only shifted in energy
due to feeling an altered core potential when escaping the atom.
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Sampling depth

Since electrons are used to extract the information in XPS the technique is mainly
surface sensitive, as the interaction probability of electrons with surrounding matter
is very high. Once the energy of the electrons used is altered the information is
lost. Thus, the obtained spectra will reflect the first atomic layers depending on
the scattering cross section the involved electrons. Generally this cross section is
different for each material and depends on the energy the electrons have. It is
sufficient to summarize these scattering processes in a more or less macroscopic
approach by only looking at the absorption in dependence of the travel distance of
the electrons. This absorption law is described my means of a first order differential
equation that assumes a constant average length, which electrons can travel without
scattering to occur. This length is the so called mean free path A\. The underlying
then equation reads:

I(d) = Iye (2.11)

By knowing A it is therefore possibly to estimate the sampling depth d from which
electrons originate. Since this issue has been explored to an extend in the past the
values used within this work are based on the available literature. A good summary
of these empirical data is the so called universal curve [103].

2.3.2 Experimental realisation

The first experimental realisation of the XPS setup employed in this work is a
commercial product as sold by SPECS GmbH. The setup consisting of a X-ray
source (XR50 SPECS GmbH) with Al (Ej, = 1486.3eV') and Mg (E}, = 1253.6eV)
as anode material. The energy filtering of the electrons is done with the help of the
Phoibus 100/150 Analyser (SPECS GmbH,5 CCD Detector) which is mounted into
a standard type UHV chamber (base pressure p = 1.3 * 10~ 9mbar).

The second used XPS setup is also a commercially available one (SPECS GmbH).
It is equipped with the XR50X-ray source (Al anode) and the Phoibus 150 analyser
with a 5 CCD Detector. Additionally the setup is equipped with a monochromator.
The base pressure of the UHV chamber is p = 3.6 * 10~ 1%mnbar.

Sample charging

A common problem of XPS is charging of the sample which mostly occurs for
samples with high resistance where compensating the positive build up charge due
to electrons leaving the sample via the photoelectric effect is not sufficiently fast
enough. Usually when operating the used X-ray sources at 300W the current of
electrons leaving the sample is within the nA range and therefore easy to be com-
pensated for. This compensation is done by using a so called flood gun (SPECS
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GmbH, FG22/35) which sends electrons towards the sample so that the positive
charge is compensated. This compensation current and the power of the gun have
to be calibrated and adjusted for al of the given samples and is usually done by
increasing the gun current until charging effects vanish from the measured spectra.
These effects are visible by either an increased asymmetry of the peaks as electrons
lose part of their kinetic energy when escaping the material and therefore appear
to be at higher binding energies, or by overall altered and shifted peaks that com-
pletely lose their shape. For copper a common approach that is also followed within
this work is simply to compare the obtained data on samples susceptible to charging
with those from clean non charging reference spectra.

The effect of charging can be very dominant for samples and catalysts that are
not-bulk like but not bigger than several nanometers. For those due to a possible
bad contact with the sample support or a general low amount of free charge car-
riers within the material, charging effects can occur quite fast. In fact it has been
reported for samples consisting of small nanoparticles that the peak shifts due to
charging observed in XPS spectra can be proportional to the size of those particles
[38].

2.3.3 Copper Reference Spectra

To be able to judge in what chemical state a given sample is, it is crucial to analyse
the mentioned parameters, such as the position, width and shape of specific peaks
originating from core level or Auger electrons. This creates the need for well defined
references to compare with. Since the scientific section focuses on copper and also its
compounds, those references have been measured and compared with the literature
to gain insight into their quality. The Cu 2p and Cu LMM Auger spectra used as
reference spectra throughout this work are shown in Figure 2.18.

All spectra but the metallic are aligned to the carbon C 1s line using Ep=284.8¢eV.
The metallic was aligned to the Cu 2p peak energy using Ep=932.67¢V ([104])
since it does not have any carbon on the surface due to being UHV cleaned. Table
2.1 summarized the obtained binding energies for the Cu 2p peak maximum, the
kinetic energy for the Auger peak maximum and the corresponding modified Auger
parameters. Hereby, the Cu sample has been in situ UHV-cleaned (see also section
3.3), the CuO was made by oxygen plasma treating a Cu foil for 5 minutes (see
section 3.4) and the other compounds have been measured on commercially available
powders (Sigma Aldrich, 99,995% purity).

The obtained values are in good agreement with the ones reported in the literature
proving the functionality of the employed system [104, 105].
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Figure 2.18: (a) Cu LMM and (b) Cu 2p reference spectra of different Cu compounds
relevant for the analysis of the investigated catalysts within this work. Dashed line marks
the main peak of metallic Cu.

Species | Cu 2p Eg (eV) | Cu LMM E;, (eV) | Auger Parameter (eV)

Cu 932.67 918.2 1850.87
Cuy,0O 932.58 916.4 1848.98
CuO 933.8 917.71 1851.51
CuCl 932.25 915.38 1847.63
CuCly 935.73 914.8 1850.53
Cul 935.73 917.2 1848.8
CuBr 932.46 915.89 1848.35

Table 2.1: Cu 2p binding, Cu LMM kinetic and the corresponding modified auger pa-
rameters energy values for the references used within this work.
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2.4 Operando and In Situ Techniques

As atomic structure, order and chemical state are important parameters when it
comes to understanding the underlying processes to a catalytic reaction on the
atomic scale, it is important to use and further develop experimental techniques
that provide insight on these. While ez situ studies are not able to provide detailed
information about the state of samples during the electrochemical reaction due
to the sample subsequent exposure to air which can significantly alter the sample
state, in situ and operando techniques are closer to the real conditions. In fact, the
operando term designs measurements carried out while the reaction is running and
while measuring the reaction conversion and products. In situ measurements are
conducted while protecting the sample from changes after the reaction by keeping it
in a protective gas atomsphere or under UHV conditions but without the catalytic
turn-over.

Generally the noble metals such as Au or Pt who do not undergo a big change when
exposed to air or mild electrolytes conditions such as 0.1M KHCO3 or 0.1M KOH
solutions at room temperature are able to be examined on ez situ based experiments.
Naturally this does only hold true if the reactions studied do not require high
potentials, so that the oxidation state during the reaction would be different from
the thermodynamically stable state under normal conditions. For metals such Zn,
Sn or the most interesting within this work copper, it is not sufficient to use ex situ
based experiments, as exposure to air alters the chemical state with respect to the
one during CO,RR conditions, when the catalytic processes occur.

Therefore, it is necessary to develop new techniques and approaches to be able to
monitor structure and chemical state of the catalysts as close as possible to the real
conditions. The following chapter gives an overview over two of these approaches,
were the first has been developed and improved within the framework of the present
work and the second is a well known operando technique within the field of catalysis.

2.4.1 Quasi In Situ XPS

Even though operando X-ray absorption fine structure (XAFS) measurements (see
next section) provide valuable information about the sample composition and struc-
ture during the catalytic reaction it is mainly a bulk sensitive technique. Also these
measurements require a lot of effort and cannot be conducted on a daily basis as a
synchrotron is required to provide high energy and intensity X-rays. These reasons
motivated the efforts to construct a lab based experimental setup that employs a
standard XPS setup, so that experiments can also be conducted on lab based X-ray
sources. The choice to use XPS as a spectroscopic technique was made due to the
fact that XAFS is mainly bulk sensitive and XPS is very surface sensitive, so that
the combination of both provide a detailed view on the samples studied.

To overcome the mentioned problems of ex situ based studies that expose the sample
to air which leads to contaminations and changes in the chemical state, an experi-
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mental setup that would be as close to an in situ characterization as possible was
planned.

When wanting to combine these ideas with electrochemistry, the problem is that
electrochemistry requires an electrolyte mostly based on water in the liquid phase.
Having water in liquid phase under UHV conditions is, however, not possible. Even
near ambient pressure (NAP) based approaches that are used to mimic environ-
ments for gas phase based reactions and studies are not enough as the technical
limit in most NAP-XPS based system is within the mbar range, as the X-ray source
compartment has to be separated and kept under UHV conditions while acquiring
gas phase XPS data. This is usually done by a silicon nitrate window allowing
X-rays to pass and to resist pressure differences up to almost 25 mbar. Further-
more, the inelastic mean free path of electrons is very low, leading to low signals
due to inelastic collisions of photoelectrons with atoms and other electrons within
the escape depth if the pressure is too high.

Thus the samples have to be introduced to normal conditions in order to do elec-
trochemical measurements and treatments before they are reintroducted to UHV
conditions to do the XPS analysis. This is the main idea of the presented and
developed setup which is shown in Figure 2.19.

Counter Reference Exhaust gas Gas inlet for the
Electrode Electrode glas chamber (Ar)

Sample Position Gas input for the Gas outlet for the glas Glass
(Working Electrode) cell (N,/CO,) chamber (Ar) chamber

Figure 2.19: Electrochemical cell directly attached to an UHV setup.

The samples are kept in UHV until they are to be transferred to an electrochemical
cell that is directly attached to the UHV system. The UHV part is hereby vented
by nitrogen (N, 99,9999%, Air Liquide) while the glass compartment part (glass
cross) is kept under a protective pressurized Argon (pa, = 1.1 bar, 99,999%, Air
Liquide) atmosphere. Argon was hereby chosen as the mass of Argon is higher than
nitrogen with respect to oxygen and therefore keeping oxygen from the surrounding
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air out of the transfer compartment is easier. This constant overpressure results in
a flow of argon out of the cell throughout the exhaust line of the glass volume part.
Therefore, the cell and the glass part are constantly flushed with clean pressurized
argon during the sample transfer, protecting it from contaminants and oxygen.
Once the sample is transferred into a stamp stage, the stamp with the sample on top
can be pressed against the electrochemical cell made out of PTFE (Teflon), leading
to a sealing of the cell compartment with respect to the Argon atmosphere. In the
following step the cell is filled throughout a septum with the electrolyte which has
been previously saturated with COs for 30 min for CO,RR based experiments. The
gas volume making space for the electrolyte is able to escape the cell compartment
through an exhaust which is sealed against air, preventing back stream into the cell.
This exhaust line is also used for the gas products as well as the CO5 (99,9999%, Air
Liquide), which is constantly introduced into the cell with a flow rate of f = 20 r’gﬁl
through a 0.5mm thick Teflon tube. The tube is installed in a way so that once
the electrolyte is filled in it is constantly bubbeled with the COs gas, keeping the
electrolyte saturated during the whole experiment. The amount of electrolyte used
is usually 25 mL, however, the cell allows for a total volume of 63 mL. As reference
electrode a leak-free Ag/AgCl electrode (LF-1, Innovative Instruments, Inc.) is
used which sits directly in front of the sample (d < 0.2mm) so that the resulting
resistance that has to be compensated is minimal. As counter electrode a Pt mesh
(99,9999%, Sigma Aldrich) is employed and the electrical contact is fitted through
a septum out of the cell using a 1 mm thick Pt wire (99,9999%, Sigma Aldrich).
The downside of this cell setup is that the whole cell is a one compartment cell not
allowing to quantise the gas products online, as the counter reaction is also taking
place in the same volume.

After the electrochemical treatment has been conducted the cell is reopened and
reconnected to the pressurized argon volume by removing the stamp from the cell
on which the working electrode rests. The electrical connection for the working
electrode is made by a Pt wire spot welded to a metal plate and a standard BNC
pin on the other side.

Once the sample is removed it is rinsed from the residual electrolyte by 10 mL
of deionized Water (R = 18.2 M), that was bubbled with Argon (99,999%, Air
Liquide) for 30 minutes to purge it of oxygen. Note that during this time there is
no electrical connection and thus no control of the potential throughout the circuit
used during electrochemistry, which can lead to changes in the sample composition
depending on the material used. Once the sample has been transferred back into the
UHYV compartment, it is sealed again by a valve and pumped down to a base pressure
of p=2.1x107® mbar. The residual water resting on top of the sample is thereby
vaporized and pumped out of the compartment. As known in UHV technology,
water is a common residuecsticking on the walls of steel-based chambers, which
explains why once the cell is used on a daily basis only a base pressure within the
10~® and not 107!° mbar regime is achieved. The whole transfer from the EC cell to
the UHV part and backwards does not usually take more than 1 minute. If the user
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is experienced, the transfer can be carried out within 20 seconds. All measurements
with this cell are done using an Autolab potentiostat (PGSTAT 302N).

2.4.2 X-ray Absorption Fine Structure: XAFS

X-ray absorption fine structure (XAFS) or extended X-ray absorption fine structure
(EXAFS) is a technique that was developed during last century in the framework
of synchrotron-based applications. It was first used to study the collisions and
therefore the nature of fundamental particles and matter itself, however, quickly
enough its use has been expanded to different fields. Charged particles, who can
be confined within a synchrotron by usage of magnetic fields, emit radiation when
being accelerated, whose energy is proportional to the strength of the acceleration
and the energy of the charged particle and can be used as a source to generate well
defined X-ray radiation. Depending on the size of the synchrotron ring and therefore
the maximum energy to which electrons and positrons which are most commonly
used can be accelerated to, the obtained X-rays can have energies up to several keV
even MeV. The most common technical realisation of generating these x-rays is to
use undulators (see also [106]) which are accelerating the used particles originating
from the synchrotron ring by employing strong alternating magnetic fields.

Since high energy X-rays are able to penetrate matter if there are no sufficient
energy states within the atoms of the material to absorb them, light elements can be
penetrated easily. This is of great use when considering combining electrochemistry
and XAFS together as the water based electrolyte does not absorb much of the
used X-rays. Before explaining these operando XAFS experiments in detail, first
the fundamentals of XAFS are shortly summarized.

2.4.3 Fundamendals of XAFS

XAFS is a technique that is based on the absorption of X-rays within a given
material. The amount absorbed depends on the energy of the X-rays with respect
to the energy levels of the electrons bound to the atoms of a given material. The
absorption process can be described by means of a first order differential equation
leading to Lambert’s Law:

Itransmitted = [initialei'u(E)d (212)

where:

Liransmitted - 1S the transmitted signal intensity
Linitiar - is the initial signal intensity

wu(E) - is a linear absorption coefficient

d - the thickness the photons travel through

As electrons can only be freed up by the photoelectric effect once the energy of
the incoming photon is high enough there is no absorption below that threshold
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energy and a significant jump in the absorption of X-rays within a material once
their energy is high enough. This energy is usually referred to as the edge energy
Eeage since the corresponding absorption coefficient p(E) shows a strong increase
in its intensity around this energy which is therefore also called the edge jump. To
illustrate this behaviour an example K-edge EXAFS spectrum measured on a clean
metallic copper sample at the synchrotron facility DESY Hamburg is shown in Fig.
2.20.

The so called X-ray absorption near edge structure region (XANES) is marked
blue and consists of the previously discussed edge jump and features which are
characteristic for the material as well as its chemical state which is often invoking a
shift in the edge position. The green marked part is the EXAFS part which provides
information about the structure such as for instance the coordination number of
atoms and thus also about the chemical state of a given material. Understanding
these type of spectra, especially the oscillations within the EXAFS part is possible
by keeping the wave nature of electrons in mind. As two or more electrons are
ejected from an atom and its neighbours these electron waves interact with the
surrounding atoms.

Constructive
1043 L\ L\ -\ ==L
Destructive
—_—
L] 08-
= —> Extended X-Ray Absorption
ye) Fine Structure (EXAFS)
O 06- J
N
© .
Edge-jum
£ o, > Edgejump
O
Z
0.2 X-Ray Absorption Near-
:l; Edge Structure (XANES)
0.0

9100 9200 9300

Energy (eV)

9000

Figure 2.20: Normalized absorption coefficient as a function of the energy, measured from
a bulk metallic copper sample for the K-shell.
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Representing them as spherical waves their wave number and therefore wavelength

(A = 27) is linked to their energy via :

k= J <87;;m> (hv — Eg) (2.13)

where hv is the photon energy and Ep is the binding energy which can also be
expressed in terms of the edge energy (Ep = E.q4c — Ep) if Ep is defined to be the
kinetic energy of the photoelectron at the absorption edge.
The absorption coefficient p(E) is (within a dipole approximation, see also [106])
proportional to the transition probability of the photoelectric event which can be
described by means of Fermi’s Golden Rule [97]:

(E) = A |V][¥3) *8(Ey — E; — hw) (2.14)

Where V is the electric field polarisation energy that pertubates the inital state
electrons. It is convenient to split the final state wave function into two components
reflecting the non-scattered and the scattered part:

\I,f = \Ijoutgoing + \Ijbackscattered (215)

These outgoing and backscattered spherical electron waves are able to interfere
with one another which is also reflected by equation 2.14, since the square will
invoke cross terms to emerge when inserting the final state wave function into it.
The resulting interference will be either constructive or destructive depending, on
their wavelength and phase. As the phases of these two wave components depend on
their path length the interference pattern is affected by the distance of neighbouring
atoms at which the scattering occurs. Thus, information about the lattice structure
with respect to bonding distance and coordination number can be extracted from
the EXAFS signal.

With this in mind it is also helpful to split the absorption coefficient in two compo-
nents due to its proportionality to the matrix element in eq. 2.14, since there are
two components arising when using 2.15 as final state wave function:

u(E) = po(l+x) (2.16)

with pg representing the atomic single background signal and y accounting for the
scattered oscillating part of the signal. Knowing and modelling the function y
constitutes the EXAFS analysis. From the experimental point of view it can be
determined using the measured signal by:

Y= Htotal — Hatomic (217)

Hatomic

41



Experimental Setups

The theoretical modelling of x is well studied. As other authors have already given
a detailed derivation of the function, here only the final result shall be given [106,
107]:

shells

x(k) = 32 Ak)sindi(k) (2.18)

where A(k) is the amplitude factor for the corresponding shell and the sin function
models the oscillations. The amplitude function is hereby given by [106, 107]:
- kR?

A(k) S2F(k)e W ol g2 R (2.19)
where:

F(k) - is the backscattering amplitude.

SZ - is the amplitude reduction factor accounting for many body effects such as
shake-up and shake-off.

A - is the inelastic mean free path.

R - is the radial distance.

N - is the coordination number.

o - is the disorder factor.

Modelling the obtained data using this theoretical function makes possible to
extract information about the coordination number, the disorder and the distance of
atoms to each other from the EXAFS part of the obtained signal. Most commonly
it is convenient to interpret the data in K-space, whose spectrum can be easily
obtained from the energy-dependent spectrum by using eq. 2.13. For the case of
the previously shown data on a bulk metallic copper sample (see fig. 2.20) the
K-space spectrum obtained is shown in fig. 2.21

a) Cu K-space spectrum b) Cu R-space spectrum
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Figure 2.21: a) K-space spectrum of copper for the data shown in fig. 2.20. b) R-space
representation as obtained from K-space spectrum by Fourier transformation.
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The advantage of representing the data in R-space, obtained by Fourier transfor-

mation of the K-space signal (see fig. 2.21. b), is that the distance of neighbouring
atoms can be directly seen. Thus, the first main peak at 2.2 A reflects the scat-
tering of the spherical outgoing wave with the first neighbouring atom, while peaks
at higher distances corresponding to second, third and higher order scattering pro-
cesses. As these distances are also characteristic for different chemical states of
elements, this information can also be extracted from the R-space representation of
the EXAFS signal.
Further analysis leads to modelling the obtained spectra by means of the above
mentioned equations (2.18, 2.4.3). Usually this is done with the help of computa-
tional software to speed up the calculation process significantly as well as the data
handling. Within this work the software used is the one most commonly employed
within the field of XAFS measurements. It is the software package Athena [108,
109] which can be used to process the XANES data and to do linear combination
fitting of it, and the Arthemis software using the FEFF6 code [108] to conduct the
analysis of the EXAFS data.

2.4.4 Operando XAFS setup

The experimental setup used to conduct operando XAFS measurements is shown in
Fig. 2.22. The three electrodes are marked up as well as the sample position and
COy input line. For all data acquired within this work the used CO, flow rate was
equal to the one used in the gas chromatograph based experiments (f = 20%). The
reference electrode was a commercial leak-free Ag/AgCl electrode (LF-1, Innovative
Instruments, Inc.). The data is acquired in a fluorecence setup, meaning that the
transmitted amount of X-rays is not being measured, but the one being absorbed
is used to determine the absorption coefficient p(E). This is possible since the
absorption of X-rays within the sample would naturally lead to electrons filling
vacant core level states within the atoms from which electrons have been freed up
by means of the photoelectric effect.

The resulting photons from this process can be detected and make up the flu-
orescence signal intensity which is thus proportional to the amount of absorbed
X-rays within the sample. The detector used is a passivated implanted planar sil-
icon (PIPS) detector. This mode of measurement has the advantage that even for
very thick samples data, acquisition is possible. Since the transmitted signal has
to cross not only the sample but also the electrolyte and the cell walls, the signal
obtainable is very low, especially for nanosized catalysts where not much material
is present. Therefore, is is more convenient to acquire operando electrochemistry
datasets in fluorescence. The downside is that the obtained intensity of the signal is
altered by so-called self-absorption. As the name suggests, this means that the sec-
ondary photons are able to be reabsorbed and scattered within the material itself.
Fortunately this scattering and re-absorption processes can be modelled, allowing
the correction of the obtained signal for self absorption. This is usually done by
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computational algorithms provided within the Athena software package that have
been developed and improved in the past [109].

CO,input

REF

Figure 2.22: Electrochemical operando cell for XAFS measurements. Initial (Ip) and
transmitted (1) ionization chamber detectors are marked as well as the passivated im-
planted planar silicon (PIPS) detector used to acquire the fluorescence signal (/).

Furthermore, it is important to note that due to the cell design it is only possible
to measure the obtained signal with an incident angle of the incoming beam of 12°
with respect to the sample surface. Therefore the obtained signals will not only
reflect the very surface as it would be the case under gracing incidence but also the
bulk of the samples.
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2.5 Temperature Programmed Desorption

Temperature Programmed Desorption (TPD) is a UHV-based technique used to
probe the binding specific molecules on a given surface. The basic idea is to con-
trol the temperature of a given sample by cooling, to adsorb a given molecule of
interest on the sample surface and then increase the temperature while observing
the desorption of the molecules of interest. By ramping up the temperature with
a given speed, the desorption of molecules can be followed with the help of a mass
spectrometer. This is of particular importance in gas phase reactions and the cor-
responding employed catalyst. Nevertheless, the technique has recently also been
used to study electrocatalysts with respect to their binding properties of reactants
and intermediates, as the technique does not only provide valuable informations
about the binding strength of adsorbates under UHV conditions, but also about
the surface structure and surface area, as different facets exhibit different binding
strengths [110-112]. In addition, the obtained signals are proportional to the cov-
erage of the molecule dosed on the surface, and thus to the surface area which is of
interest for electrocatalysis. To be able to compare and estimate the surface area by
means of the signal intensity using a fixed geometry within the experiments is cru-
cial. Within the conducted experiments, this is achieved by keeping a nozzle serving
as the entrance to the mass spectrometer at a constant distance of 0.5 mm at an
angle of 90° in front of the sample (see also Figure 2.24). Furthermore, the mass
spectrometer itself is differentially pumped to avoid accumulation of the molecules
detected from the desorption at lower temperatures.
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Figure 2.23: CO TPD experiment run on a clean Cu (111) single crystalline surface
increasing the dosing gradually.
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The TPD experiments of interest for Cu are based on CO TPD. As mentioned,
CO is considered to be the most important intermediate and its binding strength
believed to the crucial in determining the reduction pathway towards hydrocarbons
after the CO4 activation step has been achieved on the Cu surface, which is why
these measurements are of interest.

An example spectrum obtained on a clean (no other elements detected in XPS) is
shown in Figure 2.23.

The CO dosing is done using a leak valve, background dosing CO in different
amounts into a background pressure of 4.2 * 1071%mbar. As it can be seen with
increasing dosing the highest binding energy sites are populated at first until a so-
called monolayer is achieved, which is known to result in almost % of the surface
covered by CO [113]. Those are known to be related to the desorption of CO from
the Cu (111) step sites [111]. Afterwards the terraces are populated as reflected
by an additional intermediate peak followed by a low temperature desorption peak
reflecting multilayer adsorption of CO on CO which is also seen by the scalability
of the peak intensity with increasing dosing [111].

The cooling to liquid nitrogen temperature which is necessary to conduct these
experiments is done by flowing nitrogen throughout the sample manipulator on
which the sample rests within the UHV system after a stream of nitrogen gas passed
through a coil immersed in liquid nitrogen. The setup is shown in Figure 2.24.

Figure 2.24: TPD setup implemented within the UHV chamber used to conduct TPD
based studies.

An estimation of the binding energies for the different peaks obtained is done
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by using theoretical models. Those are depending on the assumptions made and
differ in their complexity and consequently accuracy [114-116]. What most of those
models have is in common is that they describe the desorption of the gases with
help of a first order differential equation, resulting in an Arrhenius equation since
the desorption is also dependent on an activation energy to start the process:

r(o) = ‘fl‘t’ — A(0)o" exp <— E“(“)> (2.20)

RT

with:

r(o) - the desorption rate as a function of the coverage
o - the surface coverage

v(o) - a pre exponential factor. [v]= Hz

n - the desorption order

E.(0) - the activation energy

R - gas constant

T - the temperature

As seen extracting the activation energy which is the desorption energy from this
equation is very complicated, since most of the parameters are a function of the
surface coverage. A commonly applied simplification of this model is known as the
so-called Redhead-model which assumes the there is no interaction of the absorbed
molecules on the surface with each other, which leads to the pre exponential factor
and activation energy being independent on the surface coverage [114, 117]. Since
this model is the one used to analyse the data obtained within this work it is the
only one discussed to detail. Others such as for instance the so-called 'leading edge
method" or the "complete analysis method" are discussed in detail in the existing
literature [118, 119].

