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Abstract

The electrochemical reduction of carbon dioxide (CO2RR) is a promising enabling technology for
chemical energy conversion and storage, where the premise is to recycle industrial CO, emissions
for the synthesis of useful chemical and fuels. Among the different metals that can be used
as catalysts for this reaction, copper (Cu) is the only one known to facilitate the formation of
hydrocarbons in relevant quantities. Specifically, the {100} crystal facet of Cu has been shown
to have superior selectivity for C2-C3 hydrocarbons. However, it is yet to be shown how one can
translate such fundamental understanding obtained from bulk single crystals towards the design of
high performance and stable catalysts that can be used on an industrial scale remains an active area
of research. In this work, I explore electro-deposition as a scalable method to create cube-shaped
Cu;, 0O catalysts and study how the properties of these catalysts are controlled by different synthesis

parameters, such as size and support materials, and their transformations under reaction conditions.

This thesis is organized into ten chapters based on both published and submitted/in preparation
papers. Chapters 1 to 3 delve into the motivation, background and methods used over the course
of this work and the experimental work starts from Chapter 4 onwards. Chapter 4 explores the
synthesis parameters that govern the electrodeposition of Cu cubes with {100} facets on glassy
carbon substrates and their influence on the size, shape, coverage, and uniformity of the cubes.
Chapters 5 to 7 focus more on the changes that occur in the structure and elemental composition
of these electrodeposited Cu,O structures after (1) their introduction into an electrolyte, (2) the
application of a reductive potential and (3) how these changes correlate to catalyst selectivity. In
particular, the working structure of these model catalysts was investigated using an array of in
situ and operando methods. Chapter 5 describes results where the chemical state of copper was
probed on the surface by quasi in situ X-ray photoelectron spectroscopy (XPS) and in the bulk
via X-ray absorption fine-structure spectroscopy (XAFS), whereas changes in morphology were
tracked by electrochemical atomic force microscopy (EC-AFM). It was also clear from these studies
that significant changes in the catalyst morphology already occur during the initial application
of the potential, which could not be tracked with the limited temporal resolution of atomic force

microscopy, and these changes had profound implications on the catalytic properties of the cubes.

Chapters 6 and 7 focus on efforts to use liquid cell electrochemical transmission electron
microscopy (EC-TEM) to follow these changes in the initial seconds and minutes at higher temporal
resolution. First, it was shown in Chapter 6 that it was possibly to synthesize and study the catalysts
with the microfabricated reaction cells used in EC-TEM. More importantly, it was demonstrated
that the dynamical morphology of these catalysts under operating conditions were extraordinarily
complex. Chapter 7 discusses submitted work aimed at correlating the working morphology of

differently-sized Cu,O cubes with their observed changes in time-dependent product distribution.



Chapters 8 and 9 cover research that is still in preparation. In chapter 8, the cubes are electro-
chemically deposited on a variety of support materials and benchmarked for CO,RR selectivity. A
further discussion on the influence of the support material based on electrochemical characterization
is presented. In chapter 9, ways to change the catalyst properties ex sifu by plasma treatment and a
beneficial influence of the plasma for the production of C2+ products are discussed. Finally, in

Chapter 10, the future outlook of this work is discussed.

XI



Contents

Acknowledgements I
Affidavit v
List of Publications \%
Abstract X
1 Introduction and Motivation 1
2 Theoretical Background 3
2.1 The Electrochemical Reductionof CO, . . . . . . . . ... ... ... ..... 3
2.2 Influence of Surface Facets on CO, Reduction . . . . . .. ... ........ 3
2.3 The Search for Intermediates to Elucidate the CO3RR Mechanism . . . . . .. 5

2.4 Electrolyte Effects . . . . . . . . . . . .. 8
2.5 Nanoparticles . . . . . . . . e 11
2.6 Electrochemical Conditions . . . . . . . . . ... ... ... ... ... ... 13
2.7 Oxide and Confinement Effects . . . . . . .. ... ... ... ......... 14
3 Methods 16
3.1 Insitu and Operando MicroSCopy . . . . . . . o v v v v v i i i e 16
3.2 Atomic Force Microscopy . . . . . . . . . . ..o 17
3.3 Electron MiICroscopy . . . . .« v v v v i it e 18
3.4 X-Ray Spectroscopy . . . . . . . oo e e e 21
3.5 Electrochemistry . . . . . . . . . . . . . ... 25
4 Growth Dynamics and Processes Governing the Stability of Electrodeposited Size-
controlled Cubic Cu Catalysts 34
4.1 Introduction . . . . . . . . L 34
4.2 Experimental Methods . . . . . . . . ... ..o 35
4.3 Resultsand Discussion . . . . . .. ... oL 36
4.4 Conclusion . . . . . . .. L 45
5 Dynamic Changes in the Structure, Chemical State and Catalytic Selectivity of Cu
Nanocubes during CO; electroreduction: Size and Support Effects 46
5.1 Introduction . . . . . . . . . 46
5.2 Experimental Methods . . . . . .. ... ... L L 47
5.3 Resultsand Discussion . . . . . ... ... L oL oL 50
54 Conclusion . . . . ... ... 62
6 Imaging electrochemically synthesized Cu,O cubes and their morphological evolution
under conditions relevant to CO, electroreduction 63
6.1 Introduction . . . . . . . . . L 63
6.2 Experimental Methods . . . . . .. ... ... L L 65
6.3 Resultsand Discussion . . . . . ... ... L L 66



10
11
12
13

6.4 Conclusion . . . . . . . . . e 78
Understanding Stability of Cubic Copper Catalysts during CO, Electroreduction and its
Impact on Catalytic Selectivity 80
7.1 Introduction . . . . . . . .. L 80
7.2 Methods . . . . . . . e 81
7.3 Resultsand Discussion . . . . ... ... L Lo o 87
7.4 Conclusions . . . . . . . .. 102
Elucidating the Influence of the Support Material on the Catalytic Performance of
Electrodeposited Cu-Cubes for Electrochemical CO, Reduction in Aqueous Media 103
8.1 Introduction . . . . . . . . . ... 103
8.2 Results . . . . . .. 104
8.3 Discussion . . . . ... 108
8.4 Conclusion . . . . . . . . .. 109
Plasma Induced Surface Functionalization for Catalysis 110
9.1 Plasma-Activated Copper Nanocube Catalysts for Efficient Carbon Dioxide Elec-
troreduction to Hydrocarbons and Alcohols . . . . . . ... ... ... ..... 110
9.2 Plasma-Induced Surface Functionalization and Regeneration under Operando
Conditions . . . . . .. e e e e 118
Summary and Future Outlook 123
Curriculum Vitae 125
Bibliography i
Appendix XXvii
13.1 Listof Tables . . . . . . . . . . . e XXvil
13.2 Appendix Chapter 3 . . . . . . . . . . . . . e XXIX
13.3 Appendix Chapter4 . . . . . . . . . . . e XXXi
13.4 Appendix Chapter5 . . . . . . . . . . .. XXXii
13.5 Appendix Chapter 6 . . . . . . . . . . ... XXX1V
13.6 Appendix Chapter 7 . . . . . . . . . . . . i XXXViii



1 Introduction and Motivation

Since the beginning of the industrial revolution, humanity’s energy consumption has increased
exponentially. More than two-hundred years of development later, at the peak of fossil fuel

consumption, carbon oxidation still stands at the center of our energy infrastructure.

However, the increase in the concentration of carbon dioxide (CO-) in Earth’s atmosphere has
severe implications for our climate. It is estimated that the burning of Earth’s fossil fuel reserves
will increase the global temperature on average between 6.4 °C-9.5 °C and in the Arctic even up
to 19.5°C.! Furthermore, at our current rate of consumption, fossil fuels like crude oil, gas, and
coal are estimated to run out by the end of this century. Some models predict coal being the only
available resource as early as 20427, others estimate it almost a century later at 2126°. This has
other important consequences, because the majority of today’s chemical industry relies on some
form of hydrocarbons as a feed stock - from drug production to plastics and polymers. Therefore,
alternatives that can recycle emitted CO, by converting it into long-term chemical energy storage
media and raw materials for the chemical industry are being actively pursued by the scientific
community. The goal here is to make it more sustainable and economically viable by re-introducing
the oxidized carbon species in the form of valuable chemicals and fuels, while powering the process

with renewable energy in a manner analogous to photosynthesis.

In 1890, Mond, Langer, and Quincke discovered the formation of volatile nickel tetracarbonyl
(Ni(CO)4) by reacting nickel powder in CO atmosphere at 100 °C as well as the analogous iron
reaction. This caught a lot of attention and sparked great interest in a lot of scientists at the
time. One of which was Paul Sabatier, who subsequently tried to bind other unsaturated gaseous
molecules to various metals. During these experiments Sabatier and his coworker Senderens
discovered that it is possible to hydrogenate gaseous organic molecules over metal catalysts.*> The
catalytic hydrogenation of CO to methane, in particular, attracted enormous interest in industry and
the scientific community and ultimately lead to his Nobel prize in chemistry in 1912.

Based on Sabatier and Senderens work, a commercially viable application was developed by
Franz Fischer and Hans Tropsch in 1925.° This reaction named Fischer-Tropsch synthesis is able
to convert CO into hydrocarbons over metal catalysts at typical temperatures of 150 °C-300 °C and
high pressures. To this day, it remains an extremely important process in the chemical industry.
It has also inspired research looking at ways to start the direct conversion to synthetic fuels from
CO, instead of CO.”8

One promising approach is the electrochemical conversion of CO,. The execution of such a

reaction turns out to be extremely challenging. The formation enthalpy of CO, (=393 kJ mol~!)” is

close to twice that of water (=285 kJ mol™")'?, meaning that the energetic costs of reversing carbon

oxidation will be similarly higher than the alternative water splitting reactions. The question here



is if the reaction pathway can be made more favorable through the discovery of more selective

catalysts.

The major breakthrough on the field of CO, reduction was made by Yoshio Hori and coworkers
in 1985'!, who were working on a different approach to thermocatalytic CO, hydration. Hori
reported the electrocatalytic reduction directly from CO, to methane in relevant amounts and high
current densities in inorganic aqueous electrolytes for the first time. The attractiveness of this
reaction lies in the fact that it works at ambient temperature and pressure and uses CO; directly
as a feedstock. However, it also suffers from drawbacks such as low product selectivity and a

12-14 Among the potential catalyst

low energy efficiency due to the required high overpotentials.
materials, Cu has shown superior catalytic selectivity for hydrocarbons and alcohols due to its
moderate CO binding energy.'> Up until today, the field is still trying to develop more selective
catalysts that can work at high currents and low overpotentials, with the primary strategy being
targeted nanoscale structuring of the metal catalysts to improve their surface area-to-volume ratios

and to tailor the active sites on their surfaces.



2 Theoretical Background

2.1 The Electrochemical Reduction of CO,

The electroreduction of carbon dioxide (CO2RR) in inorganic aqueous electrolytes was already
intensively investigated for over three decades, but it is still a contentious topic. An industrially
applicable catalyst with high activity and selectivity has yet to be developed. In 1989, Hori, Murata
& Takahashi reported about the efficiency and potential-dependent selectivity of Cu catalysts.'® In
comparison to other catalysts that only produce CO, hydrogen, or formate, Cu catalysts generate

a broad variety of products; the most common products are summarized in table 1. Here, the

Table 1: Liquid and gaseous products of the electroreduction of CO2 with the number of electrons associated

to the different reaction pathway.'”

Product Chemical state Associated electrons

CH,4 gaseous 8
CyHy gaseous 12
CoHg gaseous 14
CcO gaseous
H» gaseous 2
HCOOH liquid
MeOH liquid 6
EtOH liquid 12
1-PrOH liquid 18

desired products are C,Hy and CyHg as feedstock for the chemical industry and CH4 and EtOH
for fuel. The higher the carbon content in the products, the higher their value for the chemical
industry. However, it also means that the reaction involves more than one electron associated with
the conversion. This complex reaction pathway with multiple electron transfer makes it difficult to

tune the selectivity of a catalyst and specifically target certain products.

2.2 Influence of Surface Facets on CO, Reduction

It is generally accepted that the binding distance and strength of adsorbed CO, molecules on Cu
influences the product selectivity. Thus, different crystalline orientations are expected to produce
different product selectivities. On this basis, numerous studies have been conducted on single

crystal model systems.