With the previously mentioned assumptions, equation 2.20 can be rewritten also
assuming a linear heating ramp 7'(t) = Ty+ [5t, where Tj is the starting temperature,
B is the heating rate and t the time passed since starting the heating ramp:

do " E,
r(o,t) = i Ao exp (—W> (2.21)

Assuming a first order desorption (n=1) which reflects the lack of interaction
of the molecules on the surface and thus no recombinative desorption (chemical
reaction followed by desorption of the product for instance 2 CO + Oy — 2 COy)
should occur. This also demands that the peak position should be independent on
the surface coverage. As seen in Figure 2.23 this only holds true for the higher
coverages, as there is a clear shift towards lower binding energies/temperatures up
to a dosing of 0.5 L for Cu(111). For other surfaces, such as for instance Cu(100)

47



Experimental Setups

this shift related to the coverage is not as dominant due to a higher distance of CO
to each other on the surface, resulting in a weaker interaction. Nevertheless, due
to this effect only the high dosing peaks are taken into account for determining the
corresponding peak Temperature 7,.

Using the fact that the desorption rate equals zero at the peak temperature it is
possible to obtain an equation from which E, can be extracted by carrying out the
derivative of r(t = t,):

dr d E

— = — A _— 2.22
dt |f:tp dt‘t:tp ( ’ eXP( R(TO + ﬁt) )) ( )
(2.23)

do _Ea BEa _Ea
S0=—A _— A 2.24
dt eXp<R(To + ﬁthp) TR Tt Bt ) eXp<R(To + ﬁtt,,> (2:24)
(2.25)

Inserting equation 2.21 into 2.24 then yields:
E, BE,

A —— | = — 2.26
(-7 m,,) R, + 6, 220

Since T'(t,) = T, the maximum temperature equation 2.26 can be simplified to:

E, BE,
Aep| =5 | = R
p

Equation 2.27 can be solved iterative for a peak temperature obtained from the
conducted experiments. The proportionality constant A is used is usually estimated
to be A = 10*3, which is based on already existing analysis present in the literature

and also employed in the analysis conducted on the data acquired within this work
[114-116, 118].

(2.27)

2.5.1 Quadropole Mass Spectrometer

The mass spectrometer employed to extract the rate of desorption within the pre-
sented work is a commercial HAL RC 301 from HIDEN analytical. The instrument
is based on an ionisation chamber that is used to ionize the incoming gases via in-
elastic scattering. The obtained ions are filtered with respect to their mass to charge
ratio by using an electric quadropole. Within the electric field obtained from the
quadropole geometry only a specific mass to charge ratio atom/molecule has a sta-
ble trajectory at a given time, resulting in only those reaching the detector being
consequently counted. The fundamental differential equations used to describe the
stable trajectory conditions are also known as Mathieu equations and are discussed
in detail in prior literature [120, 121]. Since the mass spectrometry instrumentation
is commonly used in UHV approaches and has not been modified in the present
work these topics are hereby not discussed.
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3.1 Electropolishing

The so-called electropolishing (EP) has become a standard sample preparation tech-
nique within the field of COsRR since Hori et al. published their benchmark work
on electropolished Cu electrodes for COoRR [24]. Mainly for comparative reasons
other scientific studies directed towards CO3RR have adapted this method. It is
based on electrochemically etching the surface of a given electrode/catalyst by em-
ploying acidic solutions in combination with strong oxidizing potentials. While first
chemically etches the surface cleaning it, the apllied potential causes the etching
process to be directed and supports a smooth etching across the whole surface.

Within this work, electropolished samples serve as a defined starting point from
which onwards the samples are changed and altered to be able to address the scien-
tific questions raised. Furthermore, electropolished polycrystalline Cu foils serve as
benchmark samples to double check the calibration of the employed electrochemical
equipment. If the electrochemical cell and gas chromatograph are properly cali-
brated and set up it must be possible with their help to reproduce the reported
values within the literature [24, 122].

Additionally, the treatment provides an efficient and fast cleaning procedure from
contaminations on a given surface enabling the recovery of samples used for prior
experiments, which is especially important for the Cu single crystal studies carried
out, as those are expensive and laborious to clean when started from scratch.

The solutions used to do the electropolishing treatment are always phosphoric

acid based (H3PO,, VWR 99,95 %), sometimes (see chapter 4.3) adding sulfuric
acid (HySO4, VWR 95 %) and water. The sulfuric acid is hereby added to prevent
the oxygen evolution reaction from occurring even though high anodic potentials
are employed. This is of special importance for single crystalline electrodes, since
OER is known to produce etch pits on these type of samples [37].
The counter electrode used consists of a Ti foil (Advent Research Materials, 99,995
%) at which a potential of 3V is applied with respect to the working electrode in a
two electrode setup. Although the time may vary from sample to sample (only 10s
for single crystals), the most commonly used etch times are around 3 minutes (Cu
foils).
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3.2 Dendritic Cu Catalysts

Figure 3.1: Large and small magnification SEM images of Cu dendrites deposited on an
Ag substrate using the above described method.

Figure 3.1 shows an example SEM image of Cu dendrites, resulting from electro-
depositing Cu using a negative potential to reduce a solvated precursor Cu species
present in the electrolyte at the electrode surface (see below). The scientific ques-
tions studied with the help of these type of samples are presented in chapter 4.2.

The synthesis of these dendritic Cu samples was based on electrochemically de-
positing Cu on Ag and Pt foils (99.9999 %, Advent Research Materials)) from an
aqueous solution containing a small amount of CuSO,4 (0.05M CuSOy, 99.9995 %,
Sigma-Aldrich). The deposition was carried out at a constant potential of Uypica=
-1.25V vs RHE in a two electrode setup using a Pt mesh as counter (Advent Re-
search Materials, 99,995 %) for the Ag substrate and a Ti foil (Advent Research
Materials, 99,995 %) for the Pt substrate. The potential has been chosen to be
high due to the fact that the growth process of dendritic copper is based on the
concentration of solvated Cu species within the vicinity of the electrode to be mass
transport-limited. This is achieved by keeping the bulk concentration of Cu low
and the electric field-mediated transport high [123].

By keeping the available Cu species in the electrode surface low, those who are
present are preferentially transported alongside the electric field gradient, which is
pointing towards already existing Cu agglomerations on the surface. This inho-
mogenious transport then gives rise to the dendritic morphology [124, 125]. The
whole deposition process is carried out for 10 minutes. Furthermore, the generation
of a highly porous material can be achieved by enhancing the amount of hydrogen
bubbles being produced by HER during the deposition process in acidic media. The
solution pH was therefore defined to be within 2-3 by adding sulfuric acid HySO,.
This process is known as hydrogen templating [123, 125, 126] and was adapted from
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Ref. [61]. After deposition, the samples are washed with clean water (18.2 M{Qcm)
to rinse residual sulfur from them. Prior to depositing the Cu dendrites on top of
the substrate, the Pt was cleaned by immersing it for 2 minutes in a 1 M HySOy4
solution and the Ag one was immersed for 2 minutes into a 0.5M HNOj solution.
Figure 3.2 highlights the resulting current over time curve obtained during the
growth of the Cu dendrites. The increase of the current over time is attributed
to the increase in the overall active surface area as the dendrites grow. Since the
deposition is carried out in acidic media and no COs is bubbled within the solution
used, the resulting product is mainly hydrogen. The noise seen within the current

over time curve is attributed to hydrogen gas bubbles in agreement with literature
reports [60, 123, 126].
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Figure 3.2: Current over time curve for the electrochemical grownth of Cu dendrites on
an Ag substrate.
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3.3 UHV preparation of Cu

Ultra high vacuum (UHV)-based studies allow for controlling the environmental
conditions of samples on a very precise level. Prior to any studies conducted within
UHYV chamber the employed samples also have to be prepared and characterised, so
that they are in a well-known and defined state. The standard technique to achieve
this goal which is commonly used to provide well-defined initial surfaces prior to
any further preparation is to sputter/anneal the samples. Sputtering hereby denotes
the acceleration of ions towards a given surface using a high electric field. The ions
themselves are most commonly produced from a chemical inert gas (Argon) by
means of a magnetron (see also [127]). Upon hitting the surface of a given sample,
adsorbate atoms are removed and consequently the surface is cleaned. Since this
process does not leave behind a smooth and flat surface which is most commonly
wanted, the samples are annealed (heated) in a subsequent step. This procedure is
repeated several times until the surfaces are in the desired state (clean, flat, well
ordered).

Within this work, UHV based samples are used to clean metallic surfaces prior to
the XPS measurements to obtain reference spectra for the clean metallic surfaces
but most importantly, they are also employed to prepare Cu-based single crystalline
surfaces that are used to study their electrochemical behaviour under COsRR con-
ditions (see chapter 5).

The gas used to sputter is Ar (99,9999 % Westfalen) and the ion gun is a com-
mercial one (SPECS GmbH IQE-11 Ion source). The heating is based on electron
bombardment of the sample holder. The electrons are accelerated towards the bot-
tom of the holder by using a voltage of U=900V. Depending on the sample and the
sample state, different parameters are employed and the corresponding cleaning is
denoted as strong and mild within this work. All samples used are Cu-based and the
annealing temperature in all cases is 970K. Furthermore, the samples were cooled
down slowly with every last cycle of a given cleaning run using a cooling ramp of
25K /min until a temperature of 500K was reached. By then the heating is turned
off completely. Especially for single crystalline surfaces this supports the generation
of a flat surface, as the strain may be released by the movement of the atoms. The
used sputtering parameters are summarized in table 3.1:

Treatment | p (Ar) / mbar | Lampie / A | time / min | Ejy, / keV

Strong 3.2x107° 28-31 15 2.5
Mild 1.5x107° 8-11 ) 1.5

Table 3.1: Sputter conditions employed to clean and prepare Cu based samples.
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3.4 Plasma treatment

The plasma treatments done to prepare and clean samples for different projects
within this work are based on a low pressure plasma chamber system that is com-
mercially available (SPI Supplies). The setup is equipped with a roughing membrane
pump used to create a rough vacuum (25 mTorr range). Figure 3.3 shows an image
of the plasma setup. The plasma itself is capacitively generated and powered by
two half cylindric metal plates around the glass chamber.
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Figure 3.3: Image of the experimental plasma chamber.

The treatments done mostly are oxygen (Air liquide, 99,95 %) and hydrogen (Air
liquide, 99,95 % plasma treatments with respect to the copper based samples. The
main purpose is to change the chemical state of a given sample towards its oxidized
or reduced state while at the same time roughening the sample, increasing the total
surface area which has proven to be crucial for CO,RR [68].

Furthermore, the setup has been used for the synthesis of nanoparticle which is
discussed in the next section in detail.
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3.5 Nanoparticle Synthesis

A field of catalysis offering a promising approach to facilitate and control a given
reaction outcome is the use of nano sized catalysts. Their exploration is still ongoing
and consequently there is a demand for methods of producing such catalysts in a
reliable way. Especially when studying effects on the nano-scale linked to the size,
shape and composition, well defined model catalysts are important.

The method used within the present work to produce and study such nano-sized cat-
alysts is based on a colloidial chemistry approach utilizing a polymer to encapsulate
metals within. By controlling the polymer features and the ratio of the dissolved
metals in solution, the composition and size of small nano-sized metal particles can
be controlled. Figure 3.4 shows the schematic representation of the process. The
chain polymer consists of a a so-called tail and core part. The core part is polar
while the tail part is not, which results on the accumulation of metals at the po-
lar polymer core if both are added into solution. When using polar solvents such
as toluene (used within the present work) or tetrahydrofuran (THF'), the polymer
cores align as shown in Fig. 3.4 due to the interaction with the solvent. The metal
nano-particle is consequently formed within the polymer core. By controlling the
size of the polymer’s core and tail, the size of he particles and their distance with
respect to each other can be tuned.
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Figure 3.4: Schematic representation of the micellar polymer based nano-particle synthe-
sis.

Once a solution containing the dissolved polymer with the particles with the
polymer core is made, the particles can be deposited on a substrate by dip coating,
drop casting or spin coating. The substrates used within this work are Si wafers and
glassy carbon supports which are dip-coated into the solution. Post dip-coating and
drying, the polymer that is still protecting the particle has to be removed. An easy
way to do this is with the help of the previously described plasma etcher. Using
a low pressure (250-400mTorr) oxygen plasma, the carbon based polymer can be
removed. The cleaningness of the particles is then checked with XPS, looking out
for the N and C signal since both elements make up the polymer.
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4 Role of the Catalysts Oxidation
State in CO9RR

Across the field of COs electroreduction, oxide derived (OD) Cu catalyst are of
special interest due to their ability to outperform metallic Cu catalysts by a large
margin with respect to their selectivity for Coy products. The fact that especially
the ethylene selectivity is enhanced by up to 42 % [68] also makes them attractive
for industrial considerations as discussed previously.

Scientific effort carried out is mainly directed towards understanding the underlying
properties of OD Cu catalysts, as the origin of their superior catalytic behaviour
remains unknown.

The experimental work, highlighting the mentioned increase employing oxygen
plasma treated polycrystalline Cu foils as catalyst, was also able to demonstrate
that the observed changes cannot be solely attributed to the overall surface area
[68]. Several other possible reasons have been subject to dedicated studies since
then. For instance the presence of sub-surface oxygen species or oxides present
during COoRR [68-72, 128], changes in the local pH [84], an enhanced coverage of
reaction intermediates due to specific facets being predominantly present [37] and
the presence of special active sites and defects [68, 72, 79, 129] has been considered.
While theoretical effort based on density functional theory (DFT) studies supports
and suggests that the crucial CO dimerization and overall stability of reaction in-
termediates on the surface is facilitated due to oxides and other Cu(I) species being
present [11, 65, 71, 75-77], their stabilization has proven to be very difficult [73,
75, 76, 130] and only been demonstrated for nanosized catalysts [72, 131] as well
as upon introducing modifier elements [62, 65, 132]. Due to the lack of stability
depending on the catalysts morphology [60, 133], composition [38, 39, 131, 134],
pretreatment [38, 76], support [63, 89] and the electrolyte employed [11, 62], the
influence of Cu' species remains controversial.

In addition, the influence of adsorbed oxygen species on the formation of oxygenates
has been reported recently [135] pointing out further the complexity of understand-
ing the role of copper oxides within the framework of CO3RR.

The studies presented within this chapter focus on this topic and contribute to
the overall literature by significantly narrowing down the possible influence of ox-
ides. Employing spectroscopic tools it was possible to show that the stabilization of
oxides on the surface of well performing oxide-derived catalysts is rather difficult,
thus suggesting that the improved selectivity towards ethylene seen is independent
on the catalysts oxidation state during CO;RR. Furthermore, by employing and
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plasma-modifying a high surface area catalyst known to be selective for ethylene
due to a local pH effect it was possible to demonstrate that the effect of OD cat-
alysts cannot solely be explained by means of an increased local pH in the surface
vicinity.

With these results in mind the question on what is facilitating the important CO
dimerization on the surface is addressed in the second part of this chapter. By em-
ploying single crystalline surfaces who have shown to be selective towards specific
products [37, 43, 46, 52] it was possible to show that the selectivity towards oxy-
genates linked to the presence of Cu™ at the surface while the ethylene selectivity
of oxide derived catalysts has to be attributed to the crystal orientation and the
presence of defects on the surface.

The last part of the chapter builds up on these results and employs differently ori-
ented single crystalline Cu surfaces to further investigate the importance structural
parameters and their influence on the selectivity towards specific products. Espe-
cially the binding strength and surface roughness as well as the presence of defective
sites is considered and investigated hereby.
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4.1 Polycrystalline Cu

The original experimental work demonstrating the impact of pre-oxidizing poly-
crystalline copper on COsRR activity and selectivity employ oxygen plasma-treated
samples that have been electropolished beforehand [68]. To be able to follow the
presence of oxides during COsRR, operando XAS measurements were used in a
grazing incidence configuration. Directly after the plasma treatment, all but the
hydrogen plasma treated samples have been oxidized towards CuO due to the expo-
sure to the oxygen plasma. Upon running the samples under COsRR conditions at
-0.9V vs RHE the reported XANES and EXAFS data reflect a decrease of the oxide
species up until a reaction time of 15 minutes, where the corresponding fingerprint
within the EXAFS spectra completely vanished [68]. The downside of these type
of measurements is that they are dominated by the bulk signal, due to the nature
of the X-rays employed having a high energy (9keV), being able to penetrate into
deep layers of the material. To be able to complement the discussed XAS data with
more surface sensitive XPS data, the XPS system described in chapter 2.4.1 in com-
bination with an electrochemical cell was employed. The first sample investigated
has been an electropolished Cu foil since it is a common benchmark sample within
the literature [9, 19, 122] and the plasma treated was the most selective towards
ethylene (20W, 250mTorr, 2 minutes oxygen plasma) [68].

Figure 4.1 shows SEM data obtained on the plasma treated sample. The ob-
served morphology is similar to what has been reported for the same treatment
[68], supporting the reproducibility of the plasma treatment.

Figure 4.1: SEM image of an electropolished Cu foil after oxygen plasma treatment (20W,
250mTorr) for 2 min.

The obtained Cu LMM Auger, Cu 2p and O 1s XPS spectra on an electropolished
Cu foil before as well as after exposure to the low pressure oxygen plasma are
shown in Figure 4.2. Linear combination fitting of the Cu Auger spectra with the
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corresponding references reflects a strong oxidation towards CuO for the plasma
treated sample. In agreement with this finding, the presence of the characteristic
shake up features in the Cu 2p is seen, and a high intensity peak in the O 1s spectra
deconvolution at Eg=529.8 €V can be seen, which fits the existing literature [104,
105]. In the case of the electropolished foil a mixture of Cu, CuyO and CuO is
found to be present whereas metallic (36.4 at %) and Cu(I) (61.5 at %) species are
dominantly present. Even though linear combination fitting only suggests a small
amount of CuO (2 at %), its presence is supported by the O 1s spectra and the
presence of small shake up features in the Cu 2p region. It is important to note at
this point that the assigned species (see fig. 4.2) within the O 1s spectra denoted as
adventitious and organic compounds are difficult to assign, since metal carbonates
and hydroxides, as well as C-O-H, C-O and COOH compounds are difficult do
distinguish within the O 1s spectra without a complementary technique [104]. The
presence of water is most likely originating from the rinsing step with ultraure water.
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Figure 4.2: Quasi in situ (a) Cu LMM spectra, (b) the corresponding Cu 2p spectra and
(c) the O 1s spectra for the electropolished and plasma oxidized Cu foil before EC.

After 1h of electrochemistry under CO5RR conditions within 0.1M KHCOj3 hold-
ing a constant applied potential of -1.0V vs RHE, the situation changes completely.
The respective Cu LMM and the O 1s XPS data is shown in Figure 4.3. Both Cu
LMM Auger spectra match the acquired reference for metallic Cu. At the same
time, the O 1s XPS spectrum does not reflect the presence of any oxides. Thus, by
means of XPS, there are no oxides stable within the employed catalyst since none
could be detected after electrochemistry.

As previously mentioned, the complementary EXAFS data present in the litera-
ture reported oxides to be present within the sample up until 15 minutes COsRR
[68]. Therefore the plasma oxidized Cu foils have also been investigated by means
of the employed XPS setup after 15 minutes of COsRR up to times as short as 5
seconds. The obtained data are shown in Figures 4.4 and 4.5. Again linear com-
bination fitting with the respective references suggests that the samples are in its
metallic state which is consistent with the fact that the acquired O 1s spectra do not
reflect the presence of oxides. In combination with the mentioned operando EXAFS
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experiments this leads to the conclusion that the oxides seen must be present within
the samples bulk or subsurface region, as XPS is a surface sensitive technique and
EXAFS is bulk sensitive.

Even thought these results suggest that the observed catalytic trends towards
ethylene are mostly independent from the presence of surface oxides during the
catalytic reaction it is not enough to generalize these ideas on the basis of the
conducted XPS study. On the one hand the presence of oxides could be beyond the
detection limit, as the employed X-ray energy (E = 1486.71eV) is high as compared
to the binding energies for oxygen leading to a lower differential cross section for
the photoemission process and consequently a lower signal. On the other hand the
insufficient stability of oxides could only hold true for polycrystalline Cu foils and
the stability of oxides could be higher within other type of materials such as alloyed,
nanostructured and single crystalline catalysts that have also been reported to be
more selective for Co, products [61, 62, 72, 129].
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Figure 4.3: Quasi in situ (a) Cu LMM spectra and (b) the corresponding Ols spectra
for the electropolished and plasma oxidized Cu foils after 1 h of electrochemistry in 0.1M
KHCO3 at -1.0V vs RHE. THe oxidized data are published in [62].
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Figure 4.4: Quasi in situ (a) Cu LMM spectra and (b) the corresponding Ols spectra for
the plasma oxidized Cu foil after different times of electrochemistry in 0.1M KHCOj3 at
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Figure 4.5: Quasi in situ Cu 2p data after different times of COsRR in 0.1M KHCOg3 at
-0.9V vs RHE.
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4.2 Copper Dendrites

Of special importance among the various catalysts studied [4, 10, 11, 19, 24, 37, 122]
are nanostructured materials, since they have proven to outperform bulk materials
in several aspects of COy electroreduction [61, 62, 66, 72, 84, 131]. For instance,
they display a higher selectivity towards a given reduction reaction product [52,
72, 84, 131] or a higher overall activity [62, 66]. Engineering those type of systems
with respect their properties on a nanoscale is hereby key. For example nanosized
Cu cubes exhibiting the beneficial Cu(100) facets have shown a superior selectivity
towards ethylene [37, 43]. In addition, kinetic transport limitations present in low
surface area catalysts and H-type cell setups can be overcome by employing highly
porous catalysts that can be operated at high current densities in a three-phase
(gas/solid/liquid) flow cell setup [61, 136]. Especially dendritic shaped catalysts
have been demonstrated to be very selective towards ethylene (63 %) at current
densities as high as 750mA % cm? [136]. Their intrinsic high selectivity for ethylene
was mainly understood in the framework of a high local pH due to their high surface
area and their porous structure resulting in a high hydrophobicity, which leads to
readsorption and further reduction of reaction intermediates like carbon monoxide
towards hydrocarbons [60, 61, 125, 137].

The latter is also the reason why within the study of dendritic Cu presented here,
Ag and Pt have been chosen as a substrate. Ag is known to selectively produce
CO at lower overpotentials, especially when being oxygen plasma treated due to
the higher resulting roughness [26]. Pt has been chosen to be able to compare the
results obtained on Ag with a substrate that is only selective for HER due to its
high CO binding strength [24].

Since the exceptional selectivity towards ethylene for dendritic catalysts is also
shared by oxide derived catalyst who also display the suppression of methane in
favour of ethylene production [68, 78, 134] the combination of both type of systems
is a promising approach to study if the selectivity towards ethylene of oxide-derived
catalysts is linked to the local pH. If both effects are independent of each other,
oxide-derived dendritic Cu catalysts should not show any significant further sup-
pression of methane and no higher amount of ethylene than normal metallic den-
dritic catalysts. The fact that the observed selectivity trends of Cu dendrites and
oxide derived catalyst are similar to each other has also lead to the suggestion that
dendritic Cu systems might contain some residual oxides even when grown in situ
which could be a possible reason for their selectivity trends [61].

The studies presented within this section focus on answering open questions on Cu
dendritic systems, since they are considered promising catalyst for CO;RR.

The used samples have been synthesized as described previously 3.2. Afterwards
the obtained dendritic Cu catalysts have been exposed to a low pressure oxygen
plasma (250mTorr, 20W) for 1 and 5 minutes, respectively. The dendrites were
grown on Ag and Pt substrates which were cleaned by etching and washing them
(see chapter 3.2).
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Figure 4.6 shows a large area SEM image of the resulting samples on the respective
Ag and Pt substrates. The respective high resolution SEM images of the sample
before and after the oxygen plasma treatment as well as after electrochemistry at -
1.0V vs RHE are shown in Figure 4.8 and 4.7. The acquired images on the substrates
are presented in Figure 4.9.

Figure 4.6: SEM images of Cu dendrites on (a) Ag and (b) Pt substrate. Large scale
images were published in [27]. Reprinted with permission from [27]. Copyright 2019
American Chemical Society.

Before EC After EC

1 min O,-Plasma

Figure 4.7: SEM images of Cu dendrites deposited on an Ag substrate after (a) being
exposed to a low pressure oxygen plasma treatment for 1 minute and (b) subsequently
running CO2RR for 1h at -0.9V vs RHE in 0.1M KHCO3 electrolyte. Published in [27].
Reprinted with permission from [27]. Copyright 2019 American Chemical Society.
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Ag substrate Pt substrate
Before EC After EC Before EC After EC

As Prepared

5 min O,-Plasma

Figure 4.8: SEM images of Cu dendrites deposited on Ag (a, b, e, f) and Pt (c, d, g,
h) acquired before and after CO2RR at -1.0V vs RHE for the untreated (a-d) and 5 min
Og-plasma treated (e-h) samples. The scale bars correspond to 2 pym. Published in [27].
Reprinted with permission from [27]. Copyright 2019 American Chemical Society.

As it can be seen, the Ag substrate changes significantly under the influence of

the low pressure oxygen plasma treatment towards agglomerated structures. This
change is already visible for treatments as short as 1 minute and becomes more
dominant for the 5 minutes treated samples (fig. 4.9 (a-f) and 4.7). The Pt surface
remains mainly unaffected (fig. 4.9 (g-i)). Looking at the dendrites grown on top
they are unaltered with respect to their morphology after the short 1 minute oxygen
plasma treatment and subsequent exposure to reaction conditions at -0.9V vs RHE
(fig. 4.7). The changes occur upon treating them for 5 minutes with the oxygen
plasma and consequently running them under CO;RR conditions (fig. 4.8 (e-h)).
After the plasma treatment, a loss of the sharpness of the dendrite tips is observed,
which is most likely linked to the formation of copper oxides that make up the
observed agglomerations at the edges of the dendrites, as also indicated by the
obtained EDX results (tab. 4.1).
Once the samples are exposed to electrochemical conditions for 1 hour, an increase
in the roughness of the dendrites is observed for both employed substrates. At the
same time, the presence of small particles (100-200nm) can be seen that are also
present in small amounts on the Ag substrate as confirmed by EDX (see Figure 4.8
and 4.10). As far as it can be judged from the SEM images, especially the high
magnification ones (fig. 4.10), these crystals do not have a preferential crystalline
orientation or surface structure. Most likely they originate from the backbones of the
dendritic branches as they are aligned alongside these. Regarding the Ag substrate,
a porous network like structure is present after electrochemistry (fig. 4.10 (b)).
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Figure 4.9: SEM of Ag substrate with dendrites deposited before (a,c,e) and after COsRR
at -1.0V vs RHE (b,d,f) for the untreated (a,b) and plasma-treated cases (c,d). Right panel
(g-1) shows the Pt supported samples. Yellow squares mark Ag/Pt-rich regions and red
ones Cu rich regions, as probed by EDX. Published in [27]. Reprinted with permission
from [27]. Copyright 2019 American Chemical Society.

Sample ‘ Part ‘ Before EC ‘ After EC

On Ag- | Dendrites | 87% Cu, 13% O | 95% Cu, 5% O

As prep | Substrate | 79% Ag, 16% Cu, 5% O | 86% Ag, 12% Cu, 2% O
On Ag- | Dendrites | 51% Cu, 49% O | 93% Cu, 7% O

O, Plasma | Substrate | 55% Ag, 40% O, 5% Cu | 67% Ag, 21% Cu, 12% O
On Pt - | Dendrites | 86% Cu, 14% O | 95% Cu, 5% O

As prep | Substrate | 61% Pt, 39% Cu | 59% Pt, 41% Cu,

On Pt - | Dendrites | 54% Cu, 46% O | 83% Cu, 17% O

O, Plasma | Substrate | 48% O, 28% Pt, 24% Cu | 64% Pt, 35% Cu

Table 4.1: EDX analysis of Cu dendrites supported on Ag and Pt. The values given are
the relative amount of Cu, O, Ag and Pt detected. Plasma treatments refer to the 5 min
treated samples. Published in [27].
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Cu Dendrite on Ag After EC

Figure 4.10: High magnification SEM images of 5 min O9 plasma treated (a) Cu dendrites
on Ag and (b) the underlying Ag substrate. Both images are taken after 1h of CO2RR at
-1.0V vs RHE in 0.1M KHCOg3. The yellow box marks Ag-rich areas and the red one Cu
rich areas on the substrate as probed by EDX.

In order to estimate the relative increase of the overall roughness by another
method to complement the SEM results electrochemical surface area measurements
based on the Helmholz-double layer capacitance have been conducted. The acquired
data are summarized in Figure 4.11.
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Figure 4.11: Capacitance measurements and the corresponding roughness factors with
respect to an electropolished polycrystalline Cu foil. Published in [27]. Reprinted with
permission from [27]. Copyright 2019 American Chemical Society.

The obtained results are consistent with the observations based on the SEM
images. The plasma treated samples are significantly rougher as compared to the
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non plasma treated samples independent on the substrate used. Nevertheless, the
increase in the roughness of the Ag-supported samples is two times higher than for
the ones supported on Pt. This difference is attributed to the large changes of the
Ag substrate upon exposure to the oxygen plasma (fig. 4.9 (c-f)).

To be able to judge wether or not these changes in the morphology have an impact
on the catalytic selectivity, the faradaic efficiency for gas product distribution of the
considered samples has been measured as a function of the applied potential. Each
sample was measured under CO3RR conditions for 1 hour. The joint Faradaic
efficiency for the Coy products as well as the other obtained products is presented
in fig. 4.12. The total and partial current densities are shown in fig. 4.13.
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Figure 4.12: (a) combined CO2RR faradaic efficiency for Cy + C3 products and individual
faradaic efficiencies for (b) CO, (c) CHy, (d) Ha, (e) ethanol, (f) CoHy, (g) 1-prop., (h)
CoHg and (i) HCOOH from Cu dendrties grown on Ag (black and red curves) and Pt
(green and blue curves) substrates as a function of the potential in 0.1M KHCO3. Data
from the as prepared (untreated) and 5 min Oq-plasma treated samples are shown. Solid
lines are a guide for the eye. Published in [27]. Reprinted with permission from [27].
Copyright 2019 American Chemical Society.
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Clearly, the oxygen plasma treated samples show a superior catalytic selectivity

towards Cy and Cs products as their Faradaic efficiency increases by almost 20 %
at a potential as low as -0.9V vs RHE. At the same time the parasitic HER and
formation of methane are further suppressed within the potential window here most
hydrocarbons are seen (-0.8V to -1.0V). The latter, in agreement with the literature
(60, 61, 125], is already low on the as prepared samples and only seen for the Ag-
supported dendrites which displayed a lower overall average roughness than the
Pt-supported ones. This behaviour supports the idea that the methane suppression
in favour of ethylene seen on dendritic Cu systems is linked to the overall surface
area being high, resulting in a high local pH at the working electrode interface which
blocks the methane pathway kinetically [57, 59-61, 125, 131].
The fact that HER is increasing at higher potentials (>-1.0V vs RHE) is attributed
to mass transport limitations of COs towards the electrode within the H-type cell
setup. Thus, the partial current density of hydrogen is almost equal to the total
current density at those potentials (Figure. 4.13 (a), (i)).
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Figure 4.13: (a) Total current density and (b)-(i) partial current density of the reduction
reaction products. Solid lines are a guide for the eye. Published in [27]. Reprinted with
permission from [27]. Copyright 2019 American Chemical Society.
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In addition to the samples showing a superior performance due to the fact that
they are oxide-derived, a promoting effect on the selectivity depending on if the em-
ployed substrate can be observed. Regardless of the plasma treatment, an increase
towards Cy, products is present for the Ag-supported dendrites when comparing
to the ones supported on Pt, even though the overall roughness was found to be
smaller for the as prepared samples on Ag (Fig. 4.11). The reason that Ag is able
to reduce CO, towards CO, while Pt is inert for COoRR and only produces hydro-
gen due to its strong binding energy for CO that leads to poisoning of the active
sites [9]. The promoting effect of Ag is even more dominant on the oxygen-plasma
treated Ag substrates.

To be able to understand the interplay of the Cu dendrites and their respective
substrate the substrates have been considered without the dendrites on top. The
resulting Faradaic efficiencies and current densities are shown in Fig. 4.14. The
plasma treated Ag substrate clearly shows a high selectivity towards CO over HER
for the whole potential range investigated, while the non plasma treated one only
exhibits a high selectivity towards CO at higher potentials (> -1.0V vs RHE), which
is in agreement with literature [26]. The obtained SEM images after EC hereby show
to be similar to the cases when Cu dendrites have been on top during CO,RR (fig.
4.8). Regarding the Pt sample, there is as expected only HER observable for the
whole potential range investigated (fig. 4.14).
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Figure 4.14: Faradaic efficiencies for the pristine and plasma-treated Ag (a), (b) and Pt
(c) substrates as a function of the applied potential. SEM images show the corresponding
surfaces after 1h of CO2RR at -0.9V vs RHE in 0.1M KHCOs. Data published in [27].
Reprinted with permission from [27]. Copyright 2019 American Chemical Society.
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Looking at the combined system of Cu/Ag (Cu on Ag) there is a small amount of
CO (5-10 %) detected at high potentials (> -0.95V vs RHE) while none is found on
the Cu/Pt system. Combining these observations with with the recently discussed
selectivity trends for the substrates leads to the conclusion that the CO originates
from the Ag substrate rather than from the Cu dendrites on top. Similarly, the
higher amount of hydrogen detected on the Cu/Pt systems for potentials higher
than -0.9V vs RHE is most likely originates from the exposed Pt areas on the
sample.

Furthermore, the high amount of CO at low overpotentials (-0.6V vs RHE) seen
for the plasma-treated Cu/Ag system also has to be assigned to the superior per-
formance of the pre-oxidized Ag support, which shows up to 70 % higher Faradaic
efficiency for CO as compared to the untreated Ag substrate (Fig. 4.14). The men-
tioned improved C, selectivity of the dendrites supported on Ag as compared to
the ones supported on Pt is likely linked to the substrate’s ability to participate in
CO3RR. The CO generated can be recaptured by the high surface area dendritic
Cu on top and get further reduced in a coupled mechanism. The difficult activation
step of the CO, is hereby done by the substrate which manages to do it at a lower
oberpotential in the case of Ag.

As mentioned in the case of the Pt substrate, the detected CO can only origi-
nate from the Cu dendrites. The decrease in the selectivity towards CO at lower
potentials (18 % less as compared to the non plasma-treated sample at -0.7V vs
RHE) seen for the plasma treated dendrites on Pt therefore suggests a change in
the preferred reduction pathway. Possibly the binding strength for CO and other
intermediates such as COOH and COH is increased on the oxide-derived catalysts,
resulting in an increased selectivity towards higher chain hydrocarbons at higher
potentials (> -0.9V vs RHE). This idea would also go in line with changes in the
selectivity seen for halide-exposed samples, where the COOH facilitating step was
most likely enhanced and TPD measurements suggested a simultaneous increase in
the CO binding strength on oxidized surfaces, which is likely to persist upon reduc-
tion [62, 65, 110]. In addition, the plasma treatment manages to further reduce the
generated CH, in favour of ethylene and ethanol for potentials higher than -0.9V
vs RHE. Even though this additional methane suppression is proportional to the
roughness (fig. 4.12, 4.8 and 4.11) and can be explained by means of the local
pH [60, 125] it is not enough to explain the overall increase of Cy, hydrocarbons
detected.

The increase of almost 20 % of the Cyy products on the oxide derived samples
is already observable at potentials where the methane generation is not observable
for the as prepared non-plasma treated dendrites on Ag and Pt, namely lower than
-0.9V vs RHE. Consequently, the increased performance towards higher chain hy-
drocarbons due to being Cu oxide-derived can not solely be explained by an increase
in the local pH, but must be linked to different parameters which is an important
conclusion that can be drawn from this study.
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To address the open question if oxides are stabilized and present for the Cu
dendrites either in the as prepared or oxide-derived samples and consequently to
investigate and understand the possible impact of those species, a combination
of quasi in situ XPS and operando XAFS measurements have been employed. The
XAFS measurements were carried out at the undulator beamline P65 of the PETRA
IIT storage ring in Hamburg DESY. A passivated implanted planar silicon (PIPS)
detector was at an incidence angle of 45° to obtain the fluorescence yield at energies
around the Cu-K edge (8989 eV). The employed setup and data analysis tools have
been described previously (see. chapter 2.4.4).

Figure 4.15 shows the obtained Ag MNN Auger spectra obtained on the samples
supported on Ag which has been the only substrate proven to undergo a chemical
change (see Tab. 4.1). The obtained binding energies after alignment to the C 1s
line (Ep=284.8¢V) for the Ag 3d and the corresponding modified Auger parameters
are summarized in Tab. 4.2. As it can be seen, the values obtained reflect the ones
reported in the literature [138, 139] providing information about the chemical state.
The O 1s, Cu LMM and Cu 2p data on the Ag supported samples, as well as on
the Pt supported samples are summarized in Figure 4.16, 4.17 and 4.18.
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Figure 4.15: Ag MNN Auger-(left) and Ag 3d (right) XPS data for the pristine and
plasma treated Ag before and after electrochemistry at -0.9V vs RHE. Published in [27].
Reprinted with permission from [27]. Copyright 2019 American Chemical Society.
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Region | As fitted / eV | Lit. [138] / eV. | Lit. [139] / eV
Ag M5Ny5Ny5 parameter 720.2 - 720.5
AgO M3Ny5Ny5 parameter 718.3 - 718.3
Ag 3d 368.4 368.3 368.2
AgO 3d 367.8 367.3 367.6

Table 4.2: Binding energy and modified Auger parameter of the Ag MNN and Ag 3d
spectra. Literature values extracted from Ferraria et al. [138] and Wagner et al. [139].
Published in [27].

The obtained result by linear combination fitting with the corresponding Ag
MNN Auger reference spectra is that the underlying Ag substrate is metallic dur-
ing CO3RR, even though being strongly oxidized by the initial plasma treatments
[26]. In agreement, the O 1s spectra for the dendrites supported on Ag only show a
distinct peak at a binding energy of Ep=528.9 eV (Fig. 4.16), that can be assigned
to the presence of silver oxide species [140] for the plasma treated sample before
electrochemistry. Note that at the same time the binding energy of the "adventi-
tious" oxygen on the plasma treated Ag substrate is shifted towards lower binding
energies as compared to the same peak on the other samples. This shift is believed
to be due to the interaction of oxygen species with the oxidized Ag substrate.
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Figure 4.16: Quasi in situ O 1s XPS spectra of Cu dendrites (a) before and (b) after EC
supported on At and Pt. CO2RR run at -0.9V vs RHE for 1 h in 0.1M KHCOs.
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Figure 4.17: Quasi in situ Cu LMM XPS spectra acquired on Ag- and Pt-supported Cu
dendrities before (a, ¢) and after 1h of CO2RR at an applied potential of -0.9V vs RHE (b,
d). The spectra are fitted with a linear combination of the corresponding Cu, CuzO and

CuO reference spectra. Published in [27]. Reprinted with permission from [27]. Copyright
2019 American Chemical Society.

The obtained Cu LMM data which reflect the chemical state of the Cu dendrites
shows that all samples contained Cu,O species before reaction either due to being
plasma treated or exposed to air. The plasma-treated samples were fully oxidized
towards CuQO, while the others are composed of a mixture of Cu and CuyO. The Cu
2p core level spectra (Fig. 4.18) show the characteristic shake-up features of CuO
for the plasma-treated samples before EC. The quasi in situ XPS measurements
after EC reveal that all samples were reduced to the metallic state, irrespective
of the pretreatment, (Fig. 4.17) since neither the Cu LMM nor the Cu 2p or
O 1s spectra reflect the presence of Cu oxide. The potential chosen was hereby
the peak potential for ethylene. Consequently, there are also no oxides present at
higher reduction potentials such as -1.0V or -1.1V vs RHE at which a high amount
of ethanol and 1-propanol was detected. The improved selectivity towards Co,
hydrocarbons seen on Cu dendritic systems is therefore not linked to the presence
of Cut species during the reaction as far as it can be told by XPS.
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Figure 4.18: Quasi in situ Cu 2p spectra acquired on Ag- and Pt-supported Cu dendrties
before (a, b) and after 1h of CO3RR at an applied potential of -0.9V vs RHE (c, d). The
dashed line indicates the Cu/CusO peak position at Ep= 932.67¢V. Published in [27].
Reprinted with permission from [27]. Copyright 2019 American Chemical Society.

Additionally, it was checked if the Cu dendrites contain any oxides directly after

the deposition process. As mentioned, it was suggested that the selectivity trends
for Cu dendrite systems could be due to the presence of oxides after the deposition
process and consequently being reduced [61]. The high intrinsic selectivity seen
would therefore be linked to the catalyst being oxide derived.
The dendrites have therefore been grown on a commercial (Freudenberg C2 GDL
gas diffusion electrode (GDE) which is the type of system used within the literature
for COoRR [61]. The acquired Cu LMM and Cu 2p spectra directly after growing
the Cu dendrites on GDEs are shown in Fig. 4.19.

Clearly, Cu is in its metallic state, supporting the interpretation that the ob-
served catalytic behaviour of dendritic Cu is linked to its morphology and not to
the presence of Cu™ species. The result also supports the previous interpretation
that the dendrites grown on Ag and Pt are metallic in their as prepared state and
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that the previously reported oxides for the as prepared samples before EC are in-
deed originating from the exposure of the samples to air and/or the oxygen plasma
treatment.

a) Cu LsM;5M,5

(=}
—

Cu 2p

[]cu

Intensity (arb. units)
Intensity (arb. units)

905 910 915 920 925 960 955 950 945 940 935 930 925
Kinetic Enery (eV) Binding Energy (eV)

Figure 4.19: (a) Cu LMM and (b) Cu 2p spectra of Cu dendrites grown on a carbon based
GDE. Published in [27]. Reprinted with permission from [27]. Copyright 2019 American
Chemical Society.

As mentioned, these results suggest that the superior catalytic performance of
oxide derived Cu dendrites as well as for the pristine samples is not linked to the
presence of copper oxide species, but has to be explained by means of the local
pH and the morphology. Complementary to the hereby discussed data and results,
Reller et. al. reported a drop in the faradaic efficiency for ethylene once the needle
like structure of the dendritic tips coarsens [61]. Furthermore, operando Raman
experiments carried out by Klingan et. al. managed to show that indeed the local
pH in the vicinity of the electrode is increased with respect to the bulk pH on
dendritic shaped Cu catalysts [60]. Examining samples prepared by Klingan et. al.
with the help of the quasi in situ XPS setup also showed them to be in their metallic
state [60].

To back these findings up and to complement the surface sensitive XPS spec-
troscopic analysis, operando XAFS measurements have been conducted in addition.
These provide information about the bulk state of the sample and thus, the presence
of subsurface oxide species which have been considered to play a role by migrating
to the surface and consequently getting reduced, maintaining a special defective
undercoordinated surface as well as changing the electronic structure of the surface
atoms [69, 74]. The obtained XANES spectra and their respective Fourier trans-
formed R-space as well as the k-space representation is shown in Fig 4.20 and 4.21.
Additionally, the data has been Wavelet-transformed [141] to further visualize the
sample chemical state (fig. 4.22 and 4.23).
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Figure 4.20: XANES spectra of the as prepared and 5 min Os-plasma treated Cu den-
drite samples supported on (a) Ag and (b) Pt. The measurements were conducted on the
differently pretreated samples before and during CO3RR at -0.9V vs RHE. Panels (¢) and
(d) show the corresponding FT signals in r-space for the Cu/Ag and Cu/Pt. Dashed lines
indicate the position of the characteristic peaks for Cu-Cu and Cu-O coordination. Pub-
lished in [27]. Reprinted with permission from [27]. Copyright 2019 American Chemical
Society.

A comparison of the k-space representations of the acquired data before electro-
chemistry (fig. 4.21 (a) and (c)) with the respective references (fig. 4.21 (b) and
dashed lines in (a) and (c)) shows the as prepared samples consist of a mixture
of Cu and CuyO whereas the Ag-supported sample is more oxidized than the Pt-
supported one. Regarding the sample states after plasma oxidation, both closely
follow the line shape for the obtained CuO reference. Similarly, there are distinct
features at 1.45 A and 1.55 A in the R-space representation of the samples before
EC which are marking the copper to oxygen bond interaction in CuyO and CuO.

Upon applying a potential of -0.9V vs RHE;, all spectra closely follow the reference
for Cu in the k-space representation (fig. 4.21 (d)). At the same time, the character-
istic features for CuyO and CuO marking the Cu-O interaction vanish completely
in the R-space representation of the data, and a distinct peak at 2.2 A marking
the Cu-Cu interaction in Cu appears. The change in the oxidation state towards
metallic Cu is also clearly visible in the wavelet transformed data representation
[141-143] as all samples during COsRR reproduce the acquired spectra on metallic
Cu (fig. 4.22 and 4.23).
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Figure 4.21: K-Space representation of operando EXAFS data acquired on (a) the as
prepared and (c) the plasma treated samples before EC and (d) the samples at -0.9V vs
RHE in 0.1M KHCO3. Panel (b) shows the acquired reference datasets for copper.

To also quantify the recently discussed results, the XANES spectra have been
linear combination fitted with the respective references. The results are summarized

in tab. 4.3.
Sample | Cu (%) | Cuy0 (%) | CuO (%)
Before EC As prep on Pt 53 46 1
During EC As prep on Pt 100 - -
Before EC O, Plasma on Pt - 5 95
During EC O, Plasma on Pt 100 - -
Before EC As prep on Ag 7 86 7
During EC As prep on Ag 100 - -
Before EC O Plasma on Ag - 3 97
During EC O, Plasma on Ag 100 - -

Table 4.3: Linear combination analysis of the acquired XANES spectra with the respective
reference data sets. Published in [27].
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Figure 4.22: Wavelet transform of Ag supported Cu dendrite EXAFS data. Published in
[27]. Reprinted with permission from [27]. Copyright 2019 American Chemical Society.
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Figure 4.23: Wavelet transform of Pt supported Cu dendrite EXAFS data. Published in
[27]. Reprinted with permission from [27]. Copyright 2019 American Chemical Society.
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The analysis also shows the main species to be present before electrochemistry
to be Cu and Cus0 for the as prepared samples and CuO for the plasma treated
samples. While for the Pt supported samples there is a nearly one to one mixture of
Cu and Cus0O species the Ag supported samples are almost fully oxidized towards
Cu0. Nevertheless, the most important result hereby is that the quasi in situ XPS
data of all samples demonstrate that they are fully metallic during electrochemistry
once a potential of -0.9V is applied.

Additionally modelling the EXAFS spectra by means of the model discussed
in section 2.4.3 to extract the coordination numbers further supports the results
obtained from linear combination fitting. These results and fitting parameters are
summarized in Tab. 4.4. The analysis yields a coordination number for the Cu-
Cu interaction in Cu on the Pt-supported Cu dendrites of Np;= 10.8-11.3 £ 1.0
and Ny,=11.8 £ 1.5 for the Ag supported dendrites. Taking into account that the
measurements have been conducted not in transition but fluorescence mode there
is the possibility of error margins due to self-absorption within the material. Thus,
here the conclusion is that the surface as well as the bulk of the sample is metallic Cu
since the obtained coordination numbers fit the one for metallic Cu (Ngy—cy=12).
At the same time, the mean displacement o obtained from the fits is very low and
positive, supporting that the applied model is working out properly. Regarding the
amount of undercoordinated atoms, it has to be emphasized that since the acquired
data is dominated by the bulk, their presence at the surface can not be probed with
high enough accuracy to be able to judge if the near surface atoms participating in
the reaction are undercoordinated (>8) or not.

Sample ‘ Path ‘ N | RA) | o (A?)
Pt-As prep. | Cu-Cu (Cu) | 68+12 | 255+0.01 | 0.01 & 0.001
Cu-0 (Cus0) | 1.5+ 0.5 | 1.84 +0.04 | 0.001 + 0.001
Pt-As prep. EC Cu-Cu (Cu) | 10.8 £ 1.0 | 2.55 £+ 0.01 0.01 = 0.001
Pt-O4 Plasma Cu-O (CuO) | 3.7£0.6 | 1.95 4+ 0.02 | 0.0029 £ 0.001
Pt-Oy Plasma EC | Cu-Cu (Cu) | 11.3 &£ 1.0 | 2.55 £ 0.004 | 0.008 % 0.001
Ag-As prep. Cu-O (Cup0) | 3.7+ 0.9 | 1.84 +£0.02 | 0.0019 &+ 0.0003
Ag-As prep. EC Cu-Cu (Cu) | 11.8 £ 1.5 | 2.55 £ 0.02 0.01 £ 0.001
Ag-O, Plasma Cu-O (CuO) | 4.0 £0.7 | 1.95 4+ 0.10 0.004 £+ 0.002
Ag-Oy Plasma EC | Cu-Cu (Cu) | 11.8 £ 1.5 | 2.55 £ 0.012 | 0.008 £ 0.001

Table 4.4: EXAFS fitting results for the Cu dendrite samples supported on Ag and Pt.
Before EC denotes that the sample was not in contact with any electrolyte. During EC

denotes the measurements done under operando CO2RR conditions at -0.9V vs RHE in
0.1 M KHCOs solution. Published in [27].
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Summary: Oxide derived dendrites

Figure 4.24 represents a summary of the obtained results on oxide derived Cu den-
drites supported on different secondary metals.
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Figure 4.24: Description of the performance of oxide-derived Cu dendrites supported on
Ag and Pt featuring their Faradaic efficiency for Coy products and the correlated SEM
(insets) and XPS results.

The obtained results for Cu dendrites support the idea that the presence of
Cu' species during electrochemistry plays an inferior role within the framework
of COoRR as the modified morphology. At least for Cu dendrites, Cu,O species
cannot be stabilized and thus cannot participate in the reaction mechanism re-
sponsible for the observed increase in the Cy, product selectivity. Furthermore,
the effect of an altered local pH cannot solely explain the observed changes in the
selectivity trends either. Thus, the superior selectivity towards Co, products is
mainly emerging from structural and morphological properties of oxide-derived cat-
alysts that emerge upon their reduction under reaction conditions. Nevertheless,
the possible beneficial influence of Cu™ species cannot be discarded completely at
this point, since the obtained selectivity trends for Cu dendrites are inferior to what
has been reported on other oxide derived catalysts [72, 86, 131]. This discrepancy
could still be due to the fact that other catalysts might be able to stabilize those
oxiclic species, contrary to the hereby investigated Cu dendrite systems. Taking
into account the previously presented results, their influence should be minor and
mainly be directed towards oxygenates such as ethanol rather than ethylene.