2.2.1 The Influence of Facets on Product Distribution

The pioneering work on single crystals of different crystal orientations has been conducted
by Hori et al. A selection of the most common low index examples Cu{100}, Cu{110}, and
Cu{1 11} after an electropolishing treatment are presented in Table 2 with their respective Faradaic
efficiencys (FE(%)) at SmAcm™ in CO, saturated 0.1 M KHCOj3 (at 25 °C).Since then, the
electrochemical analysis and benchmarking of the single crystal facets has been verified with dif-

ferent electrochemical methods like linear sweep voltammetry (LSV)'82?

and chronoamperometry
(CA)'#2%25 a5 well as characterization tools, often in conjunction with in situ product analysis like

differential electrochemical mass spectrometry (DEMS)?>26:%7,

Table 2: Faradic efficiency of different faceted Cu single crystals after an electropolishing treatment studied

by Hori et al.!%?8
Crystal Potential Faradaic Efficiency in %
orientation VrEE H, CcO CH; Cy;Hs HCOO™ Aldeh. Alcohols
{100} -1.0V 6.8 0.9 304 404 3.0 4.4 12.0
{110} -1.15V 188 0 495 151 6.6 6.6 7.4
{111} -1.15V 163 64 463 8.3 11.5 11.5 33

According to the studies by Hori et al., Cu{100} is the crystal orientation with the highest
faradaic efficiency for ethylene (table 2)'%>?, whilst methane is the most commonly formed product
on the other two crystalline orientations Cu{110} and Cu{1 11} according to studies by Frese et
al.”” This is only true as long as mass limitations do not occur, which typically starts to influence

22,3031 * Fyrthermore,

the reaction around —1.1 to —1.2 Vg g for morphologically flat catalysts
the presence, amount, and faceting of atomic steps, step bunches, and defects on the surface can
have a drastic effect on the product distribution for CO,RR.*>*? This has been initially shown
by Hori et al.”’ and was later confirmed by others>>-*3>. Most recently, active control over the
amount of defects and in situ generation of morphological motifs has been utilized in pulsed CO,
electroreduction to enhance the product selectivity of Cs.. hydrocarbons and alcohols.*

However, these studies are generally done on electropolished copper single crystals that have
been exposed to air. Moreover, due to oxidation and the generally high mobility of Cu atoms at
room temperature, the assumption of a ultra high vacuum (UHV) clean and flat crystal surface
is not a valid representation of the single crystal surfaces studied by Hori and others and it is
not clear, if these findings translate to the particular catalysts used in industry. Considering
the influence of steps and defects that form, electropolished surfaces are hardly comparable to
a flat atomically ordered single crystal under reaction conditions. Indeed, it has been shown
by Simon et al.*’ that the surface of UHV cleaned crystals cycled under CO,RR conditions
change drastically. With increasing negative potentials, the amount of undercoordinated Cu sites
increases, indicating complex relationship and dynamic interplay between morphology, structure,
defect density depending on the potential. Hence, the need for advanced operando techniques to

investigate these changes.



2.2.2 The Influence of Facets on Activity

In terms of activity, strong differences have been predicted depending on the crystalline facet

3. Cu{100} has a lower CO dimerization barrier than

according to theoretical calculations
Cu{111}, which leads to a higher activity in addition to selectivity changes. A few studies
conducted under mass transport limitations also suggest deviations from the theoretically expected

20,22,25

differences in activity under such conditions . The cause for this is presumed to be the

formation and increased density of steps, grain-boundaries, and defects.

Transferring this knowledge to the discovery of new catalysts is by no means a trivial task.
Single crystals are not viable for industrial applications and thus, nanostructured catalysts with
selective terminated facets and high surface area-to-volume ratio are the most promising approach

to produce well defined but also active catalysts.

2.2.3  Experimental Implications

In the previous sections it was mentioned that the restructuring of Cu single crystal facets
plays a big role on selectivity and activity. However, the dynamic nature of the Cu surface
structure-property makes studies extremely challenging and the exact pathways of CO, reduction
towards Co4 products remain elusive. For example, many different surface morphologies have
been reported in KOH>>?*3°* which might originate from irreversible reconstructions due to
oxidation, as it has been reported for platinum**®. The studies by Hori et al. relied on cyclic
voltammetry characterization of the surface structure. The first in sifu probing of Cu surfaces
was from Kim et al.*’
Cu{100} single crystals in 0.1 M KOH at —0.5 V g7 . Their results showed the significant defect

formation and changes in the surface morphology. The surface reconstructions observed by in

who used in situ electrochemical STM (EC STM) techniques to measure

situ EC STM also appeared in the absence of CO, or CO, indicating that they are not a direct
consequence of the reaction’”*%47=  Soriaga et al. also showed the formation of Cu{1 11} facets
on a polycrystalline copper foil after 30 min at —0.5 Viygr in 0.1 M KHCO3 that subsequently
transformed into Cu{10 0} facets after another 30 min’’**. This emphasizes the highly dynamic
nature of Cu surfaces. Scott et al.”" further used operando grazing incidence X-ray diffraction
(GIXRD) to identify these transformations.

2.3 The Search for Intermediates to Elucidate the COy,RR Mechanism

Although the mechanism of CO2RR is not yet fully understood and appeared to be strongly
dependent on the catalyst material selected, a number of reaction intermediates were already
postulated on Cu surfaces, giving insight into the different pathways leading to the respective

products.

2.3.1 The 1% Step: CO as an Intermediate

The first key intermediate that has been identified was CO'%!->*_ Two distinctive pathways
have been shown for the initial 2e~ CO, reduction step. Depending on the binding mode, either a



(terminal) formation of formate (HCOQO ™) or the intermediate CO forms, which can react further to
C1-C3 products. Independent studies on CO reduction have shown that a similar product distribution

as for CO; reduction can be found>>>%°, confirming the role of CO as a key intermediate.

Experimental evidence for the existence of surface bound (CO*) has also been provided by

37-63 and mass spectrometry based techniques like DEMS.?%3¢ The subse-

spectroscopic techniques
quent direction of the reaction varies, depending strongly on the catalyst. In particular, the binding
strength of CO plays a crucial role in determining the subsequent pathway. If CO binds strongly, it
reduces fully to elemental carbon and poisons the catalytic sites. On the other hand, if CO binds
too weakly it desorbs before it reacts to yield the desired products. Thus, it is important, to find a
good balance between these two extremes following the Sabatier principle®*. Figure 2.1 shows
this graphically by plotting e.g. the CO binding energy (Gco+) against the current density (i) in a
volcano plot”®. On the extremes, metals like Ni, Pt, or Pd produce mainly H, and very little CO,

whilst on the other end transition metals like Au and Ag produce mainly CO.

CO reduction rate (-1.0 Vgye)

I Cu
- Ni Pt v Au Ag
© Rh Pd - Vo
- u
Pt
I r Ag Au
I Rh
Ni "d
| — {211} surface
I — {111} surface
v CO,RR experiments
-1.5 -1.0 -0.5 0.0 0.5
Geo (eV)

Figure 2.1: Activity volcano plot of the CO binding energy versus the current density at —1.0 Vppp for
a selection of catalyst materials simulated by microkinetic modelling on {211} and {111}

surfaces. Redrawn from Kuhl et al.®

In addition, it has been shown experimentally that specifically on Cu, the binding of CO can
suppress the parasitic hydrogen evolution (side) reaction (HER) by changing the binding energy or

blocking active sites. 160067

2.3.2 Reduction of Oxygenated C; and Co Species as a Proxy to Determine Pathways

After the initial reaction step from COs to CO, up to 16 possible products have been identified™’.
Among these are hydrocarbons, aldehydes, alcohols, ketons, and carboxylic acids. A schematic
overview of potential pathways is displayed in Figure 2.2 based on the discussed observations.
A few observations regarding the mechanism have been empirically made by directly reducing

specific products.
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Figure 2.2: An overview of the potential pathways for the CO2RR towards C1 and C2 productbased on the
works discussed in this chapter. Dotted arrows indicate possible pathways, that have been shown
as unlikely by the experiments discussed above. This schematic is by no means complete and
does not consider kinetic energetic barriers.

1. Formate/formic acid: As discussed before, formate is a terminal step in the CO,RR. Al-
though some studies found methane by reducing formic acid directly, only small amounts

were found and the required overpotentials were far higher than typical CO,RR potentials'®31:68,

2. Formaldehyde: Reducing formaldehyde yields methanol as the primary product and small
amounts of methane®'~>%-70 Intriguingly, methanol is a product which is only sparsely
found in conventional CO,RR (in aqueous electrolyte, at atmospheric pressure, and ambient
temperature). It leads to the question if methanol is a product resulting from the further

reduction of formaldehyde. This would make it another intermediate of CO,RR.

3. Glyoxal/glycol aldehyde: Acetaldehyde and ethanol can be found by reducing glyoxal

70,71

or glycol aldehyde The absence of ethylene as a product indicates, that this is an



intermediate in the pathway of forming C2 product that is different from the ethylene

forming route.

4. Ethylene glycol/oxalic acid: The reduction of ethylene glycol or oxalic acid yields no
typical CO,RR products, thus it is unlikely to be an intermediate but rather a terminal
product instead”".

These experiments give valuable marker for building a reaction mechanism. Another important
observation is the high amount of carbonyl and hydroxyl moieties that indicate a relatively early

3()

C-C coupling step””. Due to this reason, it is assumed that enol-like adsorbed species such as

enediol or enediolate are the intermediates towards multicarbon products®®7°.

2.4 Electrolyte Effects

One approach is to modify the electrolyte that is used. Usually, a buffer-solution of potassium
bicarbonate (KHCO3) is used in a concentration ranging from 0.1-0.5 M, which is constantly
saturated by CO,. Kas et al. showed that the Faradaic efficiency heavily changes depending on the
concentration of the electrolyte’>”>. At lower concentrations (0.1-0.2 M), the Faradaic efficiency
(FE(%)) is clearly shifted towards ethylene, with a FE(%) of about 35%. The amount of methane
and carbon monoxide produced by their Cu nanoparticles does not exceed 2.5%. Increasing the
concentration of KHCOj5 results in a shift towards methane, with a FE(%) about 22% whilst the

overall FE reduces.

24.1 pH Effects

One explanation for the influence of the electrolyte on the product selectivity lies in the effect
of the pH. Different mechanisms were proposed with a pH dependent formation of methane
and methanol, and a pH independent formation of ethylene’>’+7>. The methane production was
determined to be the thermodynamically favored product'> whilst methanol is the kinetically

favored product’®

. To understand this, it is important to discuss the pH dependency of CO,-related
reactions in aqueous electrolytes. CO, forms carbonate (CO3%~) or it’s conjugated acid bicarbonate
(HCO3™) when introduced in an alkaline liquid environment. This limits the use of electrolyte
solutions to the acidic or neutral pH range with buffers like potassium bicarbonate to keep the pH
stable (pH 6.2). On the other hand, highly acidic environments are unsuitable due to the intrinsic
buffering capabilities of CO,. A basic overview of the reactions taking place when purging CO, in

acidic or neutral aqueous environments are given in the chemical equation 1.

CO2(g) == CO2(aq)

CO2(aq) + H20 = HyCO3

CO2(aq) + HoO == HCO3~ + H* (1)
H,CO3 == HCO3~ + H*
HCO3~ = CO3z*>~ + H"



Hori et al. investigated the pH dependency on the formation of methane and ethylene and found
them to be directly (or indirectly) linearly correlated®>. He found that the logarithm of the partial
current density of ethylene is proportional to the applied potential when changing the pH. For
methane, a linear relation between these two could only be found by additionally adding the pH
to the logarithm of the partial current density of methane, thus indicating a relevance of proton
activity in this reaction®”. These observations led him to propose a branching of the respective
reaction pathways at an early stage, which has been later corroborated by single crystal studies
from Koper et al.***"* However a second pathway was proposed within the scope of these studies

dependent on pH, surface structure, and applied potential.

The pH can also indirectly influence the selectivity of a catalyst by impacting the parasitic
hydrogen evolution reaction. At neutral to alkaline pH, the concentration of hydronium ions
(H30%) is low and thus the reaction is dominated by water reduction instead of proton reduction.
Goddard et al. also found that the surface of noble metals tends to repel water at negative voltages
causing enhanced hydrogen binding.’” In the typical CO,RR conditions used in this work, the
pH is close to neutral, thus we expect it to be competing primarily with water reduction based
HER, which is kinetically slower compared to proton reduction based HER.®” This is relevant for
CO;,RR, because a large amount of protons (produced at the anode by oxygen evolution reaction
OER) is required for the formation of hydrocarbons. The competing HER does not significantly
suppress CO, reduction, but the selectivity for hydrocarbons reduces due to the stronger driving
force towards proton reduction. A good balance of these pH dependent effects is needed to get the
best selectivity for Co4 products.

2.4.2 Cation Effects

The cation of the bicarbonate buffer can also influence the selectivity in different ways. Hori
and Murata discovered a cation size dependent effect, where they observed an increase in Co4
products with the use of larger cations.”® Although these observations have been corroborated by

independent studies’!»"%-%>

, the explanation is still debated. According to Hori and Murata, the
large cations shift the outer Helmholtz plane potential, causing less hydration (e.g. they block
each other less) which in return allows a higher quantity of adsorbed cations. This effect has
been rationalized by Frumkin’s adsorption theory for the adsorption kinetics at metal electrode
interfaces.®> However, this might not be applicable to the larger negative overpotentials required
for CO,RR, where the cations do not typically adsorb on the interface. Instead it remains partially

solvated according to Strmcnik et al.>*%, although this has yet to be verified experimentally.