Regarding Cu dendrites specifically, it was possible to demonstrate that their
selectivity towards higher chain hydrocarbons is tunable by low pressure oxygen
plasma treating them (Fig. 4.24). This is only possible as their intrinsic selectivity
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and the selectivity of oxide-derived catalysts are both not solely explainable by the
evolving local pH during reaction. Furthermore, by using different substrates it
was possible to further improve their selectivity while maintaining the intrinsic high
current densities which is specially important for technological applications. The
obtained results also point out the importance of synergistic effects when combining
several metals in order to improve the CO;RR selectivity.

80



Pulsed electrolysis on single crystal surfaces

4.3 Pulsed electrolysis on single crystal surfaces

Superior performing oxide-derived catalysts, as compared to their metallic counter
parts are not likely able to stabilize copper oxide species during CO;RR. Thus,
the improved selectivity is supposingly independent on their presence during EC.
Nevertheless, since there are even better performing catalysts reported within the
literature that have also been proven retain Cu™ species [69, 71, 72, 74, 131] the
question whether or not there is an effect related to their presence remains open.
Additionally, their beneficial influence on the CO dimerization by partially differ-
ently charged CO molecules due to sitting on top of Cu and CuyO species next to
each other has been predicted recently, thus pointing towards a possible influence
on the reaction [71].

The downside that all these recently investigated catalysts have in common is
that they are of polycrystalline nature. Since theoretical [46, 47, 54, 144] and
experimental [37, 43, 44, 49, 52, 135] studies pointed out the importance of specific
crystalline facets being present and especially the influence of (100) Cu facets on
the selectivity towards ethylene understanding the precise effect of oxides present
on these type of systems is very difficult. Furthermore, other factors such as the
positive effect of oxygenates being present on the surface for the amount of ethanol
generated has been pointed out recently, and it was showcased that their absorption
is also very much dependent on the crystal orientation of the employed catalyst
[135]. Consequently, the control of the surface structure is of importance when
investigating the possible role of copper oxide species on the catalytic reaction.

To overcome these issues a Cu(100) single crystalline surface, whose oxidation
state is controlled by electrochemically pulsing the applied potential has been em-
ployed. By applying an anodic pulse that is able to oxidize the surface followed by
a cathodic pulse at a potential sufficiently low to have CO3;RR occur, the generated
oxide species are present during CO,RR. Thus, instead of stabilizing oxides for a
long time during COsRR, they are dynamically generated. Even though several
other studies carried out have employed this method in the past and highlighted its
potential for controlling and altering the obtained product selectivities for methane
or for synthetic gas (Hy, CO), they have not been able to directly provide experi-
mental evidence on the parameters leading to the observed trends [145-147]. Mostly
because either the product analysis with respect to liquid products such as ethanol
has not been carried out in detail, due to the fact that polycrystalline samples
have been employed, or a restrictive range of anodic potentials selected, making it
difficult to unravel the specific contributions of the different parameters.

By carefully analysing the obtained selectivities in chronoamperometric experi-
ments and by comparison to pulsed potential experiments, while at the same time
monitoring the strutural evolution, the study conducted hereby is able to close this
gap and provide direct evidence of the role of Cu,O species on COs electroreduction.
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The first task is hereby to determine the potentials at which the oxidation towards
the different oxidation states occurs on Cu (100) in 0.1M KHCOj, which is the
employed electrolyte. The fastest and easiest approach is to perform cyclic voltam-
metry experiments.

Prior to usage, all electrodes have have been electropolished (see also chapter 3.1)
for 10s at a potential of 3 V vs a Ti counter in a H3PO4(130ml, VWR 85 % wt)
+ HySO4 (20ml, VWR 95% ) solution adding 60ml ultrapure water (Elga. 10,2
MSQecm). The employed Cu (100) electrodes (MaTeck) have a diameter of 1lem. The
Cu foils (Advent Research Materials 99,995%) used for comparison have been pol-
ished for 3 minutes as it was the case in the previously highlighted cases. After
polishing, all electrodes have been rinsed immediately with ultra pure water and
dried with nitrogen. The cyclic voltammograms acquired within 0.1M KHCOj3 are
shown in Figure 4.25 (a). Panel (b) showcases the potential scheme applied during
pulsed electrolysis which is alternating in between an oxidizing anodic potential
pulse E, and a reductive cathodic potential pulse E. at which COsRR occurs.

a l [0.1 mA cm? b ¢
l l 1’\__/\/.__-———| E, — = p—
’—-J' "’_4/
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02 00 02 04 06 08 10 12 14
Evs RHE !V

Figure 4.25: (a) Cyclic voltammetry profiles of polycrystalline (red) and Cu(100) (blue)
in Ar-saturated 0.1M KHCOj3 solution at a scan rate of 50 mTV Arrows mark the different
anodic potentials E, employed within this study to alter the surface oxidation state. (b)
Potential sequence scheme that is applied during pulsed electrolysis to change from an
oxidized surface at the anodic pulse potential E, to a mostly reduced surface during
CO2RR at the cathodic pulse potential E.. Data acquired by Dr. Rosa M. Aran-Ais.
Published in [45].

The potentials chosen for E, are marked with arrows in Figure 4.25 (a). The
first being E,,= 0.0V vs RHE has been chosen since there are according to the CVs
no oxides are stable at this potential as it lies lower than the peak marking the
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reductive potential at which Cus0O is reduced towards Cu. Therefore this potential
is used to be able to compare how pulsed electrolysis acts on the electrode when no
oxides are generated. The second one being E,,=0.4V vs RHE was chosen as an
intermediate state were some Cuy,O will be present but not a high amount since, it
lies on the onset of the first oxidation peak (blue arrow in Fig. 4.25) in the CV.
The third one, E,,= 0.6V vs RHE, lies on top of the first oxidation peak and should
produce CupO. The forth one, E,,= 0.8V, vs RHE should additionally be able to
create CuO species as it lies at the second oxidation peak in the CV. The last two
potentials have been chosen to be able to compare the influence of the different Cu
oxidations states on the CO3RR selectivity [76, 145].

To be able to judge if the chosen potentials are meaningful and if the obtained
oxidation states by applying these potentials are the ones expected from the analysis
of the CV curves [146], quasi in situ XPS measurements have been carried out on
freshly electropolished Cu (100) single crystals. The potential was hereby kept
constant for 5 minutes to be able to clearly observe the evolving oxidation state and
exclude the influence of errors. The results obtained are summarized in Figure 4.26.
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Figure 4.26: (a) Cu LMM Auger, (b) O 1s and (c) C 1s data for the electropolished
Cu(100) single crystals exposed to a constant anodic potential for 5 minutes in 0.1M
KHCOg saturated with COs. All spectra have been aligned to the carbon C-C bond
feature Ep= 284.8 eV [148]. Published in [45].

Looking at the acquired Cu LMM Auger spectra (Fig. 4.26 (a)) and the corre-
sponding O 1s data (b), the sample kept at -1.0V vs RHE for 5 minutes does not
show any oxides, which is in line with what has been observed for polycrystalline
Cu and Cu dendrites. The spectra for the sample kept at 0.0 V vs RHE do show a
little amount (2 % judging from the integrated area of the linear combination fitting
of the Cu LMM spectra with the corresponding references) of CuyO being present
as there is also a shoulder in the O 1s spectrum at Eg= 530.2eV that is assigned
to CugO, consistent with what is reported in the literature [104, 148]. Due to its
low magnitude and to the fact that there is no potential applied while rinsing the
sample with ultrapure water after electrochemistry, these oxides most likely origi-
nate from the exposure to water rather than due to the applied potential. The same
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shoulder peak is also present for all samples exposed to a higher anodic potential,
while the highest one also reflects the presence of CuO (9 %) as it is expected. The
one showing the most Cuy0O is the one at 0.6 V vs RHE which is meaningful as
it is the potential supposed to generate this species. The amount of oxides found
within the sample exposed to a constant potential of 0.4 V vs RHE is in between
the 0.6V vs RHE and the 0.0V vs RHE cases. This fits the general picture of a
Cu sample not being completely reduced at 0.4V vs RHE. Therefore, the observed
oxides are considered to originate from the sample’s interaction with the electrolyte
during the 5 minutes it is kept within. The C 1s spectra is additionally showcased
to support the consistence of the obtained spectra, as the alignment here was done
using the C 1s C-C interaction peak rather than the Cu 2p spectra as it had to be
done previously since especially the UHV-cleaned samples have no carbon present
on the surface that could be used for the alignment . The precise amounts for the
obtained Cu,O compositions are summarized in tab. 4.5.

E vs RHE / V | Cu (atomic %) | CuO (atomic %) | CuO (atomic %)

0.8 45 46 9
0.6 54 46 -
0.4 85 15 -
0.0 98 2 =
-1.0 100 - -

Table 4.5: Linear combination analysis of the Cu LMM spectra (see fig. 4.26 (a)) with
the corresponding reference spectra. Published in [45].

Knowing that the chosen potentials indeed generate the desired chemical states on
the Cu (100) electrode surfaces pulsed experiments have been conducted setting the
anodic- (t,) and cathodic (t.) pulse time to 1 second and alternating in between E.=
-1.0V vs RHE and E,= 0, 0.4, 0.6, 0.8 V vs RHE. To investigate if copper oxides are
also present on the electrode surface during the pulsed electrolysis quasi in situ XPS
measurements were again conducted after stopping the potential sequence either at
the upper or lower potential after running the CO3RR for 1h. The obtained Cu
LMM Auger spectra and the corresponding O 1s and C 1s spectra are shown in
Figure 4.27 and 4.28.

As expected, the total amount of Cu,O found is lower as compared to when the
exposure time to the corresponding potentials was 5 minutes. Nevertheless, for all
E. cases supposed to produce copper oxides there is a high amount present (14-24
% after stopping at the upper and 4-11 % at the lower pulse). The fact that a large
fraction of the oxides is generated and reduced already within pulses as short as 1
second also reflects the exponential behaviour of their generation as a large amount
of the metallic surface/oxides is available at the start of the corresponding pulse.
For the case of E,= 0.8V a small amount (4 %) of CuO was also found to be present
at the upper pulse, which is consistent with the long time exposure case (fig. 4.5).
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Figure 4.27: (a) Cu LMM spectra stopping the pulse sequence at the upper potential
E, and (b) the corresponding spectra stopping at the lower pulse E.. Total pulsed
CO2RR electrolysis run time is 1h within the 0.1M KHCOj3 solution using a pulse length
of t.=t,=1s. E.=-1.0V vs RHE for all samples. Published in [45].

As these results suggest that the generated oxides at the upper pulses are not
fully reduced during the lower pulses, CuyO is present during the lower pulse when
CO2RR is taking place. Looking at the obtained O 1s data (Figure 4.28), similar
conclusions can be drawn as the presence of the oxides during the pulsed experi-
ments is also indicated by a peak towards lower binding energies (Ep=530.2¢V), as
expected for CuyO. The alignment was again done using the obtained C-C bond
feature within the C 1s region (Ep=284.8¢V).

Sample ‘ Capacitance (mF') ‘ Roughness Factor
Electropolished 0.004 1.0
E,=0.0V 0.005 1.1
E,=0.4V 0.004 1.0
E.,=0.6V 0.004 1.0
E.,=0.8V 0.005 1.1

Table 4.6: ECSA measurements of Cu (100) single crystal surfaces after 1h pulsed COsRR,
at different anodic potentials E, in 0.1M KHCOs3. All potentials are reported vs RHE.
Cathodic potential E.=-1.0V vs RHE for all cases. Pulse length of 1s. The "electropol-
ished" sample has been run under potentiostatic conditions at the cathodic potential.
Data acquired by Dr. Rosa M. Aran-Ais. Published in [45].
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Since the selectivity of COsRR is highly dependent on structural and morphological
properties of the employed catalysts such as the crystal orientation [43, 44, 46] and
overall surface area [27], the evolution of these features has to be followed in order to
be able to understand the influence of the oxides present during CO,RR. The overall
roughness of the employed samples was kept track of by means of electrochemical
surface area measurements based on the double layer capacitance. The data are
summarized in Table 4.6. As it can be seen the obtained capacitances are almost
similar to each other, reflecting that the overall surface area remains constant under
pulsed conditions despite oxidizing and reducing the samples to and from different
oxidation states. Nevertheless, the influence of structural changes happening on the
microscopic scale can not be discarded on the basis of these experiments alone.

LS qum Potential sequence E,
l I | | | I stopped at E, | | | I |15 Potential sequence
= stopped at E,
CO,RR@-1.0V CO,RR@-1.0V
a b [ 0inCu0
5 |Ea=00V % |E.=00V [10in Cu,0
T N\ € | O adv
S |E.=04v s |E,=04v [ Water
- 2 ST AN
> > : —_
O % |E.=06v 3 |E,=0.6V
sl o7 N, | =N
£ £
E, = 0.8V E, =08V
[F——
538 536 534 532 530 528 526 538 536 534 532 530 528 526
C Binding Energy / eV d Binding Energy / eV
- Cc-C
= E,=0.0V é \ = | Ea=0.0V i \ [ c-OH
E E, = 0.4V E 1
- 3
(7] . a~— Y . = K
LI N g5 A\
QO > >
% | E, =06V = | E, =06V
[ = =
g s -
= . " £
E, = 0.8V \ E, = 0.8V /:‘
300 205 290 285 280 300 205 290 285 280
Binding Energy (eV) Binding Energy (eV)

Figure 4.28: (a) O 1s and (c¢) C 1s spectra stopping the pulse sequence at the upper
potential E, and (b)the O 1s and (d) C 1s spectra stopping at the lower pulse E.. Total
pulsed electrolysis run time is 1h within the 0.1M KHCOj3 solution using a pulse length
of te=tq,=1s. E.=-1.0V vs RHE for all samples. Published in [45].
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To investigate this topic, cyclic voltammetry (CV) experiments have been carried
out, using the fact that different crystalline sites and surface structures generally
have different adsorption properties with respect to molecules [37, 94, 149, 150]. The
electrolyte chosen was a 0.1M NaOH (ACS Reagent Materials, 99.995 %) aqueous
solution. Figure 4.29 shows the obtained CVs of the electropolished Cu (100) and
an electropolished polycrystalline Cu foil in 0.1M NaOH and 0.1M KHCO3 solution
for comparison. Both serve as a reference to later on understand the obtained CVs
on the pulsed surfaces.

a Cu(hkl)in 0.1M NaOH b Cu(hkl)in 0.1M KHCO,
004 F HNLE N B I B BN L [ T * L1 L~ T - * 7
o [ Cu(100) 5 Cu(100)
0.02 | i
£ oo} 1 & _ .
E 0.00 | - E 0.00 F -
:; -0.02 R i -:-‘ 0.02 _ _
_004 B PR T (T I T T T 1 | | [l | | | |
c}l 004 __ __ N T 1 T 1 T T 1
§ oof ] § Ol )
< 000Rp— ey 1 <C 000f ' = gt g
E 002F ] E 0oo e 'R
™ 004 bl = F L ]
0.3-02-01 0.0 0.1 0.2 0.3 0.4 0.5 -0.3-0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5
EvsRHE/V EvsRHE/V

Figure 4.29: CVs of an electropolished Cu(100) and polycrystalline Cu electrode in (a)
Argon saturated 0.1M NaOH and (b) Argon saturated 0.1M KHCOg; solution. Data
acquired by Dr. Rosa M. Aran-Ais. Data published in [45].

The obtained CVs within the Argon-saturated 0.1M KHCOj3 solution do not
reflect the presence of specific adsorption and desorption peaks (Figure 4.29 (b))
unlike the samples cycled in 0.1M NaOH solution, where distinct features are visible.
By this comparison, the reversible (same peak area and short distance to each other;
see also [56]) process reflected by the two peaks at around -0.15V vs RHE can be
assigned to the adsorption and desorption of OH™ ions on the Cu (100) terraces,
in agreement with what has been reported in the literature [94, 150]. Regarding
the polycrystalline Cu foil, the peak at 0.06V vs RHE is known to represent the
adsorption/desorption of OH™ on Cu (111) sites [94, 150]. The onset of CuyO species
takes place for potentials higher than 0.3V vs RHE. Nevertheless, the obtained
features are clearly different from each other in the 0.1M NaOH solution for the
single and polycrystalline surfaces, reflecting a different behaviour with respect to
their electrochemical oxidation as well as a sensitivity for structural properties. In
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agreement to what is expected the obtained signal for the polycrystalline Cu foil can
be explained by means of the linear combination contribution of the three different
basal planes [151].

Having in mind this access to structural properties of the employed surfaces to-
gether with the knowledge from XPS about which pulse conditions are able to
generate CuyO species that are present during CO,RR the connection towards the
catalytic behaviour can be done. Gas- and liquid chromatography are used to inves-
tigate the resulting product distribution dependent on the applied electrochemical
protocol. An important thing to note is hereby that all distributions acquired under
pulsed conditions are reported in selectivity, not Faradaic efficiency. This is due to
the fact that with the ongoing reduction and oxidation during the pulsed electroly-
sis, a significant amount of the obtained current is non-faradaic (no electrocatalytic
conversion) and used to produce and reduce the oxides on the surface.

Figure 4.30 shows the product selectivities for each electrolysis protocol, together
with the obtained post mortem CVs in 0.1M NaOH solution acquired immediately
after the pulsed electrolysis experiments and subsequent rinsing of the bicarbonate
electrolyte on the surface with ultra pure water.

Although the overall voltammetric profile for the chronoamperometric case (no
pulse) does not show a strong change after electrochemistry for 1 h at -1.0V vs
RHE, small changes due to reconstruction cannot be excluded as ratio for the peaks
above 0.3V vs RHE with respect to each other changes slightly (compare Fig. 4.29
(a) and Fig. 4.30 (b)). As indicated by quasi in situ XPS (Fig. 4.26), the surface
remains metallic under these conditions. In agreement to what is expected from the
literature, the obtained product distribution clearly shows the characteristic high
ethylene selectivity for Cu(100) and reflects the distributions reported in Refs.[43,
44]. Upon measuring the Cu(100) single crystal surfaces under pulsed conditions,
the selectivity trends clearly change towards a preferential production of ethanol.
For the lowest anodic pulse potential E,=0.0V this increase is minor, and the overall
product distribution is close to the one obtained during the potentiostatic runs.
Consistently, the acquired voltammograms only deviate slightly from each other
when looking at the features above 0.3V vs RHE, pointing out a similar surface
structure to be present in both cases (fig. 4.30 (c)). In agreement, the obtained quasi
in situ XPS results also showed the sample to be mostly metallic under these pulsed
conditions as well. Thus, in short the surfaces show similar catalytic behaviour due
to being similar to each other. Nevertheless, the observed modest increase in the
ethanol selectivity is in good agreement with a previous study that ascribed the
increase to a higher OH coverage at the surface [135].

This picture changes significantly once an anodic potential is employed that has
proven to produce oxides which persist during the negative CO3RR pulse for 1 s at
-1.0V vs RHE (fig. 4.27). Even though the resulting product distributions for these
potentials are different from each other, they all have a higher ethanol selectivity in
common. For instance, for E,= 0.4V up to 24 % ethanol has been detected, while
around 4 % CuyO was shown to coexists with metallic Cu at the surface.
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Figure 4.30: (a) Product selectivity obtained on electropolished Cu(100) single crystals
in 0.1M KHCOj3 solution when applying potentiostatic and pulsed conditions. (b)-(d)
corresponding cyclic voltammograms acquired im 0.1M NaOH solution immediately after
running the electrolysis experiments for 1h and subsequently rinsing with ultra pure water.
Data acquired by Dr. Rosa M. Aran-Ais. Data published in [45].

This even increased up to 32 % ethanol when employing E,=0.6V, where 7 %
Cuy0 has been detected at -1.0V vs RHE. Surprisingly, when comparing to the
potentiostatic case where only 8 % ethanol and 45 % ethylene is found, it can
be seen that the increased ethanol selectivity for oxidizing anodic potentials is at
the expense of ethylene (27 %) when using E,= 0.4V, and mostly hydrogen when
employing E,= 0.6V and 0.8V (< 10 %). Since the positive polarization during the
anodic pulse is known to lower the hydrogen coverage, if it is sufficiently high, this
results in a lower hydrogen selectivity [152]. Also, a higher OH coverage is expected
at these potentials favouring the ethanol formation.
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Nevertheless, these observations, especially the increase in ethanol selectivity at the
expense of ethylene, point out that a change in the preferential reduction pathway
on Cu(100) towards either ethylene or ethanol is invoked by the pulses.

Looking first into detail to the highest anodic potential, the decreased HER ob-

served is not transferred into a single COsRR product but rather all of the main
CO2RR products. While the ethylene selectivity even decreased as compared to
the potentiostatic case, the amount of CO and methane increased. Comparing the
obtained CV (Fig. 4.30 (d)) with the one for the pristine (Fig. 4.29 (a)) and
potentiostatic case (Fig. 4.30 (b)), clear differences are visible. The loss of the
ethylene favouring Cu(100) structure is indicated by the loss of the related OH ad-
sorption/desorption features at -0.15V. Instead, the one suggested to be related to
the adsorption/desorption on Cu(111) sites [94] appear. Overall, the obtained CV
compares very well to the one of the polycrystalline Cu foil (Fig. 4.29 (a)), espe-
cially when including the profile features above 0.3V. Thus, the higher selectivity for
methane and lower selectivity for ethylene can be ascribed to the sample becoming
more polycrystalline as a result of the strong oxidizing anodic pulses.
Regarding the CVs recorded at E,=0.4V and 0.6V, both reflect the presence of the
Cu(100) structure, as indicated by the peaks at -0.15V. Nevertheless, both show
different profiles from the pristine (Fig. 4.29 (a)) and potentiostatic (Fig. 4.30 (b))
samples when looking at the peaks above 0.3V. These features have been previously
associated with the presence of (111) steps and defects on the Cu(100) surface, thus
the CVs also reflect changes in the surface structure, crystal orientation and/or
quality of the Cu(100) surface as a result of the pulses [45, 94].

Although the oxides are present for the cases showing the highest ethanol selectiv-
ity, and surface area changes as proven by the ESCA measurements are negligible,
the CVs clearly indicate that the surface structure is changing upon applying the
pulsed protocol. Especially since the presence of steps on the Cu (100) surface
is known to lower the CO, activation barrier [48], the observed catalytic trends
with respect to the Cy selectivity must at least be partially linked to the changes
that the surface undergoes [153]. Thus, understanding the role of these changes
is of fundamental importance to be able to separate it from the role of the oxides
present.

To achieve this goal, additional control experiments were conducted, with freshly
electropolished samples being measured in a pulsed experiment and subsequently
immediately measured after operation under constant potential conditions for 1 h
cach. The CV of the pristine Cu (100) crystal clearly deviates from the sample ex-
posed to the pulses Ref. [45]. At the same time, the selectivity shows the previously
discussed change towards ethanol at the expense of ethylene and hydrogen. Employ-
ing this restructured sample within a consecutive constant potential run reveals a
different selectivity. Overall, the obtained selectivity is similar to the one of the just
electropolished sample that has not been exposed to the pulses. The only difference
being that a higher amount of hydrogen at the expense of ethylene is observed. This
might be attributed to the partial degradation of the beneficial (100) facets as indi-
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cated by a decrease in the characteristic OH adsorption/desorption peak at -0.15V
(lower peak area). Furthermore, the obtained CVs for the sample after the pulses
and after pulses 4+ chronoamperometry are almost identical. Thus, the defects and
changes in the surface structure, as invoked by the pulses, remain stable under po-
tentiostatic conditions. Yet, although having a similar surface structure as far as it
can be told from the CV analysis, the obtained product distributions under pulsed
and potentiostatic conditions are different from each other. This indicates that the
effect of the surface orientation and structural changes, as well as the presence of
defects and step sites due to the pulses play a minor role when it comes down to
the changes in selectivity trends towards ethanol. It is rather likely that the surface
chemical composition, especially the presence of the oxides facilitates the pathway
towards ethanol, as well as the existence of a chemical environment in which more
OH is supposed to be present at the surface due to the positive pulse [135].
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Figure 4.31: Cu LMM auger data acquired on Cu(100) after different anodic pulse lengths

in 0.1IM KHCOs solution. The cathodic pulse length t.=1s is kept constant. E.=-1.0V
vs RHE, E,=0.6V vs RHE. Data published in [45].
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Figure 4.32: O 1s and C 1s data acquired for Cu(100) single crystals after different anodic
pulse length in a 0.1M KHCOs solution. The cathodic pulse length t.=1s is kept constant.
E.=-1.0V vs RHE, E,=0.6V vs RHE. Published in [45].

To investigate this topic different cathodic pulse lengths have been employed. The
idea behind this is that lowering the cathodic pulse length, the surface is exposed to
a shorter reductive pulse. Consequently, more of the oxides should remain present
during the CO2RR pulse when keeping the anodic pulse length constant and higher.
In the same way, increasing the cathodic pulse length should lower the amount of
oxides present. If the ethanol selectivity is indeed linked to the presence of oxides
on the surface the selectivity should show a correlation to the pulse length.

Looking at the acquired quasi in situ XPS data for different cathodic pulse lengths
while keeping the anodic one constant, the amount of oxides found indeed varies
as expected (Fig. 4.31). Unfortunately, due to the exponential generation and
reduction of the oxides, a major part is reduced right away and the remaining
values are close to each other. Even though minor oxide contributions (2 %) are
found for the long time cathodic pulses (t.= 9s and t.=29s) these are considered to
be within the experimental error of the technique as discussed into detail previously
(chapter 2.4.1). Thus, these surfaces are mostly metallic under COoRR conditions
and the short time (2s) of oxides being present at the start of the pulse is getting
less important for the 9s and negligible for the 29s pulse experiment.

For the longest cathodic pulse length the amount of ethanol (Ref. [45]) is again
lower than for the shorter pulse length (Ref. [45]). Also the obtained overall distri-
bution is becoming similar to the ones for the constant potential run without any
pulses. Although the differences are rather small a trend can be seen for the oxide
containing samples. The more oxides are found to be present during the CO;RR
pulse the more ethanol is detected.

In conclusion the pulsed experiments conducted on electropolished Cu (100) single
crystalline surfaces provide a surface populated with oxides present during CO;RR.
The results presented in this sections further highlight and narrow down the role
those oxides play within the framework of COsRR towards higher chain hydrocar-
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bons. While the formation of ethylene and the corresponding reduction path shows,
in agreement to the literature, to be independent on the presence of oxides during
CO3RR, the amount of ethanol seen correlates with the amount of oxides present.
Furthermore, the control experiments conducted with and without pulses support
this conclusion, as the amount of ethanol seen immediately drops down when run-
ning COoRR without pulses, even though the surface structure as probed by cyclic
voltammetry shows to be similar in both cases. The changes seen in the reaction
pathway from ethylene towards ethanol are therefore not solely explainable by the
presence of specific surface defects or structures that have proven to persist through-
out several consecutive experiments but have to be understood in the framework
of the chemical environment in the vicinity of the electrode that is altered as a
consequence of the anodic pulses. While the presence of OH™ species should also be
enhanced by the positive anodic pulse the influence of oxides cannot be discarded
and Cu/Cu™ interfaces appear to favour ethanol production.
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5 Structure and Selectivity
Correlations: Cu(100) and
Cu(111)

Knowing from previous results on electro-polished Cu(100) single crystals under
pulsed conditions that the selectivity for ethylene versus the one for C; products is
independent of the presence of oxides, studying the correlation between selectivity
and structure on a fundamental level is crucial. Despite significant theoretical efforts
and the advances in the engineering part of the field, pushing the faradaic efficiency
for Cy products higher than 80 %, fundamental knowledge about the active sites
for specific products remain elusive and is still up to debate [51, 144, 154, 155].
Partially due to insufficient data on well-ordered, clean and atomically flat sur-
faces but also because of the general complexity of COyRR, whose selectivity is
dependent on various factors such as the pH [27, 57, 144], electrolyte composition
(62, 63], surface coverage [37, 152] and binding strength of reaction intermediates on
the surface [110]. Experimental work on single crystalline surfaces reporting facet
dependent selectivities [43, 94] helped to theoretically classify facets and active sites
with respect to their theoretically predicted selectivity for specific CO;RR products
[46-48]. Among those, especially Cu(100) and Cu(111) surfaces have gained interest
because of their significant difference in the selective for Cy and C; products, with
Cs begin favoured on the Cu(100) surface [37, 43]. This has led to the understand-
ing of the obtained selectivites on polycrystalline and/or oxide-derived systems as a
function of the presence of specific active sites [48, 79] which also motivated the use
of faceted nano-sized catalysts in the past [72, 156]. Much of the work on this topic
is based on the work of Hori et. al. [43, 44] that used a combination of mechanical-
and electrochemical polishing to prepare the employed Cu(hkl) surfaces. Theoretical
calculations on the other side, focus on pristine atomically-ordered and flat surfaces
to determine the most energetically downhill reaction pathway on differently ori-
ented surfaces [31, 46, 47]. Those descriptions might, however, not be suitable to
model the behaviour of experimentally employed samples who are structurally dif-
ferent. For instance, in situ and operando AFM measurements highlighted that
faceted surfaces change significantly under COsRR conditions [45, 157].
Thus, theoretical studies still have numerous challenges to overcome in order to
mimic realistic electrochemical reaction conditions. At the same time, experimen-
tal work approaching the up to now theoretical considered pristine and atomically
ordered surfaces is missing.
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The goal of the work presented in this section is to close this gap and to help
understand the nature and structure of active sites for specific products. A combina-
tion of UHV-based preparation, microscopy and spectroscopy techniques is utilized
together with online gas chromatography, to characterize the surface of well-ordered
atomically flat Cu(100) and Cu(111) single crystals with respect to their binding
sites for CO, the most important intermediate, and their catalytic selectivity.

The used Cu(100) and Cu(111) single crystals have been UHV-prepared and
cleaned (see section 3.3) till the samples showed to be clean in XPS, and a low
energy electron diffraction (LEED) pattern reflecting the respective expected crystal
structure was observable [158]. The acquired spectra and images are shown in
Fig. 5.1 and Fig. 5.2. Furthermore, STM images have been acquired on the
pristine UHV-prepared surfaces, Fig. 5.3. The surface of both samples is flat over
several hundred of nanometers. Scanning with high resolution also yields atomically
resolved images showing that the surface is pristine and well-ordered, containing
only few defects. Thus, the overall sample surface of the UHV-prepared samples is
dominated by large pristine atomically well-ordered terraces.

Cu2p

Cu LMM

l_l_|

Intensity (arb. units)

Cu2s
Cu3p

Cu 3SJ_‘

1200 1000 800 600 400 200 0
Binding Energy (eV)

Figure 5.1: Example XPS Survey spectrum of a Cu(111) single crystal after UHV prepa-
ration only showing Cu related peaks.
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a) Cu(100) b) Cu(111)

Figure 5.2: LEED images acquired using an electron energy of E.= 78.6 eV at an angle
of 90° on (a) UHV-prepared Cu(100) and (b) UHV-prepared Cu(111).

Cu (100) Cu (111)

Figure 5.3: Large scan range (420 nm) STM images of (a) Cu(100) and (b) Cu(111)
single crystal surfaces acquired at T=292K using a bias voltage of U=125-250mV and a
tunnel current of I=150-250pA. Panels (c) and (d) depict higher magnification images of
the areas indicated by the black box. Inset shows atomically-resolved images acquired at
T=292K using a bias voltage of U=250mV and a tunnel current of I=1.5nA.
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From this starting point the samples have been additionally treated following the
following procedures:

1. Sputter: Additional sputtering with Ar-ions using an energy of E;,,=2.5 keV
while adjusting the pressure for 2 minutes, so that a constant sample sputter
current of Igympe= 15 A is achieved.

2. Epolish: Electropolishing for 2 minutes in HoPO3 (see section 3.1).

3. Plasma: Low pressure (250mTorr, 20W) oxygen plasma treatment (see sec-
tion 3.4).

The morphological evolution of the samples upon exposure to these treatments
has been followed with the help of ez situ AFM measurements since it has not been
possible to resolve the plasma and epolished surfaces with STM due to an increased
amount of oxygen and carbon species as well as an increased roughness. Similarly,
the morphological evolution during CO3RR has been followed by means of AFM.
Nevertheless, the obtained AFM images on the different surfaces are summarized
in Figures 5.4 and 5.5 for the Cu(100) and Cu(111) surface, respectively. These
images also reflect the presence of large well-defined terraces on the UHV-prepared
surfaces, Fig. 5.4 and 5.5 (a).

Cu (100)

_UHV + Sputter UHV + Epolish

UHV Prep
T (c)+

UHV + O, Plasma

- -

8
E i

OV [
DA

Figure 5.4: (a)-(d) AFM images of Cu(100) single crystals in their as prepared state
before EC after different pre-treatments and (e)-(h) the respective images acquired after
the samples have been exposed to COsRR conditions for 1h at -1.0V vs RHE in 0.1M
KHCO3. Colorscale: (a) 0-4nm, (b) 0-5 nm, (¢, f, g) 0-12nm, (e) 0-20 nm and (d, h) 0-50

nm.
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Cu(111)
UHV Prep UHV + Sputter UHV + Epolish UHV + 0, Plaa

- .
TR
WIS,

Before EC

After EC

Figure 5.5: (a)-(d) AFM images of Cu(111) single crystals in their as prepared state
before EC after different pre-treatments and (e)-(h) the respective images acquired after
the samples have been exposed to COsRR conditions for 1h at -1.0V vs RHE in 0.1M
KHCO3. Colorscale: (a) 0-2 nm, (b) 0-4, (c-f, h) 0-12 nm, (g) 0-14nm.

Looking at the sputtered surfaces, both orientations behave differently. While on
Cu(100) small holes (ca. 2 nm) across the terraces can be observed the Cu(111)
surface shows a more disturbed network-like structure with bigger holes (ca. 5 nm)
across the still persisting terraces. Upon epolishing the pristine UHV prepared sam-
ples, the large terraces previously observed are lost for both surfaces. In the case
of Cu(100), a higher number of steps with seemingly rough and defective edges can
be seen accompanied by large (< 50nm) etch pits whose geometry is determined by
the surface crystal orientation. Similar etch pits are seen for the Cu(111) surface,
which are triangular, following the crystal orientation. Those etch pits most likely
originate form oxygen etching at the high anodic potentials applied [37]. Once
Os-plasma-treated, the Cu(111) sample still displays large terraces, pointing out
the surprising morphological stability of the surfaces for all treatments but the elec-
tropolishing treatment. Interestingly, the overall roughness as probed by AFM of all
but the plasma-treated samples seems to be similar, even though their morphology
and local structure is significantly different.

After electrochemistry, all surfaces show the formation of particles, independent
of the treatment. Surprisingly, the amount seen seems to be dependent on the
surface orientation as well as the pre-treatment. While the Cu(100) surface shows a
large number of particles the Cu(111) surface seems to remain cleaner, so that even
terrace and step-related features on the UHV prepared samples can be seen after
EC (Fig. 5.5 (e)). Alongside the former step edges, holes appear. Similarly, the
epolished samples still show the presence of etch pits after EC, which are covered
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by a high amount of particle agglomerations in the case of the triangular structures
on the Cu(111) surface. Thus, the AFM images clearly highlight that the surfaces
are to an extend resilient to all but the electropolishing treatment, since some of the
original features (e.g. steps and terraces) are still observable. Surprisingly, these
even persist through the CO, electroreduction.

To gain insight into the chemical state of the samples in their as prepared and
after EC state, quasi in situ XPS measurements were conducted. The results for
the Cu LMM, Ols and Cls regions are shown in Fig. 5.6 and 5.8. Since CO TPD
experiments have also been conducted to probe the adsorption strength of CO on
the different surfaces, the XPS data acquired after TPD are also shown hereby.
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Figure 5.6: Cu LMM data on Cu single crystals after (a,b) different pre-treatments (c,d)
CO TPD ramping up to T=325K and (e,f) 1h of CO2RR at -1.0V vs RHE in 0.1M
KHCO:s.
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Figure 5.7: (a-f) Ols XPS data acquired on differently treated single crystals after dif-
ferent treatments in their (a,b) as prepared, (c,d) after CO TPD and (e,f) after EC state.
(g-1) the corresponding Cls XPS data. EC samples are run for 1h at -1.0V vs RHE in
0.1M KHCOs.

The XPS spectra confirm that the agglomerations and structures in AFM are
related to Cu or Carbon species, as no other elements or contaminations have been
detected. This also shows that the catalytic performance, which is discussed later
on, is not affected by the presence of poisonous elements who are known to stifle
the COsRR selectivity [89]. The Cu Auger spectra after electrochemistry reveal
that copper is in its metallic state, independently of the pre-treatment and its
initial chemical state which is summarized in Table 5.1. Thus, the selectivity trends
observed on these samples are not affected by the presence of oxides during COsRR,
but solely depend on the structural properties of the samples in this case which
is important since it enables drawing conclusions about the structure-selectivity
correlations.
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Figure 5.8: (a-f) Ols XPS data acquired on differently treated single crystals after dif-
ferent treatments in their (a,b) as prepared, (c,d) after CO TPD and (e,f) after EC state.
(g-1) the corresponding Cls XPS data. EC samples are run for 1h at -1.0V vs RHE in

0.1M KHCOs.
Sample ‘ Treatment ‘ As prepared ‘ After TPD ‘ After EC
| UHV Prep | 100% Cu | 100% Cu -
Cu(100) | Sputter | 100% Cu | 100% Cu -
| Epolish | 63.5% Cu, 36.5% Cuy0 | 93% Cu, 3% CuyO | 100% Cu
Plasma ‘ 93% Cuy0. 7% CuO ‘ 100% Cus0O ‘ 100% Cu
| UHV Prep | 100% Cu | 100% Cu -
Cu(111) | Sputter | 100% Cu | 100% Cu -

| Epolish | 62.5% Cu, 37.5% Cuy0 | 99% Cu, 1% Cu,0O | 100% Cu

‘ Plasma ‘

100% CuO

‘ 100% CUQO

‘ 100% Cu

Table 5.1: Composition of differently treated Cu(100) and Cu(111) surfaces extracted by
linear combination fitting of the Cu LMM spectra with the corresponding references.
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To probe the binding strength of CO, one of the most important intermediates
in CO3RR, and gain additional information about the surface temperature pro-
grammed desorption measurements have been conducted. Similar measurements
have already proven their value within the field of CO3RR previously [65, 110] but
have not been available on well-ordered single crystal surfaces up to now. The
acquired data are summarized in Fig. 5.9.
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Figure 5.9: CO TPD at various dosing on (a) Cu(100) and (b) Cu(111) single crystal
surfaces after different pre-treatments. Ramp rate is R=2 K*s~! up to a maximum tem-
perature of T=325K. Black and orange dashed lines indicate terrace site binding and
highest binding strength features, found on the epolished and plasma treated samples,
respectively.

Consistent with the literature, the binding strength of CO at 1L dosing is found to
be higher on the pristine atomically flat well-ordered (UHV prep) Cu(100) surface
than on the Cu(111) surface [111], Figure 5.9, (black dashed line). Since the binding
strength of CO at higher dosing and consequently higher coverages is weakened due
to CO-CO interaction on the surface [111], the highest binding sites can be observed
at the lower dosing. Using a dosing of 0.01L, the respective desorption temperatures
for Cu(100) and Cu(111) where found to be T19p=154K and T4;;=147K. Assuming
first order desorption and employing the Redhead model (chapter 2.5) the respective
CO desorption energies are 39.52L for Cu(100) and 36.52% for Cu(111).
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Cu (100) Cu (111)
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Figure 5.10: Desorption temperature and binding strength of CO on differently pre-
treated Cu single crystals.

Those peaks and features have been attributed to CO sitting linearly on top of

terrace binding sites with the carbon atom bound to Cu [111, 159]. Thus, the fact
that a dominant peak reflecting the presence of these binding sites can be observed
in TPD is consistent with the AFM and STM analysis, showing that the UHV
prepared surfaces consist of large pristine terraces. Looking at the spectra at a
high dosage of 1 L additional peaks can be observed at T=113K for Cu(111) and
T=121K at Cu(100). Those are related to the interaction of CO with itself lowering
the adsorption strength on the surface and most likely multilayer adsorption, as
indicated by the scalability of the peaks with increasing dosage [111, 160).
The features observed on the sputtered surfaces are found to be very similar to
the ones of the UHV-prepared surfaces, indicating that even though AFM showed
the surfaces to be different on a mesoscopic scale the atomic order and structure
still remain intact on those surfaces. Only slightly higher desorption temperatures
of T190=157K and T;;=150K are found at low dosing. Furthermore, the binding
features at low temperatures are found to be broader as compared to the pristine
UHV-prepared cases, while at the same time the surface CO coverage seems to be
reached faster, indicating the presence of defective bindings sites on the terraces,
which is consistent with the AFM imaging analysis showing holes within the ter-
races.

This picture changes significantly for the electropolished samples as the peaks
attributed to terraces sites are significantly broader, indicating disorder and a dis-
turbed surface containing defects within the atomic lattice. Furthermore, the peak
maximum for low dosing is shifted towards higher desorption temperatures, sup-
porting the idea defective lattice sites and step edges are present, since those are
expected to exhibit a stronger binding for CO [111]. Even though carbon contam-
ination residuals made the CO TPD challenging on these surfaces, especially for
lower dosing, the presence of additional binding sites and tailing of the peaks was
clearly observable. Looking at the highest dosing of 1 L those features are situated
at T190=185K and T;;;=198K respectively. Comparison with the knowledge present
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in the literature leads to the conclusion that those features are related CO binding
to higher-index steps and/or defective highly under-coordinated surface sites [111].
Similarly, the O, plasma treated samples show well defined high temperature desorp-
tion features at T190=199K and T;;;=206K for low dosing, indicating the presence
of a large amount of high-index stepped sites as well as defects within the atomic
lattice [65, 111, 160]. Those findings are in agreement with CO TPD studies con-
ducted on polycrystalline Cu surfaces, which also showed the presence of strong
binding sites at oxidized and oxide-derived catalysts [65, 110].

This reveals that the sample pre-treatment and history has a significant impact on
the surface structure with respect to its atomic order an flatness. This is especially
important since additional morphological features are present for electropolished
and oxide derived catalysts that are most commonly used and subject to studies in
the field of CO3RR. Those structures might significantly alter the CO and CO-like
intermediate binding and thus, be the active sites facilitating the reduction of CO,
toward hydrocarbons.

To put these findings in perspective, all samples have been run under COsRR
conditions at a potential of -1.0V vs RHE, that is known to enable the production
of hydrocarbons [37, 43, 45]. The data are summarized in Figure 5.11
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Figure 5.11: Faradaic efficiency of differently pre-treated Cu(100) and Cu(111) single
crystals at -1.0V vs RHE in 0.1M KHCOs3.

Remarkably, the pristine well-ordered clean surfaces (UHV prep) do not show a
high amount of hydrocarbons. In fact, the overall selectivity for COsRR is found to
be lower than 16 % and HER is favoured, unlike expected from reports on similar
oriented surfaces in the literature [37, 43]. The only exception to this trend of an
unusual high hydrogen production are the electropolished surfaces who show selec-
tivity trends that are to a good extend in agreement to previous reports [37, 43, 45].
Even though the addition of defects via Ar-sputtering results in an improvement
of the hydrocarbon selectivity to a minor extend (5-8 %) for both orientations, the
change is very small. This is, however, in agreement with the TPD data showing
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those surfaces to be very similar with respect to their morphology and atomic struc-
ture to the pristine well-ordered UHV prepared surfaces. Interestingly, the small
changes invoked by the addition of defects already result in a selective formation
of specific products over both surfaces, as Cu(100) begins to favour ethylene and
Cu(111) methane, which is in agreement with the expectations from previous stud-
ies [43].

As the AFM images showed both surfaces to evolve differently depending on their
crystal orientation upon sputtering them, this suggests that the pristine crystal ori-
entation is not determining the selectivity of a given Cu catalyst, but rather the
presence of specific defects and structures, that are differently active for a given
product. Those are most likely different on different crystal orientations, resulting
in different coverages of reaction intermediates due to a different binding strength
on the distinct geometries.
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Figure 5.12: Electrochemical surface area measurements acquired after 1h of CO3RR at
-1.0V vs RHE in 0.1M KHCOs3.

In agreement with prior work on oxide derived Cu catalysts, the oxygen plasma
pre-treated samples show a higher selectivity for Cy products [68] further supporting
the idea that the superior selectivity of oxide derived catalysts is not linked to the
presence of specific crystal orientations but instead linked to specific active sites [79].
Nevertheless, the overall amount of hydrocarbons is low on the surfaces, and only
trace amounts of alcohols (<1%) could be detected. Since the XPS data revealed
that the samples are clean of any impurities that are known to stifle the hydrocarbon
generation [89], this can be excluded as possible reason for the surprisingly high Hs
selectivity observed.
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Looking also at the electrochemical surface area measurements (Fig. 5.12) after 1h
of COsRR, the samples are consistent with the AFM analysis found to be almost the
same roughness as the UHV-prepared ones. The only exception are the plasma pre-
treated samples. Since the epolished samples have been found to be more selective
for hydrocarbons, this supports the idea that the catalytic selectivity is not solely
linked to the overall macro- and mesoscopic roughness but instead significantly
dependent on the structure and morphology on the atomic scale.

The previously described data on atomically well ordered flat single crystals
clearly point out the importance of the atomic structure with respect to the selec-
tivity a given catalysts surface exhibits. Contrary to what is available and expected
from the present literature, these samples favour the production of hydrogen over
CO2RR to a large extent. Consequently, theoretical considerations employing pris-
tine surfaces cannot be used to model and explain experimental data that are based
on electropolished single crystal surfaces. In fact, the study presented here also
revealed that even the previously reported selectivity differences seen on differently
oriented surfaces vanish without any defects and or higher index facets being present.
Only upon introducing those surface features purposely on the hereby investigated
surfaces the selectivity trends reported in the literature for electropolished samples
are recovered. The different selectivity dependence on the surface orientation is thus
not linked to the structure of those surfaces in their atomically well-ordered pristine
state, but rather to the surface structure evolving from these pristine surfaces due to
the impact of different treatments introducing different defective surface sites and
higher index facets and step edges. Furthermore, the study points out the need of
further developments of theoretical models as the major predicted product in such
models should also be hydrogen instead of hydrocarbons on pristine atomically flat
surfaces.

Moreover, since it was possible to demonstrate that atomically well ordered sur-
faces with large terraces favour hydrogen production, the previous idea that a high
number of Cu(111) or Cu(100) facets are present for methane or ethylene producing
catalysts has to be re-evaluated. Similarly, this also affects the understanding of
nano-sized catalysts. Those type of systems are on the basis of the hereby presented
experimental data more likely to exhibit specific active sites that consist of defective
(under-coordinated) atomic sites and/or high index steps. A possible reason for the
pristine and atomically clean samples being inert for CO,RR could be that the cru-
cial CO activation step and the consequent reduction to CO is not happening at
these surfaces. These findings are also in agreement with the previously discussed
results on pulsed electropolished Cu(100) single crystals, where the selectivity for
ethylene was also found to be affected by the presence of specific defects and high
index facets.

107






6 Role of the Electrolyte on CO3RR

This chapter of the scientific work focuses on the effect of the electrolyte composition
on Cu based catalysts for COsRR, especially oxide derived ones. Previous studies
on this subject using metallic Cu in combination with halides and alkaline metals
reported an effect on the selectivity and activity of those type of catalysts [63,
67, 161] in particular, desirable suppression of HER. The electrolyte’s influence on
oxide-derived catalysts remains unknown up to this point but is of general interest
since these type of catalyst outperform metallic ones by up to 36 % when it comes
down to their selectivity for Cy hydrocarbons [68]. As mentioned, this effect has
been attributed to the presence of low coordinated sites, morphology, the presence
of special crystalline facets such as Cu(100) and possibly the presence of Cu™ species
[10, 68, 72]. Especially morphology and structure have been reported to be altered
by halides on metallic Cu in the past, which was believed to invoke the change in the
observed selectivity [61, 67]. Thus, studying the effect of halides on the morphology
of oxide derived catalysts could lead to new insights. If there is no change in the
selectivity while a change in morphology is observed, this would suggest that the
changes in selectivity are rather linked to the chemical environment and/or state
of the employed catalysts. If there is a change of the selectivity going alongside
with a change in the morphology, this could provide insight into which structures
are beneficial. If the morphology remains unaffected and at the same time the
selectivity changes, this would also suggest a strong correlation of the catalysts
performance and its chemical environment and/or state.

With these things in mind it is clear that the investigation of the electrolyte’s
impact on oxide-derived Cu is of special interest, since it could be a possible path-
way to gain more insight into the role of key activity and selectivity determining
parameters but also lead to further advancing the field from the technological point
of view. The latter could be possible be due to a stacking beneficial effect of the
favourable trends displayed by oxide-derived catalysts, together with the ones from
halides and alkaline cations leading to a higher overall performance for CO;RR.

109



Role of the Electrolyte on COsRR

6.1 Chemical Effect of the electrolyte
6.1.1 Halides

The first part of the investigation focuses on the impact of halides being present
during the reaction. Therefore, the presented study was designed around adding
different halides (Cl, Br, I) into the commonly used aqueous 0.1 M KHCOj3 solution
and O,-plasma oxidized polycrystalline Cu foils were used as catalyst.

The employed Cu foils (Advent Research Materials Ltd., 99,995%) where first
ultrasonicated in acetone and ultrapure water (R = 18.2M(2) and consequently
electropolished for 5 min at 3V vs a Ti foil (see also chapter 3.1). Afterwards they
were plasma treated using the setup described in chapter 3.4 using a pressure of
250mTorr and a plasma power of 20W for 2 min.

Employing a combination of SEM, XPS, EDX and gas chromatography based anal-
ysis the development of the morphology and the chemical state of the samples due
to the exposure of halides during CO;RR was followed.

Figure 6.1 shows SEM images of the plasma treated Cu foils after being immersed
for 30 min in the 0.1M KHCOj3 + 0.3M KX (X= Cl, Br, I) solution before (a, b, ¢,
d) and after electrochemistry (e, f, g, h).

In KHCO,

B,

Figure 6.1: SEM images of oxygen plasma treated polycrystalline Cu foils before (a, b, c,
d) and after (e, f, g, h) reaction at -1.0V vs RHE for 1 h in different electrolytes. Top row
images represent the sample state after 30 min immersion into (a) 0.1 M KHCO3 aqueous
electrolyte additionally adding : (b) 0.3M KCIl, (c) 0.3 M KBr and (d) 0.3M KI. The
bottom row displays the corresponding samples after CO3RR for 1h. Scale bars indicate
5 pum and 500 nm for the inset image. Images taken by Dr. Dunfeng Gao. Reprinted with
permission from [62]. Copyright 2017 American Chemical Society. Published in [62].