A different approach to rationalize the effect of cation size is to consider the electrostatic
influence on the Helmholtz layers. It has been proposed that the presence of larger cations at the
interface can lower the acid dissociation (pk,) and thus balances out the concentration polarization
that induces the increase in local pH.80 This, in turn, can increase the CO, concentration close to the
interface by opening up blocked adsorption sites. Furthermore, the changes in the electrostatic field
caused by the presence of larger cations can decrease the CO, adsorption. In this case, experimental
evidence has been provided in the form of attenuated total reflection Fourier-transform infrared
spectroscopy (ATR FTIR). An increase in cation size causes the C=0 stretch frequency to shift



to lower energies, indicating a change in the interfacial electrostatic field.*® Additional insights
into the catalytic implications from the presence of alkali-metal cations have been investigated by
Gao et al.®” Here, the increase in cation size led to a higher production of Co products on a highly
polarized interface of an O,-plasma treated Cu foil. In this study, in addition to the cation driven
electrostatic effects, the presence of Cu* on the surface accentuated the promoting effect further

from the electrode side of the interface.

2.4.3 Anion Effects

Other anions like chloride (C17), perchlorate (HC1O4 ™), and sulfate (SO42%7) were also previously
investigated'®%8. It was found that these anions, unlike bicarbonate, buffer the electrolyte solution
and will slowly lead to an increase in hydroxide ions (OH ™) from the CO; electroreduction, causing
a shift induced by changes of the pH’>%°. Thus, anion effects are also generally considered to
be indirect pH effects. Ongoing discussions also postulate an involvement of the (bi-)carbonate
as a potential source of CO,, which in return would result in less availability in non-carbonate

containing electrolytes’*-?!.

Besides the electrostatic effects and pH influences discussed so far, the presence of halide anions
can also have an effect on the morphology. Later in this work, the influence of chloride on the
nanostructuring of copper is demonstrated for the electrodeposition of cubic particles. Besides
chloride, other halides also result in structural modifications by targeting anion-specific adsorption

sites on copper, leading to growth on the unoccupied sites/facets’>”.

2.4.4 The Potential

The applied potential is a determining factor that controls the Faradaic efficiency of the products.
Hori et al. measured the amount of products generated and their respective Faradaic efficiencies
of a Cu electrode at multiple potential steps between —0.4V and —1.1 V vs. reversible hydrogen
electrode (RHE). The resulting plot can be seen in Figure 2.3. It can be seen, that at —1.1 Vp g,
the ethylene production is highest, while the production of other byproducts (except methane)
diminishes. The next step would be to shift the potential closer to the theoretical potential for
ethylene production, whilst simultaneously enhancing the selectivity. This might not be possible
for a flat Cu-electrode, but instead, a modified catalyst with large surface area and roughness and a
specific shape favouring the formation of the desired products would need to be found.
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Figure 2.3: Current density and product yield as Faradaic efficiency of a polycrystalline Cu electrode at

various onset potentials versus RHE. Data redrawn from .

2.5 Nanoparticles

Nanoparticles (NPs) by definition considers all supported (or unsupported) particles with an
overall size of less then 100nm in any direction. There have been many controversies over
the years regarding the role of the NP structure on activity and/or selectivity. The rationale for
nanostructuring materials for CO2RR application lies in the possibility to tailor facets towards
preferential orientations like e.g. Cu{1 00} on cubic particles, making them in theory ideal model
catalysts. Furthermore, it opens the opportunity to control the number of coordinated sites on the

surface in relation to bulk material used by tuning the size of the NPs.

2.5.1 Nanoparticle Size Effects

Nanoparticles with spherical shape as well as nanocubes show promising results in terms of

catalytic performance'’-!102

. As discussed in the previous sections, the {100} facets (on Cu-
nanocubes) seem to be highly beneficial for the C-C coupling and thereby, favor the formation of
higher carbon containing products like ethylene”?. The reason behind these observations, however,
is not as straightforward. The particle size heavily affects the coordination of surface atoms, which
in turn leads to strained structures. This affects the electronic structure and hence the binding
properties of CO, and the reaction intermediates. The strain can lead to a shift in the d-band that
has strong implications for the reactivity'*~'"°. However, it could lead to a modified stability of the

structures, especially on the support interface or the improvement of one reaction step in exchange
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for other reaction steps on the pathway to Co . products'?’~'1. The size dependent changes in

IOLITI-3 404 these studies

selectivity and reactivity have been investigated by multiple groups
have found conflicting results. All of them also use different preparation methods, which can have
an effect on the selectivity if for example synthesis-related residues are left on the NP surface. In
the aforementioned studies, NPs smaller than 5 nm have shown an increased production rate for C;
products, while Co products were enhanced for larger particles as shown in the studies by Reske
etal.!''. Manthiram et al. has synthesized 7 nm particles, that have shown strong agglomeration
behavior after short times but still expressed an improved methane production'!?. Lastly, for cubic
particles Loiudice et al. found an optimal size on 44 nm and proposed a size dependent face-to-edge
ratio as the product determining factor''3. All these studies, however show only a pristine state
and a post mortem state of the catalyst. It is well known, that Cu, in the presence of CO,/CO, is a

highly dynamic system''*

where operando studies on the actual working morphology would be of
immense value. Kim et al. demonstrated how closely packed 6 nm spherical particles transform
into cubic particles that are highly selective for Co products''>. Osowecki et al. has shown, that
even without CO; a restructuring into cubes can occur via particle migration and coalescence''®.
However, with argon purged solutions, no individual crystalline grains were observed. Contrary to
these findings, the opposite effect can also occur where larger Cu,O particles with well defined
facets (like cubes) split into smaller particles, which can affect the selectivity''” towards Cs_
products as shown in chapter 7. This again only highlights the complex interplay of factors that
need to be accounted for to fully understand the size and shape effect on CO,RR and the need for

advances in imaging and spectroscopy during reaction.

2.5.2 Loading and Interparticle Distance

More complexity sets in, if we also consider interparticle distance (IP) and catalyst loading
effects. Our group has investigated the change on catalytic activity and selectivity by different
interparticle distances, where Mistry et al. prepared Cu nanoparticles of the same size with different
interparticle distances'??. A trend was observed, with smaller IP distance, for similarly-sized NPs,
resulted in high selectivity for C;-Cy products versus CO and H;.The origin of such trend is still
unclear, but a complex interplay of local CO, depletion and pH effects must be accounted for. The
aforementioned study by Kim et al.''> also investigated different loading of nanoparticles, but
with the focus of increased restructuring with higher loading which in turn changed the product

selectivity.

2.5.3 Shape Effects

CO32RR on faceted nanoparticles has been conducted by many groups to determine facet-
dependent changes in selectivity. So far, Cu{1 00} has been shown to be the superior facet for Cu
NPs, similar to the single crystal findings by Hori et al.”%>>-3%3%:118 Wang et al. investigated the
catalytic behavior of rhombic dodecahedral particles, which consist mainly of {110} facets. They
found the decrease of CO selectivity and an enhanced selectivity for hydrocarbons'!”. According to
Hori’s single crystal study®', an increase in oxygenates is also expected, however, no liquid products
were provided in the study. It is important to note that the increase in number of corner sites as

12



compared to cubic particles could influence the activity due to the increase in undercoordinated

sites.

2.5.4 Support Effect and Catalyst-Ionomer Interaction

In terms of support effect, less studies have been conducted and the ones that exist are challenging

20 or graphene (N-doped'?!

to compare. Supports such as nitrogen-doped high surface area carbon'
and un-doped'?) show an enhanced Cs product selectivity. Furthermore, metallic supports like
gold or silver lead to an enhanced Co product selectivity likely due to CO spillover or cascade

effects, and a better support interface has been proposed as a reason for the effect'>%!>3,

2.6 Electrochemical Conditions

One of the key benefits of CO;RR as a technology for sustainable chemical conversion is its
ability to reduce CO; to hydrocarbons at ambient pressure and temperature. Nevertheless, there
are some other factors that can be adjusted to improve selectivity and they will be discussed in the

following sections.

2.6.1 Temperature

First of all, Henry’s law states that the amount of dissolved gas in a liquid is proportional to the
partial pressure of this gas above the liquid. However, if the temperature of the system changes,
Henry’s constant (H) changes as well. This correlation can be expressed by the van’t Hoff equation

(equation 2).

dinH  —AgH

d(1/T) R

R : ideal gas constant

@)

T : temperature

This means that the concentration of dissolved CO; is increased at lower temperatures which
can enhance CO2RR. A number of studies have been conducted on the influence of temperature on
CO,RR>194124-129 "and an enhanced selectivity for methane at lower temperature was reported. In
the same studies, the selectivity for HER was also strongly enhanced with increasing temperature,
which could be a result of a lower CO, concentration in the electrolyte. Furthermore, temperature
induced changes in (local) pH, CO adsorption strength, and ohmic resistance all lead to indirect

temperature effects.

2.6.2 Pressure

As briefly stated in the previous section, the pressure of the system can have implications on
CO2RR by limiting or enhancing the concentration of CO; in the electrolyte. Thus, corresponding

studies have observed an enhanced activity for CO2RR with increasing pressure’>!'?3-13%, Though
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not directly correlated, these studies can give insight on the importance of CO, concentration on

the activity of catalysts, which could vary depending on the experimental setup.

2.7 Oxide and Confinement Effects

The role of oxygen and effects of confinement in larger three-dimensional catalyst structures are
a topic of strong debates for many years in the field of CO2RR. In this part, a brief overview of
potential effects is given.

2.7.1 Role of Oxides in CO2RR on Copper

The role of oxygen as an active participant in CO,RR is one of the most controversially dis-
cussed topics. Oxides or interstitial oxygen are unlikely to exist for prolonged times under reaction
conditions. Under the strongly reductive conditions in CO2RR, lattice oxide is expected to be re-
leased, causing a strong multiplication of the electrochemical surface area (ECSA) by restructuring.
Furthermore, this results in a rise of defects and undercoordination at the catalyst interface, which
can have an influence on the selectivity. Plasma treatments can also result in an enhanced selectivity
towards Co products. Our group has utilized oxygen- and other gas-plasmas to induce defects and
to form thick oxide layers on copper films'>!. The plasma-treated samples show enhanced catalytic
performance for CO,RR. In the above mentioned study, the formation of defects alone was not
sufficient to explain the enhanced Faradaic efficiency for Co products. However, the existence
of oxide species on the interface during the reaction has been elusive to prove. More recently,
the junction of metallic and oxidized Cu (on an atomic level) has shown potential for higher Co
selectivity by asymetric CO coupling.'?” This indicates an involvement of oxides in the reaction
process, which needs to be better studied by appropriate techniques like pulsed chronoamperometry

to stabilize these oxides under reaction conditions.>°

2.7.2  Oxide-Derived Copper

Oxide-derived copper catalysts prepared by anodic, thermal, or other oxidation techniques have
also been studied by multiple groups®*!33-13¢_ The results of these studies, although interesting,
are not consistent in terms of their selectivity changes. The amount of oxide, the degree of
restructuring, and the dimensions of the resulting three-dimensional framework all differ, which
makes a comparison of the results challenging. One important aspect to consider is how these
structure alter the reaction kinetics. The observed changes can be a result from the increase of
ECSA in junction with confinement, although the possibility of localized oxide species still exists.
In general, the ECSA increase will result in a faster depletion of CO; due to the increased number

of binding sites, and lead to enhances HER selectivity.

2.7.3 Confinement

The effect of confined spaces was studied by Yang et al. on templated nanopores'*’. They found

that small pores of 30 nm diameter exhibited an enhanced selectivity for ethylene, although a
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corresponding increase in the ECSA may be the reason for this increase. Moreover, deeper pores
showed better selectivity for ethane (C,Hg), which could indicate the involvement of re-adsorption
processes in confined spaces. Scholten et al. also showed similar behavior from samples where gas
products are confined under (polarized) oxygen-derived copper dendrites'*®. Besides re-adsorption,
changes in the local pH are a factor to be considered in these confined spaces. The effect of
confinement on catalysis has also been demonstrated for zeolites'**!4? and carbon nanotubes'*!
with other catalytic systems.
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3 Methods

3.1 In situ and Operando Microscopy

For the rational design of highly optimized catalysts, the structural correlations to their activity
and stability need to be understood, especially if the structural properties change under reaction
conditions. These changes can be reversible or irreversible, where the former will be impossible to
identify from ex situ investigations'*>'43. As discussed in the previous chapter, the morphology
plays a crucial role, and changes can occur under reaction conditions like sintering'*~'*® and

144,149-152 149,153-155

agglomeration'*’, deactivation of the active sites , corrosion , as well as surface

149,156-158 159-161

reconstruction or segregation

162 and are

In situ and operando microscopy techniques are frequently used to elucidate such effects
extensively used throughout this work. The term operando describes here a more specific branch
of in situ microscopy, where the microscopy data are collected with catalytic data in the same
system and under reaction conditions to correlate structure and catalytic performance'®!%*. Each
technique comes with its advantages and challenges, as discussed in the following sections. A
short comparison of the characteristics of AFM to other commonly used microscopy techniques

are listed in table 3.

Table 3: Comparison of AFM with SEM and TEM. Adapted from'%>

AFM SEM TEM

Sample preparation little or none from little to significant from little to significant

Resolution 0.1nm 5nm 0.1nm
Relative cost low medium high
Sample environment any vacuum/gas vacuum
Depth of field poor good poor
Sample type conductive/insulating conductive conductive
Time per image 2-15 min 0.1-1 min 0.1-1 min
Maximum field of view 100 um 1 mm 100 nm
Maximum sample size unlimited 30 mm 2 mm

Measurements

3 dimensional

2 dimensional

2 dimensional
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3.2 Atomic Force Microscopy

Scanning probe microscopy (SPM) was a breakthrough in the fields of microscopy and surface
science when it was first invented. With SPM, it is possible to investigate surfaces and interfaces
with very high accuracy and unprecedented resolution. In contrast, classical light microscopes
that are limited by the Abbe diffraction limit. Nowadays, this limit can be bypassed by stimulated
emission depletion (STED) microscopy and similar techniques'®°, but SPM was the first technique
to enable the analysis and manipulation of non-periodic structures, like surfaces and interfaces, on
an atomic scale in real space. Additionally, SPM measures lateral as well as axial direction to the
probe, resulting in a three dimensional representation of the investigated surface.

SPM can be further sub-divided into various techniques, for example scanning tunneling mi-
croscopy (STM)'%” and atomic force microscopy (AFM)'®, which are used in this work. Nonethe-
less, the basic principle is the same, differing only in the measured signal. SPM techniques, as the
name suggests, always consist of a small and sharp tip which is called the "probe". This probe is
brought into close proximity to the sample surface or interface (in the range of a few A), allowing
us to probe its interaction with the sample in a specific way. The z-direction movement is regulated
by the feedback loop and ensures a constant measurement parameter (depending on the method).
Furthermore, the movement is realized by an actuator in combination with this feedback loop,
in the x-y-direction. The regulation is usually done by giving the feedback loop a setpoint value
S that is then compared to the actual value I. If the difference between both values S and I is
greater than the predefined threshold, the actuator adjusts the Z value until the actual value is again
within the threshold. Additionally, the probe can be set to stay at a fixed position and the changes
in the measurement parameter are recorded. The described setup for SPM then maps the three
dimensional movement of the probe over a sample. The measurement parameter can also provide
additional information about the sample like topography, force, and conductivity. One drawback of
the technique is that the scanning of bigger areas (i.e. greater than 100 um) would take a very long

time due to the mechanical scanning of the whole surface.

Atomic force microscopy (AFM) has been widely established as a technique in surface science
since it’s development by Quate et al. in 1986'°%!70 It requires little sample preparation and
can achieve up to atomic resolution, whilst being comparatively non-invasive. Thus, it is an
ideal technique to study morphology. With the development of AFM for liquid environments
in 1994!71-174 the study of catalytic systems opened new opportunities to better understand the
morphology-related mechanisms in catalytic processes. Especially (electro-)chemical processes
like growth, corrosion, and dissolution have contributed greatly to scientific advancements in the
respective fields'’>~17%. Also, highly dynamic Cu surfaces could be studied in liquid'®*'3! and
under CO2RR conditions®”'82. However, the technique comes with drawbacks as it has a temporal
resolution in the range of a few minutes per frame, depending on the size of the sample. This
makes it hard to capture fast processes like fragmentation or agglomeration, which could play a
major role for the catalytic performance.
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3.3 Electron Microscopy

A general description of an SEM, STM, and STEM setup is given in figure 13.1 and figure 13.2

in the appendix.

3.3.1 Electron Microscopy

Contrary to AFM, electron microscopy can achieve high spatial resolution while capturing
images at frame rates of a few frames per second or better, albeit within confined liquid layers with
thicknesses in the tens to hundreds of nanometres. The field of electron microscopy was started
following the development of the electron lens in 1926 by Hans Busch'®? and the subsequent
development of the first transmission electron microscope (TEM) by Ernst Ruska and Max Knoll in
193184, Ruska was awarded the Nobel Price in Physics for this development. Modern TEMs with
aberration-correction can attain sub-angstrom spatial resolution, depending on the acceleration
voltage'®. The group of Zworykin built the first scanning electron microscope (SEM) in 19428
for the purpose of observing the surface of samples, contributing to the first prototype of a
commercial scanning electron microscope in 1965'%7. Although TEM and SEM are both electron-
based microscopy techniques, they differ in how the images are formed and their requirements in

terms of sample geometry.

In conventional TEM, a parallel electron beam illuminates the sample, and the electrons that
are transmitted through the sample are collected with an electron camera to create an image. This
typically limits the thickness of the samples to a few hundred nanometers. Alternatively, the
electron beam can be focused to a fine sub-nanometer spot and scanned across the thin sample,
also known as scanning transmission electron microscopy (STEM). The electrons scattered by the
sample are then collected by different detector as a function of beam position, forming the image
pixel by pixel. In terms of image formation mechanisms, the TEM image generally consists of
phase and/or amplitude contrast, whereas STEM images are dependent on the detector used, with

the most used being Z-contrast.

In SEM, the electron beam is also focused on a spot and scanned over the sample. Like STEM,
the image formation mechanism also depends on the type of electrons detected, with the most
common being the emitted secondary electrons, which are used to generate an image of the sample
surface. In this case, the sample requirements are less stringent and even bulk samples can be
imaged, provided they fit in to the microscope chamber. With thin samples, it is also possible to use
a transmitted electron detector to form the image. Another significant advantage for the focused
electron beam-based imaging approaches for concurrent chemical characterization. For example,
it is possible to form compositional maps of the samples by collecting the characteristic X-rays
(EDX) generated by electron-sample interactions.

. . . . . _1G
The introduction of commercial environmental electron microscopes' &%~

and the development
of microfabricated environmental (electrochemical) cells'?!~'* lead to several advances in using
electron microscopy to perform in situ observations. Williamson et al. reported first liquid cell

for TEM in 2003'%2. It was followed by subsequent work by different groups such as Franks et
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al.'’!, Zheng et al.'®”, and de Jonge et al.'”®, which eventually led to the availability of liquid cell
TEM holders from different manufacturers. Since then, the field of in sifru TEM expanded rapidly
evidenced by the large number of review papers in the 5 years'*%1°7-202 Current in situ liquid cell
holders are equipped with tubing that can be connected to fluid flow systems, and internal wiring
that can be connected to electrodes that are deposited on the substrates and are thus capable of

electrochemical measurements with an attached potentiostat.

The most significant concern for electrochemical TEM or SEM experiments are beam-induced
artifacts due to the energetic electron interacting with the electrolyte and forming radiolytic radicals
that interact with the sample’”*. The most basic interactions of the electron beam with water are
displayed in figure 3.2. The current consensus in the field is to mitigate radiolytic effects by using
the lowest possible electron flux and comparative control experiments where areas of the sample
that are illuminated by the electron beam and those that are not illuminated are compared?. It
should also be noted the need to maintain a reasonable liquid layer thicknesses for electrochemistry
and low electron fluxes (i.e. poor signal-to noise ratios in the images) to minimize beam-induced
effects, but both compromise the achievable spatial resolution to a nanometer or so even in the best

microscopes 78204,

3.3.2 Electron Microscopy in Liquid

Reactors for gas phase and liquid phase were developed alongside and resulted in the devel-
opment of micro-electro-mechanical systems (MEMS), that combine electrical and mechanical
components into a single chip. For electrochemistry, these chips combine reference, counter, and
working electrode with microfluidic channels for the electrolyte and a silicon-nitride window for
microscopy access. The chips are exchangeable in a dedicated TEM or SEM holder, which allows
the easy exchange between individual measurements. The liquid volume can be controlled and
adjusted by a spacer and the liquid channels are sealed with rubber o-rings from the vacuum. A
basic schematic of the assembled liquid phase reactor is displayed in figure 3.1. In liquid phase EM,
additional interactions of the electron beam with the liquid have to be considered. If electrons of
high enough energy hit molecules, they can ionize them, introducing additional chemical reactions
to the system. Possible pathways for the dissipation of energy on the example of ionization in water

are displayed in figure 3.2
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Figure 3.1: "Schematic of the experimental geometry. The in situ imaging is achieved by encapsulating the
electrolyte in between two chips with an electron transparent silicon nitride membrane window.
The electrolyte is flowed into the cell using a syringe pump, whereas the electrochemical biasing

is achieved through a micropatterned carbon film that is connected to the working electrode of a

potentiostat." (Made by Dr. Aram Yoon)>"’
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Figure 3.2: Electron beam induced radiolysis processes upon interactions with water. Within femtosec-
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onds, radical and ionized water molecules are produced that trickle down towards more stable
molecular species. Around the microsecond timescale after the initial electron interaction with
water, stable species have formed, that can then react with other reactants or catalyst material in
the cell.
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3.4 X-Ray Spectroscopy

3.4.1 Extended X-Ray Absorption Spectroscopy

Extended X-ray absorption fine structure (EXAFS) spectroscopy is a type of absorption spec-
troscopy capable of (operando) measurements under electrochemical reaction conditions. The
technique is based on the ionisation of individual atoms by absorption of X-ray photons of matching
energy. As a result, a photoelectron with a kinetic energy depending on the incident X-ray photon
is released.’’® The ejected photoelectron has an energy equal to the incident photon minus the
binding energy of the released electron in its corresponding orbital (equation 3).

wk* (2m)%n?
2m  (2mA)?

Ekinetic = hv — Ebinding =

: frequency
: wavelength 3)
: wavenumber

. mass

> 3 & > v

h, h : (reduced) Planck constant

The absorption itself can be used to characterize the elements in a sample. For additional
information like the crystalline lattice, the interference of the released photoelectrons with sur-
rounding electrons from non-excited atoms is utilized. The ejected photoelectron can be seen as a
propagating wave which interacts with point scatterers, i.e. the non-excited atoms. Consequently,
the backscattered wave interferes in a constructive or destructive way with the propagating wave,
leading to an oscillation visible in the absorption spectrum.’”” In reality, a combination of multiple-
scattering effects and curved-wave corrections have to be taken into account. Modern methods
like FEFF?"8-219 (name derived from the effective curved wave scattering amplitude in the modern
EXAFS equation) consider these effects. By fitting the (pre-processed) data with a combination
of the most commonly occurring scattering paths predicted by FEFF, an accurate model for the
bulk sample can be derived. Nevertheless, the level of theory involved in such analysis is beyond
the scope of this work. Further informations for this topic can be found in the corresponding

literature.”!!
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Figure 3.4: 1.) Excitation beyond the ionization energy; photoelectron utilized only in EXAFS. 2.) Recom-
bination with release of a photon below the ionization energy; utilized in EXAFS and XANES.
3.) Auger effect; utilized in EXAFS and XANES.
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Figure 3.3: Red: region for XANES (pre-edge, near edge) and green: region for EXAFS (past edge).
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Besides EXAFS, X-ray absorption near edge structure (XANES) can be used to get additional
information about the components inside a sample and their chemical state under operando
conditions. XANES is based on the same principle as EXAFS, but considers the pre-edge region
of the spectrum. The near-edge spectra are sensitive to oxidation states. The XANES region starts
about 5 eV above the absorption threshold and goes up to 150eV (figure 3.3). XANES is typically
dominated by multiple scattering processes compared to the mainly single scattering dominated
EXAFS. Additionally, only photons and no photoelectrons are measured because it is below the
ionization energy, whereas in EXAFS, both can be detected. Furthermore, after excitiation by the
X-ray a recombining electron can transfer its energy to another electron, causing it to exceed the
ionization energy and leave the shell, leading to the Auger effect.”'” Figure 3.4 shows all involved
transitions that are utilized for XANES and EXAFS.
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To get information about the coordination number and the atom position in the crystal lattice
of the sample, the raw spectra have to be processed. First, a background subtraction is performed
on the raw spectra. Therefore, a polynomial function is fitted onto the pre- and post-edge region.
This procedure determines the normalization constant, for the fitting. A second function is fitted
through the data points of the edge itself. A mathematical expression for the processing of the raw
data is shown in equation 5.

p(E) = po(E) | pw(E) — po(E)
A(E) T Du(Ey)

x : normalized oscillatory part of the absorption coefficient )

X(E) =

p(E) : measured absorption coefficient

u(Ep) : absorption coefficient without contributions from neighboring atoms (fit)

ApFEy can be evaluated at the edge step (Fy) and the approximation seen in equation 4 is used.
The subtraction leaves an interferogram that represents the interference between the propagating
wave and its backscattering part; this is referred to as the "k-space" or wavevector space (the vector

space of possible values of momentum for a particle) with:
k‘ = T(E — Eo)
T~ 0.2625

&)

The next step is the Fourier transformation of the interferogram in k-space into the R-space (half
path length) representation. Fast oscillations in the spectrum, which correspond to longer path
lengths, are represented as R-space peaks located at higher r and vice versa. Onto the R-space
spectrum, a fit consisting of multiple oscillations can be applied to gain more information like
neighboring atoms in a Cu crystal lattice (FEFF-theory). Additionally, a reverse Fourier transfor-
mation can be done to get a "noise free" spectrum in k-space. An example for a transformation of
raw data back and force between the real and the reciprocal spaces can be found in figure 3.5.
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Figure 3.5: Exemplary data processing starting from the energy spectrum. Transformation into k-space
by background subtraction and normalization. Fourier transformation of the k-space gives the
R-space and an additional reverse Fourier transformation gives the g-space.