As it can be seen there is no significant change in the sample morphology from
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the original plasma treated Cu foil showcased previously (Fig. 4.1) when being im-
mersed into the 0.1M KHCOj electrolyte as well as for the KCI and KBr containing
electrolytes. Within the iodide containing electrolyte the sample undergoes a signif-
icant change in its morphology as the formation of well defined crystals is observed.
The formation of these most likely result from the strong interaction and affinity of
Cu™ to I™ species [162-164]. Comparing the non-halide and halide exposed samples
(fig. 6.1, bottom row) after 1h at -1.0V vs RHE with each other, there is a clear
difference. Even though KCI and KBr solutions did not show a significant impact on
the sample morphology before electrochemistry, they affect it during COsRR con-
ditions. Both invoke a further nanostructuring of the already rough plasma treated
Cu, resulting in a higher surface roughness as compared to the non-halide exposed
case. For the case of iodine, this behaviour seems to be enhanced even further, as
the beforehand seen nanocrystals vanish and a porous, almost foam like, structure
is seen in their place. In agreement to this, the EDX analysis shows only the iodine
exposed samples to undergo a significant change in their chemical state from Cul
in their immersed state to mainly metallic Cu after COsRR [62]. Thus, the strong
morphological chance seen for the iodine containing electrolytes is likely linked to a
change in the chemical state of the pre-oxidized Cu foils, which is in agreement to
what has been reported on metallic surfaces [67, 161].

To further investigate these changes in the chemical state in detail, quasi in
situ XPS measurements were conducted. The XPS data shown within this section
are aligned to the carbon 1s line (Ep = 284.8¢V) [148, 165]. The underlying
base samples being the electropolished and oxygen plasma treated foils have been
discussed previously (see also chapter 4.1) and were metallic after 1h of EC at
CO2RR potentials (Fig. 4.3 and 4.4), which is an important result that has to be
taken into account when studying the halide exposed samples.
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Figure 6.2: Quasi in situ Cu 2p spectra of (a) the as prepared samples and (b) the
samples after 1h of CO3RR in 0.1M KHCO3 4 0.3M KI, KCI and no halides at all (top
to bottom). Reprinted with permission from [62]. Copyright 2017 American Chemical
Society. Published in [62].
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Figure 6.3: Quasi in situ Cu LMM Auger spectra for the (a) as prepared electropolished
and plasma oxidized samples, (b) the samples after CO2RR at -1.0V vs RHE for 1h in
0.1M KHCOg3 + 0.3M KCI/KI, (c) core level spectra for the I 3d region after electro-
chemistry, (d) and (e) corresponding core level spectra for the Cl 2p and Br 3p region
after electrochemistry. Reprinted with permission from [62]. Copyright 2017 American
Chemical Society. Published in [62].

Conducting similar measurements on the halide containing electrolyte cases yields
the data shown in Figures 6.2 and 6.3. The as "as prepared" denoted XPS datasets
represent the initial states of the aformentioned samples. While the oxygen plasma
treated sample (Fig. 6.3 (a)) is consistent with the previously highlighted dataset
on a similar sample (compare Fig. 4.3) the electropolished shows less oxides to be
present. This is due to the reason that all electropolished samples used for studying
the halide effect have been transported in phosphoric acid (85 %) instead of air to
further improve the experimental procedure. The goal was to lower the exposure
time to air as much as possible after the electropolish treatment, so that the amount
of oxide resulting from reoxidation in air is kept as small as possible. As the data
suggests this procedure is working out very well as the amount of oxides detected in
the as prepared state decreases by more than 40 % to almost zero. The presence of
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the shake-up features in the Cu 2p spectra for the oxidized case proves that indeed
as also suggested by the linear combination fitting of the Cu LMM data (see Fig.
6.3 (a)) the sample mainly consist of CuO (85%, atomic percentage from linear
combination fitting) and CuO (15%), while the electropolished foil is dominated
by metallic Cu (95%). The obtained 5% of Cuy0O for the electropolished sample are
most likely from short transfer time of the sample in air after taking it out of the
protective acid environment, rinsing it with ultra pure water and mounting it in the
UHV chamber loadlock.

After 1h of electrochemistry at a potential of -1.0V vs RHE in 0.1M KHCO3 +
0.3M KI solution the oxygen plasma treated foil was, similar to the other samples,
mostly reduced yielding 91% for the metallic species and 9% for Cut species judging
from linear combination fitting with the corresponding references. In the case of
conducting the CO;RR in a KCl-containing solution, no sign of Cut species was
found. Analysis of the corresponding O 1s spectra (Fig. 6.4) and the I 3d spectra
(Fig. 6.3 (c)) for the iodine exposed samples yielded that the plasma treated foil
contains some Cu,O after EC as there is a clear feature towards lower binding
energies. The corresponding peak within the fit is located at Ep=>530.2ev, which
is the characteristic binding energy for CuyO [104]. For the electropolished sample,
no oxides where detected after electrochemistry within the O 1s spectra. Thus the
respective Cu™ species within the Cu LMM spectra (Fig. 6.3 (b)) consist of Cul.
This evidences that the Cut species detected for the plasma treated case is likely
to be a mixture of CuyO and Cul, which is also supported by the higher amount of
Cu™ detected as compared to the electropolished case.
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Figure 6.4: Quasi in situ Ols spectra of the oxidized and electropolished samples after
1h of reaction at -1.0V vs RHE in 0.1M KHCO3 + 0.3M KI. Reprinted with permission
from [62]. Copyright 2017 American Chemical Society. Published in [62].
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Keeping the results in mind that no oxides have been present on the plasma-treated
foils after EC run without iodine in the electrolyte solution (Fig. 4.3), the copper
oxides do not possibly originate from the previously discussed systematic error of
the experimental quasi in situ XPS setup and therefore, Cul is believed to be the
major Cu® species present. In the case of the KCl and KBr only trace amounts
of the halides are detected after EC (see Fig. 6.3 (d, e)). In agreement the Cu
LMM data reflects no presence of Cu™ species. Note that the dataset obtained on
Br (Fig. 6.3 (d)) was based on an ez situ sample were COoRR was conducted in
the H-type cell setup connected to the GC, which is also why no Cu LMM dataset
are shown. Since the quasi in situ cell does not have a membrane separating both
compartments, the Br within the solution is able to be oxidized towards Brsy at the
Pt mesh counter electrode. Since Brs is highly corrosive, toxic and at the same time
gaseous, the experiment could not be run within a single compartment cell setup.
The electrochemical data obtained during 1h of chronoaperometry on the studied
electropolished and plasma oxidized foils in 0.1M KHCO3 + 0.3M KX (X = Cl, Br,
I) as well as pure 0.1M KHCOj electrolyte solution for reference is shown in Figure
6.5 for the combined C, + C3 Fardaic efficiency and the geometric current densities.
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Figure 6.5: (a) Geometric current density (Ageo.=3 cm?) and (b) the total Faradaic
efficiency of Cs-C3 products as a function of the applied potential for oxygen plasma-
treated polycrystalline Cu foils in different electrolytes. Solid lines are guide for the eye.
Data acquired by Dr. Dunfeng Gao. Reprinted with permission from [62]. Copyright
2017 American Chemical Society. Published in [62].

The obtained Faradaic efficiencies for the electropolished Cu foil in 0.1M KHCOg3
match the values reported in the literature [8, 12, 24, 122] also showing the charac-
teristic high methane FE of up to 55% and the comparable low FE for ethylene of
up to 23% [62]. Similarly oxygen plasma pre-treated foils also show the previously
reported values for the pure bicarbonate solution [68]. Surprisingly the obtained
Faradaic efficiency values for the samples measured in the halide containing elec-
trolytes do not defer too much from the pre-oxidized Cu foils in pure 0.1M KHCO3
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(Fig. 6.5). The observed change in the selectivity that was reported on metallic
Cu catalysts in combination with a halide-containing electrolyte is therefore not
adding up to the already beneficial selectivity of oxide-derived catalysts [61, 67]).
Significantly affected by the presence of halides is the overall activity of the catalyst
though. Hereby the activity increase follows the trend: Cl~ < Br~ < 17, clearly
scaling with the size of the employed halide ion.
The only difference observed with respect to the selectivity is an increase of the Hs
Faradaic efficiency at low potentials (-0.6V to -0.8V vs RHE) at the expanse of CO
for the halide-exposed oxide-derived catalysts [62]. This might be due to halides
lowering the overpotential for HER but also suggests that the binding properties
and consequently the absorption strength of CO on the surface could be altered
by the presence of halides on or in the vicinity of the electrode surface. Another
possibility is that the binding and activation of CO5 on the surface is affected. Both
CO and the hydrogenated COOH originating from absorbed CO5 on the surface are
considered to be crucial intermediates for the C-C coupling step [37, 49, 52, 54].
Therefore, a possible influence of the halides due to their chemical nature has to
be decoupled as much as possible from the changes in morphology, especially seen
for the I-exposed sample (Fig. 6.1) and the general macroscopic roughness of the
catalyst which is also considered to play a role towards the dimerization [54, 68].

To be able to gain insight into this electrochemical surface area measurements
based on the double layer capacitance (compare chapter 2.1.4) have been conducted
on the samples after being exposed to CO3RR conditions for 1h at -1.0V vs RHE
[62]. It was detected that the macroscopic overall surface arena and roughness of
the samples was significantly increased upon pre-treating the electropolished foils
with an oxygen plasma. As also indicated by the SEM analysis (Fig. 6.1) the overall
roughness does not increase that much when exposing the plasma treated samples to
KCl- and KBr-containing electrolytes. In the case of the iodine-exposed samples the
picture changes as the roughness increased by 1.6 as much as the bromine exposed
sample [62]. Interestingly, both samples show a similar current density (Fig. 6.5(a))
despite of their difference in roughness and similar oxygen content after EC (Fig.
6.3). This finding suggests, that the enhanced catalytic performance cannot be
attributed to the roughness of the samples alone.
This issue was addressed with the help of additional control experiments. First the
samples used for COsRR at -1.0V vs RHE for 1h in halide containing media were
rinsed with ultra pure water and reintroduced to CO3RR conditions at -1.0V vs
RHE for another hou,r this time in non halide-containing 0.1M KHCOj electrolyte.
It has to be emphasized that for the case of iodine, the water rinsing is likely to not
be able to remove all the iodine, as suggested by the obtained XPS data after EC
(Fig. 6.3). The resulting current density and production rates of selected products
are shown in Fig. 6.6.

Comparing the halide and non-halide containing electrolytes with each other,
significant differences in the current density and production rates are observed.
Both are lower without the presence of halides even though the samples exhibit a
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similar morphology due to having been exposed to the halide induced morphology
changes prior to the experiment.
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Figure 6.6: (a) Current density, (b) CoHy and (c¢) CHy production rates of the oxygen
plasma treated samples after 1h of CO2RR at -1.0V vs RHE in (1) 0.1M KHCOs3, (2)
0.1M KHCO3; + 0.3M KCI, (4) 0.1M KHCO3 + 0.3M KBr, (6) 0.1M KHCO3 + 0.3M
KI and the same samples as in (2),(4),(6) in (3),(5),(7) run for and additional hour at
-1.0V vs RHE in non-halide containing electrolyte (0.1M KHCOg3). Data acquired by Dr.
Dunfeng Gao. Reprinted with permission from [62]. Copyright 2017 American Chemical
Society. Published in [62].

From this it can be concluded that there is indeed a chemical effect of the halides
during CO2RR and the observed increase in the activity towards Co, products is
not solely dependent on the morphological structure of the employed catalyst. This
is also supported by the fact that all samples show an increase in the current density
even though the morphology does not change significantly from the one of the pre-
oxidized foil measured in the absence of any halides, as seen in SEM (Fig. 6.1).
Furthermore, this conclusion is indirectly supported by the fact that the overall
roughness of the Br is lower than the one for the I-containing electrolyte case, yet
both show a similar activity [62]. Thus, the roughness cannot be solely responsible
for the changes observed as the I-exposed sample should exhibit a higher activity
than the Br-exposed sample in this case.

In fact, the chemical nature of the halides and possible presence of Cu™ species
seems to have a higher impact on the catalysts activity than the overall roughness
which has also been suggested previously [68]. From the fact that the selectivity
of oxide derived Cu foils exposed and not exposed to halides has proven to be very
similar to each other and the fact that the XPS analysis of the just oxide derived
did not show any oxides to be present after EC, it can be further concluded that the
most dominant parameter affecting the catalysts performance in the halide exposed
case are the halides themselves.

Comparing and linking the obtained conclusions within the presented study with
the existing literature leads to a picture on how the proposed chemical effect could
be understood. Generally halides are considered to participate in electrochemical
reactions via their nature of strong adsorption on a given catalyst. Theoretical
density functional theory (DFT) calculations carried out by Janik et. al. [166] sug-
gested that the adsorption of halides on Cu(111), (100) and (211) surfaces occurs
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within the potential ranges in which CO, electroreduction is typically carried out.
Hereby the adsorption probability also follows the same trend of the observed ac-
tivities within this study, which is CI~ < Br~ < I". According to their theoretical
investigation, this trend holds true for all Cu surfaces and is most dominant for
Cu(100) [166]. To link the results within this study with this idea, the obtained
current densities and production rates for ethanol and ethylene were plotted as a
function of the adsorption potential on Cu(100), which is most favourable for Cs
products as predicted by Janik et. al.[166]. The result is shown in Figure 6.7.
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Figure 6.7: (a) Correlation of the current density and (b) production rates of ethanol and
ethylene in different electrolytes operated at -1.0V vs RHE with the theoretically predicted
values for the adsorption potential of halides on Cu(100) as predicted by McCrum et. al.
Theoretical values extracted from [166]. Reprinted with permission from [62]. Copyright
2017 American Chemical Society. Published in [62].

A linear correlation between these two parameters can to a good extend be ob-

served, which is in line with the conclusion that the chemical effects of the halides
play the most important role in determining the presented sample activities.
Here it is also important to note that the employed experimental H-type cell is not
run in the CO3RR transport limitations, yet. In that case an increase in the hydro-
gen selectivity should be observable for the halide exposed samples which is not the
case. Therefore, from the fact that the activity increase is not selective towards a
specific product [62], it can be concluded that the influence of the halides is linked
to a common step of the CO;RR.

A common step that was suggested by Koper et. al. [53] is the formation of the
absorbed COOH intermediate on the surface from which CO is likely to originate.
Hereby, the formation of the carboxyl (COOH) is considered to be the rate limiting
step. Thus, a possible explanation of the observed trends could be that the halides
facilitate the formation of the carboxyl intermediate on the surface.

This enhancement could take place by halides being present at the Cu surface
donating their partial charge to the COs molecules which form a covalent X~-C
bond leading to the transition from the linear to the bend CO, configuration of
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the molecule on the surface [166]. Consequently, this bend structure CO, which
is also considered to be the first activation step of the molecule, can be further
converted to the COOH intermediate [53]. Since the donation of partial charge due
to covalent bonding is equivalent to the idea that the binding strength of CO5 and
its intermediates is altered by the presence of halides, this conclusion goes in line
with what has been previously discussed.

In conclusion, the effect of halides within the electrolyte on plasma oxidized poly-
crystalline Cu was studied within this section. A nanostructuring effect could be
observed on halide exposed pre oxidized surfaces as compared to non-halide exposed
ones. The observed morphological changes are most dominant for the case of io-
dine. This led to an increase of the overall roughness of the samples during the
electrochemical reduction reaction. At the same, time an increased activity of all
halide exposed samples could be observed, while the improved selectivity of oxide
derived Cu that is typically high for higher chain hydrocarbons was preserved. Con-
trol experiments additionally provided valuable information about the fact that the
roughness and structure of the samples even though altered, has a minor impact on
the observed activity and selectivity as compared to the chemical effect of halides
during reaction. These insights led to the proposed mechanism that the halides
are likely to affect a common step among the CO,RR towards hydrocarbons. A
promising step is hereby the formation of the COOH intermediate on the surface
that originates from the non-linear bend COy molecule on the Cu surface. This
bend structure formation is believed to be enhanced by the presence of halides on
the surface donating partial charge to the COy molecules, facilitating their adsorp-
tion. In line with this idea is the fact that the observed activity trends follow the
strength of the adsorption of the halides (no halide < CI~ < Br~ < I7) to Cu.
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6.1.2 Cations

The second part of the chemical effect of the electrolyte focuses on the influence of
cations present during the reaction on oxide derived Cu, as especially alkaline metal
cations have shown to have a significant impact on the selectivity of electropolished
foils in the past [63]. Hereby ,the suppression of the parasitic HER in favour of
the ethylene selectivity was reported. Furthermore, the magnitude was observed to
be scaling with the employed cation size, which was explained by their respective
hydration shell size, which is able to act as a buffer to stabilize the pH in the vicinity
of the electrode surface to a certain extent [63]. Thus, the observed changes go back
to the idea that the pH is affecting the reaction by giving rise to differences in
the concentrations of HT and OH™~ resulting in higher of lower probabilities for the
hydration of a specific reaction intermediate as well as the availability of reactants
in the electrode’s vicinity [53, 57, 58].

With these things in mind, it can be seen why the influence of alkaline metals on
oxide derived Cu is worth studying. Firstly if a local pH effect is responsible for the
high selectivity towards ethylene of oxide-derived Cu [27, 68, 84], adding alkaline
metal cations should either further enhance the selectivity or leave it unaltered. The
latter would suggest that the local pH is already "saturated" on oxide derived Cu
catalysts due to their higher overall roughness and structure meaning that there is
no further increase of the pH in the electrode’s vicinity possible, or that a further
increase is not able to affect the reaction any more. Second, a beneficial effect
on the selectivity towards Cy, hydrocarbons could be used to rationally design the
employed electrolyte using the results obtained within the previous section on halide-
enhanced CO3RR. A possible synergetic effect of combining halides and cations
could be the preservation of the higher current densities seen for halide exposed
catalysts while further enhancing the selectivity.

To study these topics, oxygen plasma-treated polycrystalline Cu foils were also
employed. The electrolyte was prepared by adding 0.1M XHCOj3; (X= Li, Na, K,
Cs) to ultrapure water. For the investigation of a possible synergetic effect of halide
and alkaline metal cations, the two best performing species where chosen. The
employed electrolyte therefore consists of 0.1M CsHCO3 + 0.1M Csl. The results
on pure 0.1M CsHCOj3 are discussed in detail later on. The first approach was
similar to the previous study, the characterization of the catalyst by SEM to gain
insight into their structural properties under the influence of halides and/or cations
within the electrolyte. Figure 6.8 shows the obtained SEM images on the cation
exposed samples. The cases of 0.1M KHCOj3 and 0.1M KHCOj3; + 0.3 M KI have
not been reprinted here as the data previously shown is representative for those
samples (see fig. 6.1).
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In Electrolyte

After EC

Figure 6.8: SEM images of the 2 minute oxygen plasma treated Cu foils after 30 min
of immersion into (a) 0.1M LiHCOg, (b) 0.1M NaHCOs, (¢) 0.1M CsHCO3 and 0.1M
CsHCO3 + 0.1M Csl. Images (e)-(h) show the respective samples after 1h of CO2RR
at -1.0V vs RHE. Scale bars are 5um and 500 nm in the main and inset image. Data
acquired by Dr. Dunfeng Gao. Published in [65].

The first result from the SEM based data is that the presence of only the cations

(Li, Na, K, Cs) does not result in a significant change of the samples morphology
before and after reaction (Fig. 6.8 and 6.1). For the case of adding iodine to
the 0.1M CsHCOj electrolyte a clear change in the overall sample morphology was
observed, as again crystals in the range of 1-3 pum are formed. Surprisingly the
presence of Cs seems to stabilize the crystals during reaction, unlike it was the case
for potassium (see Fig. 6.1) where the shaped NPs vanished during COsRR. This
behaviour is also reflected by the elemental composition. Similar to the previous
case of iodine exposure a change of the chemical state from CuO towards Cul is
indicated by EDX data as there is almost 46 % iodine detected after immersion of
the sample [65].
Different from the previous case of halides in 0.1M KHCO3 but consistent with the
SEM images obtained here, there is up to 27% I in elemental composition spectrum
detected after 1h of COsRR at -1.0V vs RHE. The decrease of the signal is also going
together with a change of the size of the observed crystals, as their size decreases
from 1-3 pm to 0.5-0.8 pm. The surrounding of the crystals after EC was mainly
metallic Cu. This finding already suggests that as compared to K, Cs seems to be
able to stabilize the Cul species more, which could possibly result in the presence
of Cu™ species during the reaction.

To address this topic in detail, again quasi in situ XPS measurements were car-
ried out after 1h of CO3RR. The quasi in situ XPS data obtained on the these
samples after EC are similar to the previous case of just halide exposed samples
and consistent with the reported EDX data [65].
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Figure 6.9: Quasi in situ Cu LMM Auger data obtained on the samples exposed to differ-
ent cations within the electrolyte after 1h of electrochemistry at -1.0V vs RHE. Reprinted
with permission from [65]. Copyright 2018 American Chemical Society. Published in [65].
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and (c) Ols on the CslI exposed sample after 1h of reaction at -1.0V vs RHE. Reprinted
with permission from [65]. Copyright 2018 American Chemical Society. Published in [65].
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The 2 minute oxygen plasma treated foil consists of a mixture of CuO (87%)
and Cuz0 (13 %) before EC, which is almost the same as the previously obtained
values supporting the reproducibility of the treatment (compare fig. 6.3). After
electrochemistry is the different cation containing electrolytes, all the samples but
the one exposed to iodine are metallic, judging from the linear combination fitting
with the corresponding references. Again, the analysis of the I 3d and O 1s spectra
(Fig. 6.10) suggests that the Cut obtained is a mixture of CuyO and Cul. Thus,
the iodine supports and seems to stabilize the presence of Cu™ species since none of
them are seen without iodine in the electrolyte. Furthermore, this also supports the
strong interaction of iodide with Cu as previously discussed even in the presence of
different cations. The presence of Cu?* species can be excluded by looking at the
Cu 2p data which again does not show the characteristic shake up peaks for Cu**
species (Fig. 6.10).

The electrochemical behaviour was again probed with the help of the GC using
1 h long chronoamperometric runs. Figure 6.11 show the obtained values for the
geometric current density and the combined Co Faradaic efficiencies after CO,RR.
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Figure 6.11: (a) Geometric current density (Ageo= 3cm?) and (b) combined Cq, Faradaic
efficiency for oxide-derived Cu foils as a function of the applied CO2RR potential measured
in different electrolytes. Data acquired by Dr. Dungfeng Gao. Reprinted with permission
from [65]. Copyright 2018 American Chemical Society. Published in [65].

Similar to what has been observed for the halide-containing electrolyte, in the case
of iodide a decrease of the faradaic efficiency towards carbon monoxide was observed
at low potentials (-0.6V vs RHE). Interestingly while this decreases benefits the
selectivity towards HER for iodine in combination with potassium, Cs + I results
in more formic acid.

The general trend of the current density observed is an increase with increasing
cation size (Li < Na < K < Cs), similar to what has been reported for metallic foils
[63]. In the case of the oxide-derived samples the obtained overall current density is
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much higher, though due to the modified morphology. The double-layer capacitance
data (Ref. [65]) indicate that the observed activity differences are not linked to the
overall samples roughness, but rather to a chemical effect. The fact that the current
density increase scales with the cation size supports the idea that the effect is linked
to the size of the hydration shell, as previously suggested [63]. Adding iodine to
the Cs containing electrolyte increased the overall activity even further (Fig. 6.11
(a)) and in addition, the Faradaic efficiency for higher chain hydrocarbons at lower
potentials (Fig. 6.11 (b); -0.7V to -0.9V vs RHE).

This is attributed to the strong interaction of I with the Cu surface as discussed in
the previous section (6.1.1). A clear trend towards higher chain hydrocarbons is also
visible with increasing cation size, supporting the idea that cations facilitate the C-C
coupling step. Furthermore, the obtained data suggests that it is possible to add the
beneficial character of large sized cations namely Cs, with the production enhancing
presence of iodine for higher chain hydrocarbons. The increased overall performance
for the Cs + I samples is hereby most likely related to the stabilization of related
nanostructures as well as the presence of Cu™ species resulting in a superior partial
current density for Coy hydrocarbons of J = 45'5% as compared to other catalyst
[65].

The discussed results have also been complemented by temperature programmed

CO desorption experiments on these samples [65]. Similar to the previously de-
scribed experiments on well-ordered Cu singe crystal surfaces (see chapter 5) and
in agreement with the interpretation the best performing samples with respect to
their hydrocarbon selectivity also showed the presence of higher binding energy
peaks around 172 to 213K even though the samples are polycrystalline [65]. As
discussed those features can be assigned to the presence of defects and high index
facets on the catalysts surface [110-112].
Interestingly the plasma-treatment time, which has reported to be a significant pa-
rameter with respect to the Coy selectivity [68], is also affecting the presence of
those higher binding energy features in the TPD spectra, whereas the best per-
forming samples show them [65]. A possible explanation for this behaviour was
previously suggested to be the presence of specific active sites on the catalyst which
are only formed if the sample is electrochemically reduced/oxide-derived from the
right starting conditions [68, 110}, as also pointed out by pulsed electrolysis in the
previous chapter (4.3). Recent studies also support this idea as it was shown that
there is a significant difference in the selectivity when starting from Cu,O vs CuO
which was, however, believed to be linked to the poisoning by carbon species for the
case of CuO derived catalysts [76]. Furthermore, it has to be kept in mind that the
presented TPD data and studies in the literature [110] are only capable of grasping
the nature of the sample before EC and after the samples have been exposed to the
respective electrolyte. Naturally the sample surface state will not be precisely the
same after being reduced under CO,RR conditions.

Regarding the samples exposed to Cs and Cs + I, the high binding strength
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feature is lost whereas it was found when exposing the sample to KI electrolyte
[65]. This finding goes together with the different behaviour seen in SEM as the
crystals seem to be stabilized by the presence of Cs as compared to K, and thus less
defective and high index facets are present. Furthermore, this reveals that those
Cu crystals seem to play a crucial role for the binding strength properties for CO
on the catalysts surface. This is an important finding, especially since the crystals
have shown to be stable under COsRR conditions when Cs is present even though
decreasing in size.

In order to further investigate the the role of the cation size and their adsorption
on the surface with respect to their influence on the C-C coupling step, density
functional theory (DFT) calculations have been carried out by Michael J. Janik
and his co workers on different Cu single crystal model surfaces. Hereby a Cu(100)
surface was considered in the presence of cations at low and high coverages as
well as the presence of water and subsurface oxygen to model the experimental
oxide-derived Cu surfaces. Details about the nature and parameters of the used
calculations can be found in Ref. [65]. The obtained results on Cu(100) are shown
in Fig. 6.12.
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Figure 6.12: (a) Adsorption potential of Li, Na, K and Cs at 1/9 ML Water on Cu(100)
in the absence and presence of subsurface oxygen (2/9 ML). (¢) CO formation free energy
calculated in the presence and absence of Li, Na, K and Cs on Cu(100) and Cu(100) with
2/9 ML subsurface oxygen. Calculations conducted by J. Janik. Published in [65].

The first result is that all cations adsorb favourably on all considered surfaces in
the presence of water and subsurface oxygen at potentials below -1.0V vs NHE [65].

Examining the behaviour in the presence of the proposed reaction intermediates
like CO, OCCO and OCCOH with emphasis on the Cu(100) low index surface,
which has been reported experimentally to be the most beneficial for ethylene [37,
43] it was demonstrated that the presence of cations promotes the formation of
these intermediates, as their free energy is more negative in the presence of adsorbed
cations on the surface [65]. The promoting effect on polar and polarizable reaction
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intermediates is hereby likely to be linked to the presence of a near-surface electric
field. Reasons for such a field-enhancing the stability of reaction intermediates
could be the presence of solvated alkali-metal cations in the outer Helmholz plane
or adsorbed on the catalysts surface [49, 52, 64]. The stronger binding of especially
CO should in theory lead to a higher coverage of this crucial intermediate on the
catalyst surface, which should lead to a greater C-C coupling and consequently lead
to more Coy products [37].

In contrast to what was previously reported in the literature where only the outer
Helmholz plane was populated with cations [64] the studies carried out hereby sug-
gest that the effect of adsorbed cations on the formation of CO, OCCO and OCCOH
is dependent on the cation identity. A possible explanation could be the change in
distance of the intermediates with respect to each other on the catalyst surfaces
when cations are not only present within the outer Helmholz plane but also ad-
sorbed on the surface which is favourable in the presence of oxygen. The magnitude
of the interaction between intermediates and surface cations correlates with the
surface normal dipole moment generated, whereas Cs generates the strongest one.
These trends match the experimental trend of Cy, formation. Additionally the ob-
tained result is consistent with the fact that in the presence of Cs CO formation is
more favourable at low potentials, since Cs has also been found to be the strongest
adsorbing cation [65].

To address the question if subsurface oxygen species generated by the plasma
treatment might have an effect on the catalytic performance of the hereby employed
catalysts, additional DFT calculations adding 2/9 ML of subsurface oxygen to the
Cu(100) surface were carried out. Again the cation adsorption potential as well as
the CO formation free energy was calculated. Looking at the results shown in fig.
6.12 (b, c¢) a promoting effect of 0.1-0.3 eV for the cation adsorption on the presence
of subsurface oxygen is visible. This is independent of the applied potential and
would further increase the cation coverage on the surface, thus resulting in a higher
cation-linked promotion of the C-C coupling step and facilitate the production of
Cyy products further. Additionally, the CO formation free energy calculated on
the oxygen and non-oxygen containing surfaces in the presence of cations suggests
that there is a further enhancement of the CO formation since the energy is even
lower for the case of subsurface oxygen present. Even though the calculation have
been carried out on pristine single crystalline surfaces and not on the experimentally
employed polycrystalline Cu surfaces, the results indicate that if oxygen is present
during the CO5RR, it would be likely to further facilitate the performance towards
higher chain hydrocarbons.

In summary the effect of cations within the electrolyte on oxide-derived plasma
treated polycrystalline Cu was investigated and presented within this section. Sim-
ilar to the case of halides, a clear trend in the performance of the employed catalyst
with respect to its selectivity and activity for Cy, products could be observed that
correlates with the size of the cations, namely (no cations < Li < Na < K < Cs).
Furthermore, it was possible to enhance the partial current density for high chain
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hydrocarbons by adding iodine to the best performing case of Cs, resulting in a
partial current density of Jg,, = —45.52%, while maintaining a faradaic efficiency
of 69% for those products. The observed enhancement is likely to be linked to the
presence of shaped particles which maintain their morphology even under reaction
conditions if Cs is present. The obtained TPD and ECSA results further indicated
that even though the overall morphology and roughness is important, it is not the
only crucial parameter in determining the catalysts behaviour. Hereby, the roughest
sample, also showing the highest binding energy peaks in TPD, was not the best
performing one. While the faradaic efficiency for ethylene and ethanol was simi-
lar at higher potentials independent of the differences in roughness for all samples
(i.e. -1.0V vs RHE) the selectivity towards CO at lower potentials was found to be
significantly different for lower potentials (-0.7V to -0.9V vs RHE), depending on
the cation employed, demonstrating that their chemical nature plays a crucial role.
The fact that the efficiencies at higher potentials are similar is likely linked to their
oxide derived nature, resulting in specific active sites and possibly residual Cu*
species as indicated by quasi in situ XPS measurements. DFT calculations further
supported these conclusions by pointing out that there is an increased cation surface
absorption tendency, especially in the presence of subsurface oxygen species, result-
ing in a lower free formation energy and thus a higher coverage of crucial reaction
intermediates on the surface, especially CO. The latter matches the experimentally
observed fact of higher CO Faradaic efficiencies at lower potentials.
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6.2 Electrolyte Driven Nanostructuring

The third part of the electrolyte effect related investigation focuses on the impor-
tance of morphological effects, since the previous experiments have always been in
the presence of halide or alkaline ions, thus making it difficult to look at the sole
effect of the catalyst’s morphology. Consequently, to look at the effect of the cata-
lyst’s morphology while excluding the chemical effect due to the presence of halide
ions in the electrolyte. All samples within this section were measured in pure 0.1M
KHCOj after being restructured in the halide containing solutions via electrochem-
ical cycling. As described in the experimental section, cycling is a powerful tool to
analyse the presence of specific adsorption sites as well as to permanently change
the morphology of a given surface due to oxidation and reduction. The latter is
utilized hereby to invoke and stabilize the same changes that are seen when halides
are present in the electrolyte. To also exclude the effect of the catalyst being oxide-
derived as much as possible, electropolished metallic Cu foils have been chosen as
working electrode.

The preparation was as mentioned based on cycling the Cu foils in 0.1 M KX
(X=Cl, Br, I) and 0.1M K5COj3 aqueous solutions. The potential was hereby ramped
up from F; to E, with a rate of 500% holding the potential at F; for 5s and at
E5 for 10s during each cycle. The chosen potentials and number of cycles are
summarized in tabular form in tab. 6.1.

Sample | Electrolyte | Ey / V vs RHE | E, / V vs RHE | Number of cycles

CuCl 0.1M KCl 0.4 2.0 )
CuBr 0.1M KBr 0.4 2.0 )
Cul 0.1M KI 0.4 0.8 3

Table 6.1: Cyclic voltammety parameters for the employed sample preparation. Data
acquired by Dr. Dunfeng Gao. Published in [66].

The SEM images after preparation, immersion and measuring the samples in COy
electroreduction at -1.0V vs RHE can be found in Figure 6.13. Similar to what has
been reported previously [72, 86|, the Cl-exposed samples show well defined Cu
nanocubes, here with an edge size of 250-300nm. For the case of Br and I the
morphology is drastically different, as faceted crystalline structures are observed for
both cases. The Br-exposed samples show an overall flatter structure as compared
to the case of I, where sharp needle-like structures can be seen, which is a clear
difference to the case of plasma-oxidized Cu exposed to halides, where in the case
of Br of crystalline structures formed, but only a roughening of the samples was
observed. This can be explained by the fact that the copper oxides in the plasma
treated case have been proven to be stable upon exposure to Br, resulting in the
oxide facilitated structure to remain mostly intact as discussed in the previous
sections.
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In Electrolyte As prepared

After EC

Figure 6.13: SEM images of Cu_Cl, Cu_Br, Cu_I, Cu_COj3 as prepared (A-D), after
30 min of immersion into 0.1M KHCO3 (E-H) and after 1 h of CO2RR at -1.0V vs RHE
in 0.1M KHCOs3 solution. The scale bars reflect 1ym and 200 nm for the inset for the
Cu__Cl sample (A,E,I) and 5pum and 500nm for the inset for the Cu_Br (B,F,J), Cu_I
(C,G,K) and Cu_COj3 (D,H,L) sample. Data acquired by Dr. Dunfeng Gao. Published
in [66].

As revealed by the XPS and EDX data obtained (Fig. 6.14 and Ref. [66]) the Br-
exposed samples clearly undergo a change in their chemical composition resulting in
restructuring. Comparing the case of the iodide cycled samples to the previous ones
the EDX again shows a significant change in the chemical composition of the sample
towards Cul, this time from an electropolished Cu foil instead of a pre-plasma
oxidized one(Ref. [66]). The difference in the precursor state is therefore most
likely responsible for the difference in the observed structures of well defined faceted
crystals vs needle like structures. Since cycling is known to also electrochemically
flatten samples, it might also affect the evolving structures [167]. The change in
morphology, being most dominant for the iodine-cycled sample, is attributed to the
high stability of Cul as previously discussed. In the case of the carbonate solution
cycled sample, the formation of small particles as large as several 100 nm is observed,
that are dispersed across the whole surface. Looking at the resulting structures by
firstly exposing the samples to the employed 0.1M KHCOj electrolyte after cycling
and carefully washing them with ultra pure water, no significant change of the overall
morphology is observed. The edges of the cubes, as well as crystalline structures
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for the Br and I cases become slightly roughened and truncated. Furthermore, a
change towards a higher oxygen content is observed in EDX for all but the Cul
samples after immersion into the electrolyte. This suggests that the halides within
the samples are leaching into the electrolyte, with the halides then being replaced
by oxygen.

Upon applying a potential of -1.0V vs RHE for 1h and running CO, electroreduc-
tion, the samples show drastically different morphologies from each other. While
the cubes behave similar to previously reported studies on those type of samples [72,
86], showing a roughening of their surface but still mostly maintaining their cubic
shape, the bromine and iodine cycled samples behave differently. The bromine cy-
cled sample shows the appearance of particles with an average size of 220 4+ 60nm.
The iodine cycled sample shows a significant roughening of the surface as also ob-
served by electrochemical surface area measurements based on the capacitance of
the Helmholz layer (Ref. [66]). The needle like crystals seem to agglomerate form-
ing a porous network-like surface. Regarding the case of the KoCOj3 cycled samples,
the particles observed prior to CO;RR vanish, and pits with an average pore size
of 430 + 130nm show up. As mentioned, the slight change in the morphology and
chemical state when immersing the samples into the electrolyte already indicated
leaching of the halides and the change of the chemical composition.

To be able to follow these chemical changes again, quasi in situ XPS measure-
ments have been conducted. The obtained Cu LMM, Br 3p, I 3d and Cu 2p spectra
are shown in Fig. 6.14, 6.15 and 6.16.
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Figure 6.14: Quasi in situ Cu Auger LMM XPS spectra of the Cu_ COgs, Cu_Cl, Cu_Br
and Cu_ I samples before (A) and after (B) electrochemistry under CO2RR conditions for
1h at -1.0V vs RHE in 0.1M KHCOg solution. Published in [66].
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Figure 6.15: Quasi in situ Cu Auger LMM XPS spectra of the Cu_ COgs, Cu_Cl, Cu_Br
and Cu_ I samples before (A) and after (B) electrochemistry under CO2RR conditions for
1h at -1.0V vs RHE in 0.1M KHCO3 solution. Obtained Br 3p (A) and I 3d (B) spectra

before and after electrochemistry under COsRR conditions for 1h at -1.0V vs RHE in
0.1M KHCO3 solution. Published in [66].
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Figure 6.16: Acquired Cu 2p XPS spectra before (A) and after (B) CO2RR for 1h at
-1.0V vs RHE in 0.1M KHCOj3 solution. Published in [66].

Looking at the as prepared sample states, the Cu LMM Auger data show that
the iodine-cycled samples contain the highest amount of halides bound to copper,
as 100 % Cul is present. This is attributed to the fact that iodine exhibits the
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strongest interaction with Cu, as discussed in the previous sections. The bromine
cycled samples are composed of CupO (65 at %) and CuBr (35 at %) and the Cl-
cycled ones contain CuyO (31 at %), CuCl (56 at %) and CuCl, (12 at %) species.
These differences in the compositions reflect the relative stability of copper halides
with respect to each other, as discussed in previous sections.

The carbonate sample is in the 2+ oxidation state as it is a mixture of CuCOg
and CuO, which is also supported by the presence of the typical shake up peaks
in the Cu 2p spectra (fig. 6.16). The CuCOj reflecting component sits at Eg=
934.9¢V and the CuO reflecting one at Eg= 933.5e¢V which is very close to the
values reported in the literature [105].

After CO3RR for 1h at -1.0V vs RHE in 0.1M KHCOj3 solution, all samples appear
to be mostly in their metallic state even though residual halides could be detected
on the surfaces by looking at the corresponding main intensity core level regions of
Br and I. For Cl none was found after EC. Again, this reduction goes in line with
the structural changes observed in SEM, as the surface roughness for all of them
increases, which is also observed by the complementing ECSA analysis (Ref. [66]).
This increase is strongest for the halides interaction the strongest with the surface
(Br, I). Remarkably, the XPS analysis of the Cu LMM Auger and corresponding Cu
2p spectra also revealed that those surfaces do not undergo the transition to Cu?*
but instead, the Cu surface remains in its Cu® state. Consequently, the increase
in roughness and the development of the sample morphology as seen by SEM is
dependent on the initial oxidation state, whereas Cu™ is, consistent with conclusion
from previous chapters, the most beneficial.

Regarding the stability on the surface of these species, the Cu LMM Auger data
suggest that the surface is mostly metallic, which was also seen by complementing
operando XANES measurements (Ref. [66]). Nevertheless, the underlying linear
combination as well as EXAFS fitting analysis also showed, unlike XPS, that Cul
species are present under COsRR conditions. Combining these two spectroscopic
results provides the information that these Cu't species are within the subsurface
region, since XANES is bulk and XPS surface-sensitive. The small amounts detected
in both techniques (Ref. [66]) for the CuCl and CuBr samples are considered to be
within the error of the experiments. Regarding the XPS measurements, the amount
most likely originates from the fact that the samples are exposed to the electrolyte
after CO3RR and even though they were rinsed with ultra pure water immediately,
residual species form post electrochemistry. This interpretation is supported by the
fact that the interaction strength was found to be Cl < Br < I previously. Thus,
there should also be Cul species present after EC if Cu™ on the surface would be
stable, which is not the case.

Looking at the catalytic activity (Fig. 6.17 (a)) and the Faradaic efficiency of
the joint Cq, products (Fig. 6.17 (b)), which have been obtained in chronoampero-
metric measurements for 1h in 0.1M KHCOj3 applying different potentials, it can be
seen that all cycled samples show a significantly higher activity as the non-treated
electropolished Cu foil, which is also shown again for reference purposes.
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Figure 6.17: (a) Joint Co Faradaic efficiency and partial current density for the employed
samples at -1.0V vs RHE and potential dependent (b) total geometric current density, (c)
joint Ca4 product Faradaic efficiency and (d) ethanol Faradaic efficiency.. Data acquired
by Dr. Dunfeng Gao. Published in [66].

The highest joint Faradaic efficiency achieved for the Coy products is seen for the
iodine cycled samples up to 80 % at -0.9V vs RHE, which is remarkable considering
the existing literature comparison [66]. The Cl and Br-cycled samples show a lower
Faradaic efficiency for the joint Cy, products of 66-73 % at -1.0V vs RHE. Generally
the behaviour with respect to the Faradaic efficiency is similar to oxide-derived
polycrystalline Cu, while the obtained activities are different.

A special case, which is different to oxide-derived catalysts and also the other
halide- and carbonate-cycled samples is the case of iodine cycling. Here a shift
from -1.0V to -0.9V vs RHE for oxygenates such as ethanol and n-propanol can
be observed, which was not observed for oxide derived catalysts [68]. Furthermore,
an increase of the ethanol Faradaic efficiency by almost twice as much towards 30
% is observed for the cycled samples as compared to the oxide-derived ones (Fig.
6.5). Since the iodine samples are the only one showing Cu™ species to be present
subsurface at the same time, a possible effect of Cut species linked to iodine or
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oxygen is likely to influence to the selectivity and activity of oxygenates rather
than ethylene, in agreement with the results from pulsed electrolysis experiments
(chapter 4.3).

The reported Faradaic efficiency for ethylene on oxide-derived Cu with halides

and/or alkaline metals (Fig. 6.5 and 6.11) show a similar behaviour to the halide
cycled samples (Fig. 6.17), which have not been pre-oxidized. Thus, the selectivity
for ethylene is consistent with previous results indicating that it is related to the
catalysts structure and not to chemical state effects or the chemical influence of the
electrolyte. From the presented TPD studies on single crystalline surfaces, those
structural features that are likely also present in the halide-cycled nanostructures
are undercordinates sites, grain boundaries and defects within the lattice.
Without knowing precisely how do these favourable structures look like the data
acquired hereby evidence that they are invoked by the in situ reduction of the
samples. All samples are either reduced towards metallic Cu from the oxide or the
respective halide precursor state (see Fig. 6.14). These show, at the same time, an
increase in the performance with respect to their selectivity towards ethylene and
other Cy, products even when no halides are present. Since the morphology probed
by SEM of all samples within this chapter (Fig. 6.1, 6.8 and 6.13) is different from
each other the data also suggest that the most important factor for the ethylene
selectivity is related to near atomic scale features. This idea of specific active sites
being present after the reduction of Cu-based catalysts is also evidenced by other
studies [73, 75, 76, 79, 129, 130].

In summary, by electrochemically restructuring metallic Cu samples in differ-
ent solutions it was possible to synthesize highly selective and active catalyst for
CO2RR. By only running the obtained catalysts in a 0.1M KHCOj3 solution with-
out any halides it was possible to narrow down the influence of structure and Cu™
species on the selectivity. The iodine-modified samples showed the highest faradaic
efficiency for Co, products, which was about 80 % at a potential of -0.9V vs RHE,
with a partial geometrical current density of 31.2 %. The superior performance
of the halide-cycled sample was possible to be attributed to the presence of Cu™
species in combination with a high surface area, which was further nanostructured
by the electro-reduction of the catalysts under reaction conditions, which is likely
to be beneficial for the hydrocarbon selectivity.
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6.3 Summary: Electrolyte Effects

In summary the last three sections focused on the effect of the electrolyte compo-
sition especially, halides and alkaline cations on the electrochemical reduction of
carbon dioxide. Hereby, while leaving the pH of the employed 0.1M KHCOj solu-
tion mainly unaltered it was possible to significantly change the selectivity of the
used copper based catalyst towards the desired reaction products while additionally
improving the activity of the catalysts.

While in the first two sections the electrolyte was directly changed by adding
either halides and /or alkaline cations to the solution and using oxide-derived plasma
treated polycrystalline Cu foils as the catalyst of choice, the last section employed
halide cycled electropolished foils in pure 0.1M KHCOj3 solution. Interestingly,
a similar trend of the selectivity of all catalysts has been observed independent
on the pretreatment or the electrolyte composition, which is an increase towards
the desired Coy hydrocarbons with the halide-cycled samples actually showing the
highest combined Cs, Faradaic efficiency of up to 80 %. By careful comparison it
was possible to further understand the role of the initial oxidation state and the role
of oxides or rather anodic Cu* species present during the reaction. Furthermore, it
was possible to shed light on the interplay of structural properties and the chemical
environment, including the presence of anions and cations in the electrolyte solution
and their influence on the catalytic selectivity.

Importance of structural parameters

The obtained results suggested that the selectivity towards ethylene is to a large
extend based on structural parameters such as overall macroscopic morphology and
roughness as well as the microscopic structures. Thus, these findings based on the
design of the electrolyte are in line with the previously discussed results on plasma
oxidized dendritic Cu and single crystal Cu surfaces [27, 45].

This conclusion is based on the fact that all employed catalysts showed a simi-
lar increase in the ethylene selectivity independent on the electrolyte used. The
spectroscopic analysis of the employed samples has shown that all catalysts, even
though oxidized by either an oxygen plasma treatment and/or exposing them to
halides tend to be reduced in the course of CO,RR, since these Cu™ species suffer
from low stability. This leads to the conclusion that similar to the cases discussed in
the previous chapter 4.2, the presence of cationic Cu species during CO,RR is less
important for the ethylene selectivity than the actual structural properties evolving
as a consequence of the reduction of the samples.

The accompanying SEM anaylsis (fig. 6.1, 6.8, 6.13) of the investigated samples
has shown that all catalysts go through an increase in their overall roughness. The
majority showed a high porosity and network-like structure on the catalyst surface
in the size of several ym , with the Cs-exposed samples being the only exception.
Here, well defined shaped and faceted crystals have been observed. For the case
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of combining Cs and I on the O, plasma treated foils, faceted Cu crystals their
structure under CO2RR conditions even though shrinking in size. Especially those
samples showed a slightly different ethylene selectivity with respect to the applied
potential, as they have been able to produce a higher amount at lower potentials.
This goes in line with the idea and experimental evidence that specific crystalline
sites and facets lower the C-C activation barrier and thus significantly affect the
catalytic selectivity [37, 43, 52|. Therefore, the evolving sites as a consequence of
the pre-oxidation and consecutive reduction, together with the interaction of the
surface with halides and/or alkaline cations,are believed to contribute to the ob-
served catalytic trends.

Regarding the overall roughness all samples show a similar trend towards higher
ethylene selectivity up to 50 %, instead of the 13-20 % obtained for an electropol-
ished Cu foil in 0.1M KHCOj3 once a specific threshold roughness of approximately
eight times as rough as the electropolished foil is reached. Even though it was
possible to increase the the obtained roughness factors up to 60 times larger than
the electropolished Cu foil there, was no significant impact on the selectivity ob-
served with increasing roughness. A possible explanation for this behaviour could
be the previously discussed local pH effect. Due to the higher surface area, a higher
amount of the reaction educts are consumed resulting in the accumulation of OH™
species in the electrode vicinity. As discussed in the introduction, this leads to a
suppression of the methane selectivity and consequently to a relative increase of
the ethylene selectivity. Nevertheless, this effect cannot be accounted solely for the
increased selectivity. The previously discussed results on oxide-derived dendrites
have proven that a higher local pH is not enough to explain the catalytic behaviour
of oxide derived catalysts. This was also evidenced previously but attributed to the
presence of oxides during the reaction [68], which could be ruled out for the den-
dritic Cu catalysts. The most dominant parameter in determining the selectivity is
the surface structure, which facilitates the coupling of carbon monoxide with each
other.

Chemical effect

Unlike the Faradaic selectivity for ethylene, the activity of the samples was sig-
nificantly different from each other depending on the electrolyte composition used,
suggesting a chemical effect of the electrolyte on the reaction. In the case of halides,
the increase in the activity was found to scale with the strength of the interaction
of the employed halide with the surface and its corresponding adsorption properties
on the surface. Especially iodine, which interacts strongly with the Cu surface,
was found to increase the overall activity, while maintaining a high C, Faradaic
efficiency. This is in part due to electrolyte-driven reconstructions but not solely.
The data suggest that a common step of the CO3RR is enhanced in the presence
of halides. On the background of the available literature, this step is believed to
be the formation of the activated bent COy molecule on the surface and the hy-
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drogenated COOH species, whose stability on the catalysts surface is increased by
adsorbed halide ions. For the case of alkaline cations within the electrolyte, the
findings were in line with what has been reported in the literature. The novelty
being here is that the effect of an increasingly larger hydration shell with increasing
cations size is also transferable to pre-oxidized Cu catalyst on which surface the
cations appear to interact more strongly. Surprisingly, the effect was even enhanced
on Cu,O surfaces. DFT calculations and control experiments carried out supported
the conclusion that the presence of Cu™ species and the overall high roughness of
oxide derived catalysts leads to an emphasized interaction of the halides and/or
cations present in the electrolyte solution and the catalyst surface resulting in a
higher surface stability of crucial reaction intermediates like COOH.