3.4.2 Operando XAFS

To enable XAFS measurement under CO,RR operando conditions, a specifically designed cell is
necessary. The absorption of X-rays in water (and water based electrolytes) makes electrochemical
measurements challenging. Therefore, the specimens need to be deposited on a thin substrate,
which is then used to seal off one side of the electrochemical cell. The X-rays enter the cell from
the back of the substrate-sealed side, and the emitted fluorescence signal is collected from the front.
A schematic of the electrochemical cell equipped with reference, counter, and working electrode
are shown in figure 3.6.

Reference electrode
Counter electrode
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Figure 3.6: EC-cell used for XAFS measurements in liquid under CO,RR conditions. The sample seals one
side of the cell and the X-rays are going in from the backside. The emitted fluorescence signal is

collected perpendicular to the incident beam.

3.4.3 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique with a probing depth
of only a few nanometers. This technique utilizes the photoelectric effect to analyze the atomic
composition of surface atoms. The photoelectric effect originates from the phenomenon elucidated
by Einstein, where a photon of sufficient energy (X-ray range) can eject an electron from the
core level of an atom. To analyze the composition of a sample, the kinetic energy of the ejected
electron is measured, which is characteristic for different elements. Although the X-ray photons
can penetrate deep into the sample, only the surface level electrons can escape it, hence the high
surface sensitivity. The kinetic energy of the electron depends on three components out of which
one is known: the energy of the X-ray photon, typically from a AI/Mg Ka source (1486.3 eV and
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1253.6 eV, respectively). The other two are the binding energy of the ejected electron and the work
function between the vacuum and the sample surface, both of which are element specific. Equation

6 shows the relation between kinetic and binding energy.

E,+¢=FE,—hv
E} : kinetic energy
E} : binding energy (6)
¢ : work function

Ephoton : energy of photon with frquency v

From the electron vacancy left in the core level after the photoelectron was emitted, a secondary
electron can be emitted via the Auger effect. The Auger effect describes the relaxation of a
higher shell electron into the ground shell. The energy difference is released by emitting a second
electron from the same shell that the first electron relaxated from and can be used for chemical

characterization. Both, the photoelectric effect and the Auger effect are shown in figure 3.7.

XPS Auger Spectroscopy
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Figure 3.7: Schematic of the photoelectric- and Auger effect. A X-ray photon emitts a core level electron,
leaving an electron vacancy that is filled by relaxating another electron from a higher shell and
thereby emitting a second electron.

3.5 Electrochemistry

The following part covers all electrochemical techniques used in the characterization of the
catalysts and the respective theory behind them, for an in depth introduction to the topic, readers
are referred to various textbooks that this section is based on’'*~>!_ In this work, the emphasis
is placed on electrically driven chemical effects and their measurement using various techniques.
The processes discussed here take place on the solid-liquid interface of a heterogeneous system

consisting of an electronic conductor (electrode) and liquid ionic conductor (electrolyte) when a
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charge is transported through the interface by the movement of electrons (or holes). The electrolyte
is (in most cases) a solution of ionic species in water or non-aqueous solvents and the charge is
transported by the movement of these ions. The setup to measure the transport of these charges is

collectively called an electrochemical cell.

3.5.1 Basics of Electrochemistry

Two types of processes occur on an electrode interface. First, there is the transfer of charges
(e.g. electrons) across an electrode-electrolyte interface that causes the oxidation or reduction.
This process is governed by Faraday’s law, meaning that there is a proportionality between the
amount of chemical reactions (caused by the flow of current) that occur, to the electricity passed,
thus they are classified as Faradaic processes. The corresponding electrodes are in turn called
charge transfer electrodes. If the electrons on the electrode-electrolyte interface are not transferred
(e.g. if the reaction is thermodynamically or kinetically unfavorable) it will not show an electrical
response in the system. However, there are processes like adsorption and desorption happening
which can alter the solid-liquid interface. These processes can cause a current to flow when the
applied potential, concentration of the electrolyte or the electrochemical surface area (ECSA) is

altered. As a result, these non Faradaic processes cause an offset from the zero current line.

3.5.2 Electrode Setup

Pressire
equalization

‘ ] k v 1 | d !
/ ' ju H
Counter electroge ‘\ _ Reference electrode

Selemion Membrane

Figure 3.8: Electrochemical Cell. H-type electrochemical cell with a working electrode (WE) and counter
electrode (CE) compartment which is separated by Selemion anion exchange membrane. Both
compartments have a CO; inlet and outlet, with the one on the working electrode compartment
connected to the GC. Additionally, a pass-through for the reference electrode (RE) is next to
the working electrode. All three electrodes are connected to a potentiostat, which consists of
three base components: a control amplifier (CA) to maintain the voltage, a series resistor (Ry,) to
measure the voltage drop and an input source (E;).
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The electrode setup depends on the type of experiment, the number of electrodes, the direction
in which the current goes needs to be considered. Whether an oxidation or reduction reaction is

measured, the reaction environment, and if the potential or current are tracked.

An electric cell potential between two electrodes (in Volts) describes the energy which is available
to drive a charge between the electrodes by external forces. The potential is the cumulative energy
of charge transfers due to potential differences on all interfaces in the electrochemical cell and the
crossing almost exclusively occurs directly at the interface. Furthermore, the absolute difference in
potential at an interface controls the direction and rate of charge transfer by affecting the relative
energies of charge carriers in the individual phases.

In a typical electrochemical experiment, the potential between the working and counter electrode
is applied by an external power supply. The setup used for the electrochemical characterization in
this work is shown in Figure 3.8. As reactions occur, changes in the potential (E) are measured
by an external circuit, which can be directly correlated to the stoichiometrical amount of product
generated and reactant consumed at the interface. The number of electrons is expressed in the total
amount of charge (Q) that passes the circuit. The relationship of product formed and charge can be
described by Faraday’s law.

Q1

1mol

F=eN, =
Q =n;zF
n; : Number of associated electrons with the reduction

)

z : charge number
F' : Faraday constant

N, : Avogadro constant

In the basic case of two electrodes separated by a single-phase electrolyte, the reactions can
be separated into nominally independent half cells. In the reactions discussed here, we focus on
only one of the half-reactions, we call the corresponding electrode at which this reaction takes
place the working electrode (or indicator electrode). The other half-cell is consists of a counter
electrode with a surface area about 2-10 times that of the working electrode. The electrochemical
potential can be measured between the working- and the counter-electrode. However, the counter
electrode is usually not fully inert and can change over the course of the reaction. Thus, a third
dedicated reference electrode is typically introduced into the system that has a stable phase and
essentially constant composition. Historically, the potential of the reference electrode was set
to that of the standard hydrogen electrode (SHE) or normal hydrogen electrode (NHE), but in
particular substitute electrodes such as silver-silver chloride electrode (Ag/AgCl) or saturated
calomel electrode (SCE) are usually used due to their stability for different reactions. The potential
is corrected in relation to the SHE, for example the potential of Ag/AgCl/KCl (sat) is 0.242V vs
SHE.
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3.5.3 Electrochemical Techniques Used

In this work, we focus on experiments that either keep the potential constant and track the current

over time or investigate the current changes with changing potential.

Chrono Amperometry

Chronoamperometric (CA) measurements are one of the most commonly applied techniques in
electrocatalysis and corrosion research. Here, the potentiostat keeps the applied potential between
the working electrode and the counter electrode at a constant voltage and the changes of the current

over time are measured.

Linear Sweep Voltammertry

The most basic potential sweep method is linear potential sweep chronoamperometry which
is more commonly known as linear sweep voltammetry (LSV), where the current is tracked and
plotted versus the changes in potential (i-E-curve, figure 3.9). In this case, the potential is changed
with a fixed sweep rate (v) ranging between 10mV s™! to 1000mV s™! and up to 10 x 106 Vs~!
with UME:s.

The starting point of LSVs is usually chosen close to Eg, such as to prevent Faradaic processes
to occur right from the start. For a short time, only non-Faradaic processes are present on the
electrode interface. With an increasingly more negative electrode potential, reduction processes
become the charge transfer governing mechanism. Beyond this reduction onset, the reaction rate is
increasing and the reactant concentration close to the surface drops whilst approaching the formal
potential (Eg’). After passing Eq’, the reactant mass transport to the surface reaches a maximum
rate, and beyond that point the rate declines as the depletion effect sets in. The result is a peak

shaped i-E curve that can be observed in the LSV.
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T
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Figure 3.9: Left: linear potential increase (sweep) starting from E;. right: resulting i-E-curve.
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Cyclic Voltammetry

Following the peak shaped current response described in the previous section, the reverse poten-
tial at a defined sweep rate (usually the same as before) can be applied as shown in figure 3.10.
Close to the surface, a high concentration of the previous product is present, which is now the educt
for the reverse reaction (in a fully reversible redox reaction). In the current response, an analogue
peak shape to the previous reduction can be observed with the main difference that the potential is
shifted. The reasons for the peak-shape are essentially the same, with the exception of the direction
in which the potential is sweeped, thus the peak center appears on the opposite side of Ey’. This
experiment is typically referred to as cyclic voltammetry (CV) and is the potential scan equivalent

to double potential step chronoamperometry.

: > : >
0 t E Eo E

Figure 3.10: Left: linear potential increase (sweep) starting from E; with subsequent reverse at the same

speed. right: resulting i-E-curve.

CVs are a powerful tool that enable insight into fairly difficult electrode reactions as well as

adsorption and desorption processes.

3.5.4 Double Layer Capacitance

This aforementioned non-Faradaic processes provide valuable information about the sample
properties. One is the estimation of the electrochemical surface area (ECSA) by measuring the
double layer capacitance (C;). In case of CO,RR, there are two common methods. The total
applied current (I) consists of two components, the current used in faradaic processes (iy) and

in non-faradaic processes (i.). The non-faradaic current contributes to charging the double layer

29



capacitance and can thus be used to probe it. Under the assumption that the surface area (A) does

not change (e.i. dA/dT = 0), the current can be expressed by

ic == —ACd(dn/dt) == —ACd(dE/dt)

i : non-faradaic current
()

A :area

Cyq : double layer capacitance

dFE /dt is time dependent, the resulting current changes over time. If an explicit dE'/ dt is known
e.g. by measuring cyclic voltammetry with different scan rates (v), i, can be calculated from the
slope of the ¢.-v-plot. In real world applications, the formation of oxide films and electrolysis of

adsorbed species add additional components to the current.

The second approach is based on impedance spectroscopy. Impedance (Z = R — j X ) describes
a vector that links voltage and alternating current (e = Esin(wt)). It consists of a real component
(ZRe) and an imaginary component (Z,,). In the field of electrochemistry, the imaginary part is

almost always capacitive. Impedance is generally defined as

Z|w] = Zre — jZim
w : angular frequency of an alternating current (©)]

jiv-1

An electrochemical system can be modeled by an (Randles) equivalent circuit consisting of
resistors and capacitors as presented in figure 3.11a. The resistance of the electrolyte (R,,) is
affecting all currents, thus the equivalent resistor element is put in series. After that are the double-
layer-capacitance (Cy) and a general faradaic impedance (Z) in parallel, where the capacitive
(i.) and faradaic current (iy) are taking different routes. The faradaic impedance is divided into
further elements that are in parallel or series configuration. These elements are (in a simplified
model system) the Warburg element (Zy) which models diffusion processes, the charge transfer
resistance (1), and an adsorption pseudo capacitance and resistance (Cy,s and R,q4s, respectiviey).
Figure 3.11b shows how a Nyquist plot (Zg.-Z1,,,-plot) of such a system would typically look.
The initial zero passing at high angular frequencies represents the resistance of the electrolyte, the
second zero passage is the sum of the charge transfer resistance and electrolyte resistance, though

due to diffusion limit resistance (Warburg resistance), the plot continues linearly in a ~=45°angle.
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Figure 3.11: a) Equivalent circuit for a simplified electrochemical system consisting of electrical elements
in series and parallel. b) Nyquist plot of an electrochemical model system.