Presence of cationic copper species

The obtained data also reflect a dependence of the selectivity towards oxygenates
such as ethanol and n-propanol and the presence of Cu't species which was also
visible in the conduced pulsed electrolysis experiments [45]. The samples showing
the biggest increase for oxygenates were also the ones that showed the highest
content of Cu™ species either in the form of the respective copper halide (i.e. Cul)
or CuyO. This clearly indicates a possible interaction of the cationic Cu species with
the reaction intermediates, especially the C-C bonded intermediates. The binding
strength and/or structure of the molecules could thereby be altered by the presence
of Cu™ species, resulting in oxygenate production instead of ethylene.
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Nanosized catalysts are a topic of their own within the field of COs electroreduction.
The interest directed towards these type of catalyst is based on the idea that quan-
tum size effects could play a crucial role in determining and changing the surface
properties of a given nano-sized system as compared to a bulk one. Thus, the in-
teraction of the surface with CO5 and its reaction intermediates along the pathway
to hydrocarbons could be affected, and the hydrocarbon generation enhanced. An-
other beneficial feature of nanosized catalysts is that they offer a better surface to
volume ratio, especially when employing spherical particles [168]. Achieving a simi-
lar or even better catalytic performance with the help of such systems as compared
to bulk ones would therefore additionally reduce the amount of material needed.
Even though this is of general interest for all material systems, it is of special im-
portance for cases were rare metals such as Pt, Pd or Au are employed for example
in bimetallic copper systems.

Even though the utilization of nanosized systems for CO3RR on a large scale re-
mained elusive up to now, recent scientific progress offers a route towards employing
such systems. For instance, parameters such as the size and structure on the nano
scale have been found to significantly affect the catalytic behaviour [81, 129, 169,
170]. Also, the importance of the presence of specific active sites in the form of low
coordinated atoms and their effect on the catalysis has been pointed out [77, 156,
171]. Additionally studies employing bimetallic systems containing Cu highlighted
that the catalytic performance can be enhanced using these type of nano scaled
systems [38, 39, 172-174].

A promising one among them is the combination of CuZn not only because of
its low cost and non-toxicity, but especially because of their catalytic behaviour.
Recent studies pointed out that the catalytic performance on this system can be
tailored to a large extend depending of the ratio of Cu to Zn and the pretreatment.
For instance, it has been shown that the faradaic efficiency for CO and HCOOH can
be improved significantly by employing nano-porous CuZn as compared to bare bulk
CuZn alloyed systems [175]. Other studies also reported a possible enhancement of
the hydrocarbons yield depending on the ratio of Cu to Zn, reaching from a higher
amount of CHy on Zn-coated Cu [176] up to a more selective generation of ethylene
and ethanol on oxide-derived bimetallic CuZn systems [187].

Nevertheless, even though these results point out the advantages of using nano-
sized and structured systems, especially CuZn ones, insight into the role of differ-
ent parameters on the electrocatalytic behaviour is missing. The reason for this is
mainly the complexity of CO3RR itself and the accompanying difficulties in control-
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ling and stabilizing such systems with respect to their size, shape and composition,
especially during reaction conditions [86, 156, 177]. Therefore model systems that
allow to study the impact of a given parameter are of great interest.

This motivates the work presented within this chapter. By employing a polymer
based synthesis, well defined size and composition controlled nanoparticles (NPs)
are made to study the impact of their size and CuZn composition in COsRR activity
and selectivity.
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7.1 Zn Particles: Size and Oxidation State Effect

The first step was to understand the impact of the size and oxidation state on the
monometallic particles system before starting to investigate bimetallic ones. Studies
carried out on Cu monometallic NPs demonstrated that a decrease in size results
in an increase of the overall activity at the cost of the desired selectivity, as the
NPs only produced hydrogen below a threshold size [81]. Similar behaviour has
also been observed for mono- and bimetallic Au and CuAu NPs [169, 170]. Even
though these results suggest the effect to be independent on the metal system used,
it has not been demonstrated for Zn.

Using the inverse micellar encapsulation synthesis method (see chapter 3.5), Zn NPs
of different sizes were synthesised. The structural characterisation of the resulting
NPs has been carried by means of AFM measurements to determine their size. The
obtained AFM images can be found in Figure 7.1.

23 1 ?'t DA&nms 5o

Figure 7.1: AFM images of differently sized Zn NPs produced using the parameters sum-
marized in Table 7.1. Top right: average sizes extracted from the histographic analysis.
Particles are supported on SiO3/Si(111). Data acquired and by Dr. Hyo Sang Jeon.
Reprinted with permission from [29]. Copyright 2018 American Chemical Society. Pub-
lished in [29].

Sample | Polymer | Loading | Particle Size (nm))
Z1 PS(26000)-P2VP(4800) 0.2 1.7+ 04
72 PS(48500)-P2VP(70000) | 0.1 3.9 + 0.9
73 PS(26000)-P2VP(4800) | 0.4 5.8 + 1.2

Table 7.1: Synthesis parameters for the micellar NPs and the extracted sizes based on the
AFM characterization. Reprinted with permission from [29]. Copyright 2018 American
Chemical Society. Published in [29].
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To test the electrocatalytic behaviour of the Zn NPs they have been supported on
glassy carbon and run under COsRR conditions at -1.1V vs RHE in 0.1M KHCO4
for 1h. The results are summarized in Figure 7.2. The normalization of the current
density is done by subtraction of the bare glassy carbon geometric current density
and normalizing the obtained remaining current density to the geometric surface
area of the Zn NPs extracted from the AFM images assuming spherical particles.
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Figure 7.2: (a) Current density normalized to the Zn NP surface area and (b) Faradaic
efficiency in dependence of the particle size. Data acquired and analysed by Dr. Hyo Sang
Jeon. Reprinted with permission from [29]. Copyright 2018 American Chemical Society.
Published in [29].

As it can be seen, the overall activity of the samples increases with decreasing par-
ticle size, starting to be different from the bulk Zn foil. The detected major products
for all samples are hydrogen and carbon monoxide, which is expected for Zn [24].
Interestingly, the selectivity shows a strong dependence on the particle size as the
obtained values for the CO and hydrogen Faradaic efficiencies change significantly
below 3nm NP size. For the smaller sized particles, the major product detected is
hydrogen, making up almost 70 % of the total Faradaic efficiency, whereas for the
bigger ones CO is found to be the major product with almost 70 % Faradaic effi-
ciency. Thus, these findings are in line with previous work on nano-sized particles
that attributed the higher selectivity for HER to the increased presence of low-
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coordinated sites on small particles as compared to bigger ones. DF'T calculations
suggested that those sites lead to a higher coverage of hydrogen and consequently
explain the decreased CO2RR towards CO [170].
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Figure 7.3: Quasi in situ XPS spectra of the (a) Zn 2p and (b) Zn LMM region for the
1.7 nm Zn NPs before and after EC. COsRR was carried out at -1.1V vs RHE for 1 h in
0.1M KHCOj3 solution. Reprinted with permission from [29]. Copyright 2018 American
Chemical Society. Published in [29].

Species (Peak) | Before EC (eV) | After EC (eV) | Literature (eV)
Zn(OH), (Zn 2p3/2) 1022.5 1022.5 10234
Zn(OH), (Zn LMM) 087.4 986.5 986.6
Zn0 (Zn 2p3/2) - - 1022.1 [180]
700 (Zn LMM) - - 988.2 [180]
Zn (Zn 2p3/2) - - 1021.8 [181]
Zn (Zn 2p3/2) - - 992.1 [181]

Table 7.2: Binding- and kinetic energy values for different Zn species for the NP sam-
ples and as reported in the literature [180, 181]. Reprinted with permission from [29].
Copyright 2018 American Chemical Society. Published in [29].

Quasi in situ XPS measurements were carried out on the smallest particle size
sample since XPS is able to penetrate the 1.7 nm thickness, thus providing mean-
ingful data about the whole particle. The acquired XPS data for the Zn 2p and
Zn LMM Auger spectra are shown in Figure 7.3. The obtained results confirm the
presence of Zn(OH), species in the as prepared state of the samples as well as after
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electrochemistry. The binding and kinetic energy values summarized in Table 7.2
reflect also the reported ones for Zn(OH)y in the literature. It has to be pointed
out that due to the way reported the quasi in situ XPS experiments are conducted,
water cannot be completely prevented from being on the sample surface during the
transfer from the electrochemical cell towards the UHV XPS setup. This can result
in a rehydroxylation of the sample. Nevertheless, my XPS data are in agreement
with XAS data measured for these samples [29], in particular, that Zn(OH), is
present under CO;RR conditions despite the negative applied potential.

These results point out that there is a size dependence resulting in a favoured Hs
production once the particles are small enough. Since this trend has been reported
for other metal systems, such as Cu and Au [81, 170], the presented data also
support the hypothesis that it is solely dependent on the size and not on the material
system used. Furthermore, the demonstration of the presence of Zn(OH), species
under reaction conditions is of importance since previous studies carried out on Zn
catalysts have not been able to demonstrate it but suggested the catalytic activity
and possibly the selectivity to be dependent on the presence of oxidized species
[182].
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7.2 Role of the Nanoparticle Composition

Knowing that the size dependent selectivity of nanoparticle catalysts is negligible
when employing bigger particles (beyond 4 nm, see last chapter) those can be used
to explore the effect of the composition on the nanoscale. Hereby, Cu and Zn
have been combined to explore a potential synergetic behaviour, using again the
polymer based encapsulation method for the NP synthesis. The characterization of
the particle size was again done with the help of AFM measurements on Si-wafer
supported particles. Figure 7.4 shows example AFM images from which the particle
size distribution is determined. As it can, be seen the particles have an average size
of 5 nm (see also Tab. 7.3) and are homogeneously spread across the surface.

Figure 7.4: AFM images of (a) Cuigo,(b) CusoZnsg and (c) Znjgp composed particles
deposited on Si-wafers (SiO9/Si(111). Data acquired and analysed by Dr. Hyo Sang
Jeon. Reprinted with permission from [39]. Copyright 2019 American Chemical Society.
Published in [39].

Sample | Polymer | Loading | Particle Size (nm))
Cuwige | PS(48500)-P2VP(70000) | 0.2 52 % 0.6
CusoZnso | PS(48500)-P2VP(70000) | 0.2 49 +0.7
Znygp PS(48500)-P2VP(70000) 0.15 5.4 £ 0.7

Table 7.3: Synthesis parameters for the obtained Cu,Znigo_, NPs and the extracted sizes
based on the AFM characterisation. Reprinted with permission from [39]. Copyright 2019
American Chemical Society. Published in [39].

To ensure that the targeted nominal values from the synthesis for the composition
are indeed real, XPS measurements of the samples supported on glassy carbon have
been carried out. In addition the same samples have been characterized employing
quasi in situ XPS after electrochemistry. This is of particular importance since
previous studies on similar CuCo NPs have shown that a strong segregation of the
metals can occur within bimetallic systems during CO,RR [38]. If this was the case
for the Cu,Znyg9_, particles the presence of only one metal at the surface could
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dominate the catalytic behaviour to a large extent. The results obtained from the
XPS data analysis are shown in Figure 7.5 and 7.6

As it can be seen, the targeted nominal composition values are very close to the
real ones found when comparing the integrated area of the Cu 2ps/; and Zn 2ps3;
peaks with each other. Surprisingly, the XPS data after CO;RR also show that the
initial composition of the particles remains intact under reaction conditions, as the
values obtained from the integrated area are close to the ones before the reaction
(Fig. 7.6). Thus, the CuZn bimetallic NP catalyst is stable under reaction condi-
tions with respect to the surface content of Cu vs Zn and no significant segregation
of the metals is observed.
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Figure 7.5: Quasi in situ Cu 2p and Zn 2p XPS data of CuZn NPs with different compo-
sition in their as prepared state (a,c) and after CO2RR (b,d). Data acquired and analyzed
with the help of Dr. Hyo Sang Jeon. Reprinted with permission from [39]. Copyright
2019 American Chemical Society. Published in [39].

Regarding the chemical state of the catalyst and its evolution during the reaction,
open question still remain. It was attempted to acquire Zn and Cu LMM data,
however, the signal intensity was too low for the nanoparticles samples due to the
small amount of metals. Therefore, only the Cu and Zn 2p spectra could be acquired
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and analysed. Since all samples behaved, according to XPS, similar to each other
under reaction conditions only, the detailed analysis of the CusgZnsg composed
sample is shown in Figure 7.7. Both metals are oxidized in their as prepared state.
Judging from the characteristic shake-up peaks, copper is in its 2 state. Similarly,
Zn is according to the binding energy also in its 2% state. Most likely both metals,
judging from the binding energies, are a mix of oxide and hydroxide species in their
as prepared state.

Upon exposure to CO3RR conditions, the chemical state of Zn is, in agreement
with previous results on pure Zn NPs, changing to Zn(OH),. Copper does reduce,
and is likely to be in its metallic state, even though the difference to CuyO can not
be told due to the lack of access to the Cu LMM in this case (low intensity).
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Figure 7.6: Surface composition before and after electrochemistry as extracted from the
relative comparison of the integrated Cu 2p and Zn 2p peak areas. X-axis denotes the
nominal composition as targeted during the synthesis. Data acquired and analyzed with
the help of Dr. Hyo Sang Jeon Reprinted with permission from [39]. Copyright 2019
American Chemical Society. Published in [39].

It is important to note that all sample spectra have been aligned and corrected
with help of the C 1s line spectrum (Ep=284.8¢V). The fact that the Cu 2ps/, peak
energy is still differing from the reference values for Cu/CuyO by almost 0.8eV is
assigned to charging effects that have previously been discussed and are known to
affect the binding energy as seen in XPS for NP systems [38]. Thus, this is also
considered to account for the differences from the literature values for all of the
obtained spectra and makes it difficult to judge whether or not the samples are in
their oxide or hydroxide state before electrochemistry.
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Figure 7.7: Fitted quasi in situ XPS data of the (a) Cu 2p and (b) Zn 2p region. Vertical
lines mark binding energies for different chemical species of the two metals. Data acquired
and analyzed with the help of Dr. Hyo Sang Jeon Reprinted with permission from [39].
Copyright 2019 American Chemical Society. Published in [39].

Looking at the catalytic performance at a potential of -1.35V vs RHE, a strong
dependence of the Faradaic efficiency on the composition is visible, Fig. 7.8. Upon
increasing the copper content within the NPs the selectivity changes from Hy and
CO, which is characteristic for Zn, towards methane. Remarkable is that even
though copper is known to be able to produce also higher chain hydrocarbons like
ethylene and ethanol, none of these are detected. Instead, the faradaic efficiency is
almost 70 % for methane on CusgZnsy. Once the particles are monometallic Cu, the
hydrogen Faradaic efficiency is increased to 60 % again at the expanse of methane,
which is with 40 % similar to that of bulk electropolished Cu. Nevertheless, the
amount of hydrogen seen is significantly higher than that obtained to the one bulk
Cu at these potentials. The latter is attributed to particles size effects resulting
in an altered CO vs H binding strength on the metal surface favouring hydrogen
production [81]. The fact that the increased methane selectivity is only seen for
bimetallic particles suggests a synergistic effect in between the catalytic sites of Cu
and Zn that is dependent on the presence of sufficient Cu sites since it is not seen
for Cu contents smaller than 50 %. Possibly due to the different binding properties
of both metals for CO and H the hydrogenation of CO bound to Cu is enhanced on
these particles.

To gain further information about the stability, chemical state and structure of
the particles under CO3RR conditions for different times, operando XAFS mea-
surements were carried out [39]. From the qualitative comparison of the XAS NP
sample spectra with the corresponding reference spectra for Cu and Zn, both metals
are oxidized in their as prepared state and reduce under operando COsRR condi-
tions [39]. Interestingly, the reduction speed appears to be different for both metals.
While the Cu spectra for different reaction times do not differ much from each other
and are similar to the one for metallic Cu, after a first initial fast reduction, the
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Zn spectra change takes place slowly over time. Thus, Zn appears to reduce slower
than Cu within the particles.
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Figure 7.8: (a) Faradaic efficiency of differently composed CuZn NPs measured during
1h of CO2RR and (b) long time test of CusgZnsg NPs at -1.35V vs RHE in 0.1M KHCOj3
solution. Data acquired and analyzed by Dr. Hyo Sang Jeon. Reprinted with permission
from [39]. Copyright 2019 American Chemical Society. Published in [39].

In order to quantify these findings, linear combination fitting of the XAS spectra
acquired after different times was done using the as prepared and final spectra
which was obtained after 7Th of COy electrolysis. The oxides related to Cu are
quickly reduced, independent of the Cu to Zn ration within the particles. For the
case of Zn, the reduction speed depends on the particle composition with the pure
Zn particles being reduced the fastest and the bimetallic reducing on longer time
scales, whereas the Cu rich need longer to be reduced.

Thus, the mixed particles are, consistent with XPS, found to contain Zn?* species
after extended periods of time (3h), despite the reducing conditions. The observed
selectivity changes over the course of several hours are therefore likely linked to the
presence of those species. Since the reduction of the Cu oxide species is happening
at much smaller time scales (minutes), it can be ruled out that they are the reason
for the catalytic trends observed.

Furthermore, analysis of the EXAFS data revealed that the formation of the brass
alloy is invoked under CO3RR conditions once the Zn species are reduced in the
NPs. Since the catalytic behaviour of the particles is observed to change over the
same time scale it can be concluded that the changes seen are linked to the alloy
formation. Furthermore, the initial composition and oxidation state plays a crucial
role in determining the rate of the alloy formation. The Zn rich particles favour the
production of CO and Hs and reduce significantly faster, while the alloy is present
after already 1h of COoRR. The 1:1 CuZn particles initially show methane as major
product which is changing in favour of CO and Hj over the course of several hours
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during which the ZnO reductionand the concomitant brass alloy formation take
place.

Generally within NP systems, especially bimetallic ones, the lattice of a given
metal can be disturbed invoking strain. This can be enhanced by the alloy forma-
tion in this cases since it is going alongside with a geometric change of the lattice
structure. For the case of Cu, previous studies suggested that especially expansive
strain on the Cu lattice could lead to an enhanced binding strength of CO and its
stabilization on the surface. Consequently, the formation of products beyond CO is
possible on these surfaces [38]. This expansive strain could explain the initial high
formation of methane observed for CusgZnsg NPs and possibly the Cu rich parti-
cles. On the other hand, the alloy formation also results in changes of the electronic
structure which is affecting the binding properties of the surface for CO as well. It is
known that such a ligand effect invoked by the alloying is for instance changing the
d-band center of metal atoms [183, 184], which is shifted away from the Fermi level
due to the reduction of Zn and the formation of the CuZn alloy [185]. This shift
is associated with the weakening of CO on the surface due to occupancy of states
by the alloy [172, 186]. Thus, the product selectivity of the hereby investigated
bimetallic NPs seems to be determined by the changes in the electronic structure
whereas lattice strain effects appear to play an inferior role.

In summary, it was possible to determine and understand the catalytic behaviour
of size selected and composition controlled Zn and CuZn nano-particles within the
work presented in this section. In the case of pure Zn particles, it was found that
their size plays a crucial role, as particles smaller than 4 nm do not exhibit the Zn-
characteristic CO production. Instead, they generate hydrogen. This was attributed
to the higher amount of under-coordinated sites that is increased for small NP
systems. Additionally it was possible to observe a remarkable stability of Zn(OH)
species under COoRR conditions, which may possibly affect the catalytic activity
in a beneficial way for Zn based systems.

In the case of CuZn composed NPs large enough not to suffer from an artificially
increased hydrogen selectivity, as described previously, the composition was found to
play a crucial role in determining the catalyst selectivity for specific products. While
the Cu-rich NPs show a high initial selectivity for methane which was attributed
to strain effects within the bimetallic system. Zn-rich particles favour Hy and CO.
Both selectivities were found to be linked to the presence and formation of the
CuZn alloy within the particles. The rate of the alloy formation which is gradually
evolving under reaction conditions and depends on how fast the reduction of the Zn
species proceeds, which was found to be significantly faster for Zn-rich NPs than for
Cu-rich cases. Consequently Cu rich particles exhibit a high methane production
for longer times, which degrades over several hours due to the alloy formation.
The fact that the methane formation on the alloy is stifled has been attributed to
the weaker CO binding on the surface resulting from the antibonding properties
of the electronic structure within the alloy which consequently leads to a higher
amount of CO over methane being produced. These findings are also of importance
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beyond the model nano-particle system since the obtained results clearly highlight
the negative effect on the selectivity once the CuZn alloy is formed. This could also
lead to a lower amount of Cy hydrocarbons for bulk materials, especially ethanol
which has been reported to be favoured on oxide derived CuZn systems [176, 187].
Thus, these results point out that it is crucial to design CuZn systems where the
alloy formation can be prevented though, especially for longer reaction times. A
possible route towards designing such catalysts was also pointed out hereby, as the
presence of Zn?* species was found to prevent the alloy formation. Consequently, the
stabilization of those species is an important parameter to consider when rationally
designing new catalysts for CO;RR towards hydrocarbons.
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8 Outlook and Conclusion

8.1 Conclusion

The scientific results presented in this work address several open questions within
the field of CO3RR by providing crucial insights and valuable information about
the influence of specific parameters on this reaction.

The first parameter influencing CO3;RR being the presence of copper oxides and
their presence under reaction conditions in oxide-derived catalysts. The combina-
tion of quasi in situ XPS and operando XANES techniques showed that polycry-
talline electropolished Cu foils are in their metallic state under COoRR conditions,
even when being pre-oxidized. The same was true for oxygen plasma-treated den-
drites, whose selectivity for the desirable ethylene and ethanol products was further
improved by the roughening plasma treatment even tough the surface remained
reduced under COsRR. Additionally, by combining these high surface area cata-
lysts with different substrates, a further C, product selectivity improvement due
to a synergetic effect could be highlighted. Both results are crucial since dendritic
and other nano-structured catalysts are promising for industrial applications due to
their high surface area, allowing them to be operated at high current densities.
Furthermore, the investigation of oxide-derived catalyst, also when exposed to
halides and/or cations, provided insight into the role of the local pH which can
not be solely responsible for the increase in the Cy selectivity of those catalysts.

Instead, structural properties have been found to be the major key factors deter-
mining the selectivity, which was also seen when going beyond the general case of
polycrystalline catalysts. Employing pulsed electrolysis on single crystal surfaces it
was possible to generate and maintain Cu oxide species during COsRR, allowing to
investigate their role in addition to the modified structural properties of the pulsed
surface, decoupling of their influence from structural properties. The results show
that the combination of Cu(100) domains with defects is the key factor in enhancing
the Cy selectivity, especially for ethylene, while the presence of oxide species and
Cu(I)/Cu(0) interfaces is found to increase the oxygenate selectivity, This funda-
mental understanding of the influence of those parameters and their interplay is of
remarkable value when rationally designing electrochemical interfaces and catalyst
to selectively produce specific Cy products.

Following up on these results, surface sensitive characterizations employing UHV-
based techniques such as TPD and STM revealed that structural properties on the
atomic scale determine the reaction outcome drastically. Their influence on the
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reaction was studied on well-ordered atomically flat single crystal surfaces. Surpris-
ingly, unlike theoretically predicted, those surfaces consisting of large well-ordered
terraces do not manage to catalyse the reduction of CO,, but instead favour the hy-
drogen evolution reaction. Only upon introducing defects, a large number of steps
and high index surface sites, the COsRR activity previously reported on electropol-
ished surfaces is regained. This sheds light onto crucial key structural parameters
that are believed to be the active sites of the reaction, based on studies on elec-
tropolished surfaces reporting a dependence of the selectivity on the specific crystal
orientation.

The findings presented here rather suggest that those pristine large-scale terraces
are not the active sites but, rather high index and defective sites on the catalysts
surface. In this framework this work shows that the crystal orientation-dependent
selectivity has rather to be understood on the basis of differently evolving defects
and stepped sites upon treatments, such as electropolishing, in dependence of the
initial crystal orientation. Furthermore, carbon monoxide, which is considered the
most important CO3RR intermediate, was found to bind more strongly to surfaces
with high index facets, a large number of steps and a high density of defect sites,
As those surfaces have also been found to be the most selective for Cy products, the
results presented in this work suggest a link in between both.

The second part of this work focuses on the influence of the chemical environment,
especially when exposing oxide-derived catalyst to different electrolytes containing
halides and/or alkaline cations. The results show that a significant increase in the
current density can be obtained while maintaining the intrinsic high C, product
selectivity of oxide-derived catalysts when adding halides, especially lodine, which
also invokes a strong structural and chemical state change of the underlying catalyst.
The results show that the interaction of the surface with those halides provide
a chemical environment which enhances the stabilization of the common possible
CO3RR intermediate COOH on the catalyst surface, which is responsible for the
observed activity increase.

8.2 QOutlook

The insights on the electrochemical reduction of CO, provided by this work are to
a large extend based on also developing and pushing the limits of the field on the
experimental basis. While surface science techniques and approaches are tradition-
ally employed on the basis of UHV environments, this work highlights the benefit
in rethinking this approach.

Combining surface sensitive UHV-based techniques with electrochemical environ-
ments and carefully designing and employing well controlled and characterized sur-
faces in electrochemical environments, new fundamental insights could be gained,
even though the precision and control that comes along with UHV environments
had to be partially sacrificed. Advancing the technical development to close this
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pressure gap as well as the scientific creative combination of techniques in new ways
is crucial to generate new fundamental knowledge within the field. Furthermore,
the further development and improvement of operando microscopy and spectroscopy
techniques is of great importance since those experiments allow to extract informa-
tion while the reaction is running in real time which is of great value when it comes
to the understanding of the role of specific key parameters.

Combining those two approaches in the future, employing precise operando tech-
niques on well controlled and characterized surfaces on the atomic scale could lead
to understanding the reaction mechanisms underlying CO3;RR towards hydrocar-
bons in the future and even beyond serve for the understanding of other important
reactions that might turn out to be key role for building a future society that is not
based on a one way resource consumption but instead on a sustainable energy and
resource cycle.
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