At high frequencies. diffusion cannot manifest and thus Warburg resistance is not existent. The
relation of these electrical elements to the angular frequency of a sinusoidal alternating current, as

summarized in equation 10.

g
Rs:Rct'i_j
w?2
1

Cs = T

ow?2

nRT

R., =
7 Fig

R : series resistance

R : charge transfer resistance (10)
o : Warburg coefficient

: angular frequency

: gas constant

N = €

: temperature

: number of electrons involved

3

With these equations, the impedance of a system can be measured in dependence of the applied
frequency and the resulting Nyquist plot modeled and fitted by an equivalent circuit to determine the
double-layer-capacitance (among other sample properties). An in-depth explanation and discussion

about how to derive the formula in this section is available in literature?!*-217-218,

3.5.5 Faradaic Efficiency

To determine the effectiveness of a catalyst, it is important to have a representative value for
comparison between samples. In the case of CO,RR, this is the Faradaic efficiency (FE(%)) for
gaseous and liquid products. The Faradaic efficiency is a value that determines the amount of
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electrons that are used for the specific reaction (by applying a potential) over the electrons that
do not (e.g. by going into other reactions like HER). First of all, the amount of products has to
be determined. These are obtained by gas chromatography (GC) for the gaseous products as well
as high-pressure liquid chromatography (HPLC) and nuclear magnetic resonance spectroscopy
(NMR) for the liquid products. The equation that was used for the calculation of the Faradaic

efficiency is shown below (equation 1 1).219

I
n; : Number of electrons

FE;(%) =

F' : Faraday constant (11)
¢; : Volume fraction of the gases
F,, : Molar CO,, flow rate

I : Current

The amount of electrons associated to the reduction of a certain product can be taken from table
1 from the previous section Electroreduction of CO;. As for the Faraday constant (F), it is the
absolute value of the electric charge per mole of electrons and is derived from physical constants;

the electric charge e and the Avogadro constant (/V,,). This relation is displayed in equation 12.

F=eNy
N4 : Avogadro’s constant (12)

e : elementary charge

From this, the partial current density (i,) can be derived as shown in equation 13

. FEz(%) Z'toml
lg = X
100 A
S - (13)
ltotal - total electrolysis current

A : area of the sample

The molar flow rate F,, of CO; is predetermined by the experimental setup and is set to
20 mL min~! in all experiments. From the peak area of the signals in the GC, the volume fraction
of the respective gases ¢; is determined. Finally, the current that is necessary for the calculation,
is recorded throughout the experiment by the potentiostat. Therefore, for each injection into the
GC, the current can be exactly determined. After inserting these values, the measured current, and
respective product rate into equation 11, the Faradaic efficiency for each product is calculated. The
sum of all Faradaic efficiencies FE;(%) should be 100 %.

FEtotal(%) - ZFEz(%) (14)
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To get information of the activity associated with each respective product, the partial current
density is calculated according to equation 13.
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4 Growth Dynamics and Processes Governing the
Stability of Electrodeposited Size-controlled Cubic
Cu Catalysts

The following chapter is based on my paper in Journal of Physical Chemistry C on the "Growth
Dynamics and Processes Governing the Stability of Electrodeposited Size-controlled Cubic Cu
Catalysts".”° 1 have planned and conducted all experiments and prepared the draft. The liquid
phase SEM measurements have been done in collaboration with Dr. Aram Yoon from our electron
microscopy group. In this chapter, the synthesis parameters and mechanism that governs the
electrodeposition of Cu cubes used in the later chapters are discussed.

"[...] Here, we explore the phase space of synthesis parameters required for the electrodeposition
of Cu cubes with {100} facets on glassy carbon substrates and elucidate their influence on the
size, shape, coverage, and uniformity of the cubes. We found that the concentration of C1~ ions
in solution controls the cube size, shape, and coverage, whereas the ratio of the reduction versus
oxidation time and number of cycles in the alternating potential electrodeposition protocol can
be used to further tune the cube size. Cyclic voltammetry experiments were complemented with
in situ electrochemical scanning electron microscopy to follow the growth dynamics and ex situ
transmission electron microscopy and electron diffraction. Our results indicate that the cube
growth starts from nuclei formed during the first cycle, followed by a layered deposition and partial

dissolution of new material in subsequent cycles."”

4.1 Introduction

"[...] Tt is known from single-crystal studies that Cu{100} has superior selectivity toward
ethylene and ethanol production vs other crystalline orientations.?”’ On the basis of theoretical
calculations, it has been hypothesized that the bonding distance of two or more adsorbed CO
molecules on the {1 00} surface favors the C-C coupling and thus influences the desired selectivity

221223 Hence, cubic nano-particles exclusively made of {100} facets have

224

toward Ca4™* products.

arisen significant interest for future industrial applications.

There are various approaches to create size- and shape- controlled particles for use as electrocat-

1,727-228 chemical vapor deposition,””’

alysts, such as colloidal synthesis,””’ laser ablation,”*° sol-ge
and electrochemical synthesis methods.'*"">3Y Among these techniques, the electrochemical depo-
sition of copper particles has the following advantages: (1) the catalysts are directly deposited on

the working electrode, which ensures good adhesion; (2) the catalyst shape and hence their surface

Changed C2+ to Ca4 for consistency to the other chapters.
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exposure are easily tuned through the addition of halide ions to the copper precursor solution;””->3!

and (3) the use of surfactant ligands to achieve shape control is avoided, which otherwise requires
additional chemical treatments to remove them to achieve a pristine catalyst surface. Moreover,
the presence of halide ions in the electrolyte may act as another factor that can be used to tune the
catalytic selectivity.”*> However, the phase space of synthesis parameters that needs to be explored
to obtain catalysts with narrow size and shape distributions is large. These include, the optimum
Cu precursor salt, optimum Cu concentration in the electrolyte, optimum CI~ concentration (and
how this affects the resulting average particle size), the potential range employed, and the duration

of the electrodeposition as well as the pH of the electrolyte.

Recently, we reported a protocol that achieves the direct growth of copper particles from solution
onto carbon-based supports with a narrow shape distribution using alternating potentials, where the
potential window is tuned such that only the noncubic particles dissolve.”*! In the present study,
we discuss the role of other important synthesis parameters namely, the Cu/CI~ concentration, the
number of cycles, speed, potential, and how they affect the final electrocatalyst shape and size
distribution. In particular, we found that the C1~ concentration’** had the most drastic effect on
the catalyst size distribution and coverage. We further studied the dynamic morphology of the
electrodeposited Cu particles via in situ electrochemical scanning electron microscopy (SEM) to
gain insight into the details of the growth pathways. Our results show that nuclei for the cubes
are formed during the first pulse electrochemical cycle, which progressively grow into cubes in
the subsequent alternating reductive-oxidative cycles as new material is deposited and partially
removed. In addition to achieving shape selection,'®” here we attempt to explore the parameters
and conditions required to grow uniformly dispersed, size-controlled Cu cubes from a solution of
CuSO4 and KC1.'#?

4.2 Experimental Methods

4.2.1 Synthesis

A mixture of 5 mM copper sulfate-pentahydrate (CuSO4-5H,0) (Sigma-Aldrich, 99.7-100.5 %)
and 5, 10, 30, or SO0 mM potassium chloride (KCI) (Sigma-Aldrich, 99%) has been used as
electrochemical deposition solution. The synthesis was performed in a three-electrode configuration,
equipped with an Ag/AgCl (sat.) reference electrode (Gaoss Union), a Pt counter electrode, and
a polished glassy carbon (vitreous) plate (SPI) as working electrode. Electrochemical cycling
between an anodic (+0.0 V vs Ag/AgCl) and a cathodic potential (-0.5V vs Ag/AgCl) within a
total of 10 cycles results in the electrodeposition of size- and shape-controlled Cu cubes. Initially, a
potential of —0.5 V vs Ag/AgCl was held for 8 s followed by a potential jump to +0.0 V vs Ag/AgCl
for 4 s. The cyclic voltammetry is completed by returning to the initial potential.

4.2.2  Morphological Characterization

The samples were characterized by using a 200kV Talos transmission electron microscope

(TEM) from Thermo Fisher. The in situ electrochemical scanning electron microscopy (SEM)
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experiments were performed in an 30kV Apreo scanning electron microscope from Thermo
Fischer using a customized liquid flow cell setup from Hummingbird Scientific with dedicated Ag/
AgCl (3M) reference and Pt counter electrodes. The electrodeposition studies were performed
by using liquid cell chips from Hummingbird Scientific that are patterned with a carbon working
electrode. The image sequences following the electrodeposition process were acquired by using
the transmission electron detector.

For each precursor solution containing a defined ratio of Cu to CI, three samples were produced, and
the microscopy measurements were conducted in several different locations of the sample to check
the homogeneity of the electrodeposition process. An automated particle detection and counting
algorithm from the Gwyddion software was utilized. The respective SEM size distributions were
calculated based on data obtained from at least three different positions on the sample. The
interconnected cubes are counted as individual cubes for statistics, whereas the size distributions
are obtained only from isolated cubes. The distributions were fitted with a Gaussian curve to yield
the average sizes displayed in Tables 4 and 5.

4.3 Results and Discussion

Although it was previously established that the presence of Cl~ ions in solution is crucial

for the electrochemical growth of the Cu cubes,”’!

no information was yet available on how to
simultaneously tailor their size, distribution, and coverage on the support. Because during the
electrodeposition process the growth speed is governed by the availability of ionic metal species
(M+), which is given by the concentration of the metal salt in solution, we have kept this parameter

constant (5 mM CuSOy) for a more direct comparison of the role of other parameters.
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Figure 4.1: (a) Synthesis protocol with alternating potentials of 0 and —0.5 V vs Ag/AgCl and fixed oxidizing
(to) and reductive (t,) time length (t, = 8s and t, = 4s). SEM images and respective size
distributions of Cu cubes synthesized with a 5 mM CuSO4 solution mixed with a KCl solution
of the following concentrations: (b) 0 mM KCI (1:0, no C17), (¢) 5mM KCI (1:1), (d) 10 mM
KCI (1:2), (e) 30 mM KCI (1:6), and (f) 50 mM KClI (1:10). In (g) 50 mM CuSO4 + 5 mM KC1
(10:1) were used to see the effect of further increasing the CuSO4 concentration. The respective

current response can be seen in Figure 4.2.

Figure 4.1 shows how the morphology of electrodeposited particles, obtained from SEM, varies
as a function of the Cl~ concentration from 5 to 50 mM, leading to different Cu-to-Cl ratios in
the precursor solution. The alternating potential cycles used for the electrodeposition are depicted
in Figure 4.1a. Figure 4.1b shows that such protocol can still yield cubelike structures without
the presence of Cl~ ions in solution but that their average size is much larger and exhibits a
broader size distribution as compared to the samples where C1~ was added. Moreover, the cube
corners are truncated. Figures 4.1c-f show that with increasing concentration of C1~ and constant
Cu* concentration (5 mM CuSQy), cubes with sharp corners are obtained, and the cube size was
found to decrease while the surface density of the cubes on the support increased. At a Cu-to-Cl
ratio of 1:6 (SmM CuSOy4 to 30 mM KCl), the cubes start to interconnect as shown in Figure

4.1e. Furthermore, the cube coverage is the highest for this Cu/Cl ratio. For a KCI concentration
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of 50 mM, the cubes no longer maintain a sharp cubic shape and the corners start to become
rounded (Figure 4.1f). Increasing the concentration of CuSOy4 to 50 mM, while keeping the KCI
concentration at SmM KCl (10:1) (Figure 4.1g), leads to a significant change in the deposited
morphology, with large micrometer-sized branched structures. A closer examination of these

flower-like structures further suggest that they are made up of merged cubes (inset in Figure 4.1).

On the basis of the size distributions, we calculated the exposed electrochemical Cu surface
(specific areacy, cupes) assuming a cubic geometry. The results are summarized in Table 4. For all
Cl~ -containing samples synthesized under identical conditions, the exposed surface area of Cu is
similar, while without the addition of Cl~, the surface area is significantly smaller. This estimation

does not account for the loss of exposed facets due to the interconnection of the cubes; thus, it may

lead to an overestimation of the surface area for those samples.
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Figure 4.2: Current response for different applied synthesis protocols. Panels (a-c) show changes in the
times t, and tg with (a) t, < t,, b) t, = t,, and (¢) t, > t,. In (d,e) the variation of applied
cycles is shown with (d) 1 cycle and (e) 100 cycles. Lastly, in (f) the concentration of CuSOg4
was increased from 5 mM to 50 mM, whilst the KCI concentration remained at 5 mM. The

electrochemical protocol is the same as in (a).
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Table 4: Size Distribution of the Different Electrodeposited Cu Samples with Varying Precursor Concentra-
tions Ranging from 5 to 50 mM Cu-to-Cl Ratio Fitted by a Gaussian Peak Shape®

CuSO4 conc KCl  conc ) . no. of Cu surface
Cu:Clratio  Size (nm) ) )

(mM) (mM) cubes/cm area (cm®)

5 0 1:0 596 + 47 9.0x10° 1.6x1071

5 5 1:1 201 + 32 1.6x108 6.6x1071

5 10 1:2 125+5 9.1x108 7.1x1071

5 30 1:6 44 + 4 1.8x1010 17.3x1071

5 50 1:10 39+3 5.5x10° 4.2x1071

50 5 10:1 87 +7° - -

“The times t; and t, were kept at 4 and 8 s, respectively, and the number of cycles was kept constant
and set to 10 cycles. The column (no. of cubes/cm?) indicates the number of Cu Cubes detected
per cm? of the support, while the last column describes the specific Cu surface area per cm? of

sample.”Size of cubes in the branched structures.

In Figure 4.3, we summarize the effect that changing the duration of the applied reductive
potential (E,.), oxidative potential (E,), and the number of applied cycles have on the morphology.
Previously, we had shown with in situ TEM that noncubic particles dissolve earlier than the cubic
ones during the oxidative part of the cycle.”*! By cycling repetitively within a potential window
where the noncubic particles dissolve and the cubic ones do not, we could induce selection toward
cubic shapes. Now, we use Figure 4.1c¢ as the reference point for comparison (5 mM CuSO,4 and
5 mM KCI) with 10 alternating potential cycles of t, = 8 s and t,. = 4 s. Our results indicate that a
longer oxidative potential is preferred to dissolve noncubic particles completely.”?! An increase
in the reductive potential results in larger cubes, but it comes at the expense of the growth of
noncubic particles that do not fully dissolve during the oxidative potential. In Figure 4.3a, we
show that applying the same duration for both the oxidative and the reductive potential (t, = t,
= 4 ) surprisingly leads to smaller cubes (roughly half the size of those shown in Figure 4.1c)
with triple surface coverage. The calculated specific area of Cu is in this case approximately
two-thirds of that of the 1:1 sample with t, = 8s shown in Figure 4.1c. If t, is longer than t,,
the size distribution shifts to larger cube sizes together with the formation of branched structures
(Figure 4.3b). Additionally, the specific area of the Cu cubic particles is reduced to approximately
one-third. The size distribution and surface area calculation results, normalized to 1 cm? sample

size, are summarized in Table 5.
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Table 5: Size Distribution and Specific Cu-Cube Area Estimation Results Normalized to 1 cm? as a Function
of the Electrochemical Protocol Applied (Fitted by the Gaussian Peak Shape)?

b ) () Size (nm) no. of Cu surface
cubes/cm? area (cm?)
4 8 201 4+ 32 6.6x108 27.9x10~!
130 £ 3 21.9x10% 18.5x10~1
8 4 340 £+ 10 1.6x10% 9.6x10~!

“Here the concentration was kept at 5 mM for KCl and CuSOy (1:1), and only the times are altered.
The column (no. of cubes/cm?) indicates the number of Cu Cubes detected per cm? of the support,

while the last column describes the specific Cu surface area per cm? of sample.
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Figure 4.3: Effect of varying the time length and number of cycles of the synthesis protocol with constant
precursor concentrations (5 mM CuSO4 and 5 mM KCIl). Different times for t, and t, with (a) t;
=t, and (b) t; > t, as well as change in the number of cycles with (c) 1 cycle and (d) 100 cycles
compared to the t; < t,, 10 cycle reference.

Lastly, we varied the number of cycles while using the same cycling parameters as in Figure 4.1c
of t, = 8s and t, =4 s. From Figure 4.3c, we can see that applying only a single oxidative-reductive
potential cycle leads to the formation of smaller, but poorly shaped cubes, suggesting that these are
the initial nuclei from which the larger cubes are formed in the subsequent cycles. On the other
hand, increasing the number of cycles to 100 (Figure 4.3d) leads to a densely covered surface, but

with significant dispersion in terms of both particle size and shape.

For a better understanding of the parameters that enable a high surface coverage of size- and
shape-controlled Cu,O cubes, we further examined the electrochemical characteristics of the

deposition process using cyclic voltammetry (CV) and the deposited structures using electron
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microscopy. Figure 4.4a compares the CV curves of a glassy carbon support in a solution of 5 mM
CuSOy4 and 5 mM KCl as well as a second solution with 50 mM KCl, both in Ar-saturated ultrapure
water. In our protocol for the electrodeposition we alternated between two potentials, a reductive
potential (E;) at -0.5V vs Ag/AgCl and a slightly oxidative potential (E,) at +0.0 V vs Ag/AgCl,
indicated by the dotted lines in Figure 4.4a. E,. lies at a potential higher than the maximum of the
two cathodic peaks, and E,, lies at the onset of the anodic peaks. With increasing concentration of
Cl~ (and K*) ions the conductivity increases, which reduces the distance between the cathodic and
anodic peaks A1/2 and C1/2, respectively. Hence, changing the C1~ concentration also resulted in
modifications of the deposition and dissolution currents and, thereby, in changes in the growth rate
of the cubes. As shown in Figure 4.4b, the deposition and dissolution currents in the 50 mM KCI

cycling experiment are about 4 times larger than those in the 5 mM KCI experiment.

Figure 4.4c shows high-resolution TEM images and the selected area electron diffraction (SAED)
pattern of a 1:1 Cu-to-Cl ratio sample obtained by depositing the cubes directly on the carbon
working electrode of the liquid cell chips used in the in situ SEM experiments described later in this
article. Figure 4.4d shows the corresponding scanning TEM (STEM) image and energy-dispersive
X-ray (EDX) spectroscopy map of a cube. The TEM and STEM images indicate that we form solid
cubes with small pores near the surface. The SAED pattern shows that the cube is a Cu,O single
crystal. The strong diffraction spots at the {311} and {420} positions together with diffuse spots
at {220} and {220} are consistent with the pattern of a tilted crystal which is not orientated close
to a zone axis. A closer inspection of the image also reveals subtle layering in the internal structure
of the cube (second panel in Figure 4.4c). The STEM image provides more detail regarding the
structure, where one can distinguish a slightly porous cubic core with uniform contrast, followed
by alternating layers of brighter and darker contrast, before ending with a thicker layer of darker
contrast. These changes in contrast are likely caused by small changes in the density between an

oxidized layer and the subsequently deposited layer.
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Figure 4.4: (a) Cyclic voltammograms (CV) in 5mM CuSO4 and 5mM KC1/50 mM KCl at 25mV s~! to
show the current response at the potentials E, and E,,. The anodic peaks Al and A2 represent the
oxidation to Cu;O and CuO, and the cathodic peaks are typically interpreted as the corresponding
reductive counterparts.”>* In (b), the current responses for 1:1 and 1:10 Cu-to-Cl ratio samples
(t, =45, t, = 8s, 10 cycles labeled I-X) at the potentials E, and E,, are shown. TEM images and
electron diffraction patterns of 1:1 cubes prepared with the same procedure are shown in (c),
with the Roman numbers indicating layers correlated to the respective cycle in (b). The colors
are inverted for better visibility. In (d), the EDX mapping of the same pristine Cu cubes on the
carbon working electrode of the liquid cell chips used for TEM are shown.

These results, together with the poorly formed cubes after a single deposition cycle that was
shown in Figure 4.3(c), suggest a cube growth pathway where the poorly formed cube serves as
nuclei for subsequent growth. The thickness of the final surface layer indicates that the reductive
part of the cycle actually increases the thickness of the cube by a substantial amount, which is
removed to a large degree during the oxidative part of the cycle, leaving behind only a portion of
the deposited layer. The last layer is thicker because the applied protocol ends at the reductive

potential. This mechanism is summarized as a schematic in Figure 4.6(a). To confirm this growth
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mechanism, we acquired electrochemical SEM images to follow the nucleation and growth of the
particles during potential cycling. Images extracted from the first three cycles of the in sifu image
sequence are shown in Figure 4.6b, and the full movie sequence covering 11 cycles is provided as
Movie 13.3*. Consistent with the proposed mechanism, we only observe small, partially developed
cubic structures with truncated corners and broken edges during the first cycle (enlarged image in
Figure S4.5).

Figure 4.5: Magnification of the insets shown in Figure 4.3 (c) that displays the cubes after one deposition
cycle. The scale bars are 100 nm.

The nucleation process itself was not possible to observe due to limitations in the microscope
resolution. The in situ image sequence revealed that the cubes are nearly fully formed by the end of
the third cycle. Furthermore, we were able to see the dynamic formation and dissolution of noncubic
particles during each potential cycle, as we reported previously via TEM.?*! A comparison of the
images acquired at the second and fourth deposition cycles also indicates that 80% of the final
cubic structures were formed from the initial semicubic nanostructures. We could measure a slight
increase 5-10% in size with each deposition step, corroborating our proposed mechanism. On
the basis of these results, we can rationalize why our standard protocol appears to be optimal for
generating size- and shape-controlled Cu,O cubes and provide general principles for modifying the
protocol to achieve tuning of the cube morphology. First, it is clear that the C1~ ion concentration
influences both the nucleation of the Cu,O cubes and the stabilization of the cubic shape. It is
known that both C1~ and SO, ~ ions can act as modifiers to stabilize specific crystal orientations.”*
Cl1~ ions stabilize the Cu{100} facet, whereas SO4~ ions stabilize both Cu{111}, and Cu{100}
facets. Hence, the formation of truncated cubes in the absence of C1~ can be easily attributed to the
effect of SO4~. When KCl is however added, the effect of chloride dominates due to the stronger

adsorption of Cl~ ions to the Cu surface.”*

+ Here in form of a figure in the appendix
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Figure 4.6: (a) Scheme of the proposed mechanism for the growth of Cu cubes by electrodeposition, with
layer growth during E, and shrinkage during E,. The noncubic particles dissolve completely
after growth during E,.. (b) Operando SEM images of the second to fourth electrochemical cycles
in a 5mM CuSO4 + 5 mM KCI solution synthesized by the electrochemical protocol discussed
in Figure 4.4.

The increased coverage of cubes on the glassy carbon surface and the reduction in size of the
cubes are, on the other hand, attributed to the increased conductivity of the electrolyte due to the
added KCI and the relatively low concentrations of CuSO4 used in our deposition solutions. The
higher deposition currents at higher KCI concentrations lead to the formation of more CuSOy4
nuclei, as indicated by the increasing density of cubes on the support surface with increasing KC1
concentration. Presumably, the higher cube density also aggravated the local depletion of Cu?*
during the reduction cycle, resulting in a reduced growth and smaller initial cube sizes. We note
here that this trend is not sustained at the highest Cu:Cl ratio of 1:10, where we also start to see
poorly formed cubic structures, suggesting that at 50 mM KCl, the nucleated cubes start to be
etched from the support surface by the high dissolution currents present during the oxidative cycles.
Within these limits, the final size distribution can be then tuned by adjusting the durations of t, and
t, and the number of cycles. Increasing the number of cycles by a significant amount, however,
appears to have a detrimental effect on the monodispersity of the deposited catalysts (Figure 4.3d).
This is likely due to the increase in the probability of the new nuclei formation with additional
cycles.”®! It is also interesting that increasing the CuSQy concentration to 50 mM does not cause
an increased coverage of the support surface by Cu structures. Instead, it causes branching of the
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initial cubes, as seen in Figure 4.1f. A significant increase of branching has been reported for
electrodeposition at high currents or high potentials.”*® In this case, the branching can be attributed
to either the mass transport arguments that correlate the Cu concentration to the surface free energy
of the particles previously put forth by Radi et al.>*” or the overpotential induced concentration

gradients proposed by Siegfried and Choi.?*®

4.4 Conclusion

In this work, we explored the synthesis parameters governing the electrodeposition of size- and
shape-controlled cubic Cu,O structures for catalytic applications. We found that the concentration
of C1~ ions in solution controls the formation of cubic shapes, the cube size, the initial coverage,
and the dispersion of the cubes on the support. The ratio of reductive and oxidative times in
our alternating potential electrodeposition protocol can be used to tune the coverage of the Cu
catalysts on the support surface, whereas the number of cycles determines the size of the cubes
and monodispersity. The mechanisms responsible for the Cu cube growth are further investigated
by using ex situ and in situ electron microscopy, featuring the importance of applying successive
cycles. These results reveal the role of the alternating potential cycles in controlling the cube
growth. In particular, after the Cu nuclei are formed during the first deposition cycle, new layers of
material are progressively added and then partially removed in subsequent cycles. The principles
described here provide guidelines for obtaining and controlling the growth of monodisperse cubic

Cu,O catalysts."”’
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5 Dynamic Changes in the Structure, Chemical
State and Catalytic Selectivity of Cu Nanocubes
during CO, electroreduction: Size and Support
Effects

This chapter is based on the publication "Dynamic Changes in the Structure, Chemical State and
Catalytic Selectivity of Cu Nanocubes during CO; electroreduction: Size and Support Effects", in
which I developed the electrochemical preparation of the samples, planned and carried out the ex-
periments, the data analysis, and preparation of the draft. The electrochemical measurements have
been supported by Dr. Dunfeng Gao, who also contributed to writing the draft. Fabian Scholten
measured the quasi in situ XPS and I performed the analysis. The other authors participated in the
synchrotron experiments. The code for the wavelet transform analysis was written by Dr. Janis
Timoshenko et al. and was modified for our analysis by me. In this chapter, "in situ and operando
spectroscopic and microscopic methods were used to gain insight into the correlation between the
structure, chemical state, and reactivity of size- and shape-controlled ligand-free Cu nanocubes
during CO» electroreduction (CO2RR). Dynamic changes in the morphology and composition of
Cu cubes supported on carbon were monitored under potential control through electrochemical
atomic force microscopy, X-ray absorption fine-structure spectroscopy and X-ray photoelectron
spectroscopy. Under reaction conditions, the roughening of the nanocube surface, disappearance of
the (100)[sic]** facets, formation of pores, loss of Cu and reduction of CuQ,, species observed
were found to lead to a suppression of the selectivity for multi-carbon products (i.e. C;H4 and
ethanol) versus CHy. A comparison with Cu cubes supported on Cu foils revealed an enhanced
morphological stability and persistence of Cu™* species under CO,RR in the former samples.
Both factors are held responsible for the higher Co/C; product ratio observed for the Cu cubes/Cu
as compared to Cu cubes/C. Our findings highlight the importance of the structure of the active

nanocatalyst but also its interaction with the underlying substrate in CO,RR selectivity." '

5.1 Introduction

"In recent years, interest in understanding the parameters that govern the electrochemical re-
duction of CO, (CO2RR) has increased. The knowledge is used to design catalysts with high
selectivity for valuable chemicals and fuels.”** Among these parameters, the catalyst structure

and chemical state are of particular importance.'?>*%?4! Compared to polycrystalline Cu elec-

For consistency, this was corrected from (100) to {100} here and in the rest of this chapter.
Changed cul to Cu™ for consistency to the other chapters here and in the rest of the chapter.

46



trodes, nanostructured Cu catalysts have shown a significantly improved COsRR performance,
attributed to grain boundaries,”*>>** Cu{100} facets,?>%!!3:115:244.245 increased roughness,?*®

102,111,250

defects,”*’*° Jow-coordinated sites, and the presence of subsurface oxygen and Cu™

species.97’ 131,251-258

Previous studies2**+243-25

on Cu single crystals have shown the improved C-C coupling per-
formance of {100} facets, which was further confirmed by the high selectivity towards ethylene
observed on cube-shaped Cu catalysts.!3!224249:260-26"However, the presence of {100} facets is
not the only factor responsible for the superior activity and selectivity of cube-shaped Cu catalysts,
with surface roughness, subsurface oxygen and Cu™ species or Cu/Cu™ interfaces formed and/or
stabilized under reaction conditions also playing a very important role.”” The function of oxygen in
such structures is particularly intriguing, since on Cu{1 00} surfaces it was discussed to contribute
to the formation of oxygenated hydrocarbons.’*® The complexity arising from the multiple factors
affecting the catalytic performance of cube-shaped Cu catalysts requires a systematic study of the

evolution of their structure and oxidation state under operando COsRR conditions.

This work focuses on the understanding of the relative importance of the different factors respon-
sible for specific selectivity trends observed for Cu catalysts during CO2RR, namely, the presence
and stability of Cu{100} facets, defect sites, and the content of Cu™ species and/or subsurface
oxygen. By electrochemically growing ligand-free Cu cubes on C supports and comparing with
analogous samples supported on Cu foils, we were able to reveal the intrinsic behavior of the

cube-shaped Cu NPs catalysts and their dynamic evolution under CO2RR conditions.

5.2 Experimental Methods

5.2.1 Sample Preparation

"A mixture of 5 mM copper sulfate-pentahydrate (CuSO4 x 5 H,O) and 5 mM potassium chloride
(KCl) was used as starting material. Electrochemical cycling between an oxidizing (0.55V vs.
RHE) and a reducing potential (0.22 V vs. RHE) with varying number of cycles (1-100), depending
on the desired cube size and coverage, lead to the electrodeposition of size- and shape-controlled Cu
cubes with a narrow size distribution. Initially, a potential of —0.2' V versus Ag/AgCl was held for
8 s with a subsequent ramp to 0.4 V versus Ag/AgCl for 4 s at a ramp rate of 700 mV s~'. Returning
to the initial potential completes the cyclic voltammetry. Cu cube sizes ranging from 80 nm to
1.2 um were obtained depending on the 1 mM-100 mM KCl and CuSO4 x 5 H,O concentration, the
number of cycles, and applied potential. High surface area carbon paper was used as substrate

(Toray Carbon Paper TGP-H-060). The Cu cubes on Cu foil were prepared as described in ref.?%.

5.2.2 Surface Characterization

For a thorough investigation of the surface morphology, composition, and changes during the
reaction, a variety of characterization techniques were used. For morphological analysis, scanning
electron microscopy (SEM) using a Quanta 200 FEG from FEI with a field emitter as electron
source as well as an atomic force microscopy (AFM) using a Bruker MultiMode 8 were applied.
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The SEM images were acquired in vacuum utilizing a secondary electron detector (Everhart-
Thornley). The images were taken with an acceleration voltage of 10keV at a working distance
of 10 mm. With these parameters, the best spatial resolution, field depth, and signal to noise ratio
were achieved. For AFM, operation in air was conducted to image the initial morphological state
of the samples, with subsequent imaging in liquid under potential control using 0.1 M KHCO3 as
electrolyte.

The sample surface was investigated by in situ X-ray photoelectron spectroscopy (XPS) in an
ultra-high vacuum setup. The XPS setup was equipped with a non-monochromated Al X-ray source
(hv = 1486.6eV) as well as a hemispherical electron analyzer (Phoibos 100, SPECS GmbH). The
XPS analysis chamber was connected to an in situ electrochemical cell (SPECS GmbH) with
an Autolab potentiostat (PGSTAT 302N) to conduct the measurements, so that in between XPS
measurements, the sample was not exposed to air. The Auger spectra (Fig. 5.5) were deconvoluted
with reference signals from metallic Cu*, Cu,O (from Ref.”*?), CuCl* and CuCl,*. (* Indicates

reference spectra measured in our system).

To determine the surface composition of the pristine Cu cubes before and after CO2RR for 1 h
at —1.1 V vs RHE, X-ray photoelectron spectroscopy (XPS) data from the Cu-2p (Supplementary
Fig. 13.4) and Cu LMM Auger region (Fig. 5.5 in the main text) were acquired in an ultra-high
vacuum-(UHV) XPS system directly attached to an electrochemical cell, allowing the transfer of
the samples in vacuum to avoid reoxidation. Although no distinction between metallic Cu and
Cu* species can be made in the analysis of the Cu-2p region (Supplementary Fig. 13.4), our fits
confirm a content of 64% Cu(1/0), and 36% Cu(Il) in the as prepared sample and almost no Cu(II)
after reaction (4%). The Cu LMM AES data (Fig. 5.5) were deconvoluted using reference spectra
for metallic Cu, Cuy0, CuCl and CuCl, measured in the same system together with reference
spectra by Biesinger et al.>’’. Our quasi in situ XPS data reveal that the surface of the pristine Cu
nanocubes consisted of 51.7% Cu,0, 21.8% CuCl,, 23.5% CuCl, and 3.0% metallic Cu. After
electrochemical treatment for 1 h at —1.05V vs RHE, the XPS data (no potential applied on the
sample during XPS) indicate that the cubes are mostly reduced, but 5% Cu,O was still detected.

5.2.3 Bulk Characterization

Bulk characterization was experimentally realized by energy-dispersive X-ray spectroscopy
(EDX) and X-ray absorption fine-structure spectroscopy measurements (XAFS). The EDX spectra
were acquired in vacuum with a liquid-N, cooled detector that was attached to the previously
described Quanta 200 FEG microscope. All data shown correspond to an average of at least
three separate measurements and the error in the content of the different species was calculated
from these. The samples after synthesis and reaction were washed thoroughly and transferred
immediately into the SEM chamber to minimize the air exposure and thereby possible reoxida-
tion. Operando XAFS measurements were conducted to solidify the findings and give better
accuracy about the content of the different Cu, CuO and Cu;O species in subsurface sample
regions (volume-averaging technique). For each sample, the full spectrum consisting of the X-ray
absorption near-edge structure region (XANES) and the extended X-ray absorption fine structure
region (EXAFS) were acquired. After subtracting a baseline for pre- and post-edge as well as a
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function for the edge-step, the remaining part of the spectrum in energy space (E-space) is then
transferred to wavenumbers (k-space). The resulting spectrum is shown in Supplementary Fig. 13.5.
These spectra can be Fourier transformed to get the spectrum in R-space which then can be fitted.
These measurements were compared to references and fitted as well. Additionally, Morlet wavelet
transform (WT) was performed to better analyze small amounts of oxide species after reaction.
In contrast to the traditionally applied Fourier transform (FT), the WT allows two-dimensional
separation in distance and frequency space domain simultaneously. The mathematical details

regarding the application of WT are discussed by Timoshenko et al.>’!." 182

5.2.4 Electrochemical Analysis

For electrochemical analysis, an H-type cell, with two compartments separated by a Selemion
anion exchange membrane (by AGC), was used. The cell was gas-tight, both compartments were
filled with 40 mL of electrolyte, and continuously purged with CO, at a flow rate of 20 mL min™".
The electrolyte used in the experiments was a KHCOs3 (Sigma Aldrich, 99%) solution with a
concentration of 0.1 M. This acts as a buffer to avoid significant bulk pH changes during the
reaction, since this could influence the reaction pathway’>’*?3?. To ensure CO, saturation, the
electrolyte was purged prior to the experiment to remove dissolved oxygen and saturate the solution.
A leak-free Ag/AgCl/3.4 M KCl reference electrode by Innovative Instruments Inc., and a platinum
gauze counter electrode by MaTeck (3600 mesh cm~?) were used. The sample, which acts as the
working electrode in this setup, was fixed with a conductive clamp. Furthermore, all exposed parts
of the clamp and the backside of the sample were covered by Kapton tape to exclude possible
partaking in the reaction. Each sample was measured with a chronoamperometric step for 1 hour (if
not stated otherwise) at each potential. Potential control was realized with an Autolab potentiostat
(PGSTAT 302N). The measured potentials were iR-corrected as determined by current interrupt
and converted to the reversible hydrogen electrode scale. The catalytic active area was determined
by estimating the surface from the SEM images (by size distribution over multiple spots). The
products from CO2RR come in gaseous and liquid form. Gaseous products were measured every
17 min by an online gas chromatograph (GC, Agilent 7890A). The products were separated by
different columns (Molecular sieve 13X, HayeSep Q, and Carboxen-1010 PLOT) and subsequently
quantified with a flame ionization detector (FID) as well as a thermal conductivity detector (TCD).
During the reaction, liquid products as carboxylates (e.g. formate and acetate) are formed. After 1 h
of CO2RR, the liquid products were analyzed by high performance liquid chromatography (HPLC,
Shimadzu Prominence), which is equipped with a NUCLEOGEL Sugar 810 column for product
separation as well as a refractive index detector (RID) for quantification. In addition, alcohols
produced during the reaction were analyzed with a liquid GC (Simadzu 2010 plus) equipped with
a silica capillary column and a FID. All offline product analysis was conducted directly after
the experiment. From the measured product distribution and the current after 1 h (if not stated
otherwise), the reported Faradaic efficiencies (FE(%)) were calculated."'8?
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5.3 Results and Discussion

Size-dependent changes in the morphology and composition of Cu cube samples electrodeposited
on carbon paper were investigated ex situ through scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDX) before and after CO2RR (Figure5.3 and Figures 5.1 and 5.2
[...]). In all samples the Cu cubes were found to decrease in size in the course of the first hour of
the reaction. Furthermore, in this process the originally flat facets and sharp edges of the Cu cubes

were found to roughen, resulting in a porous nanocube surface (see Figure 5.3).

1200

1000 4

800

600

Final Size (nm)

400

200

T L] L] T L]
0 200 400 600 800 1000 1200
Initial Size (nm)

Figure 5.1: Cu-cube edge length measured via SEM before and after 1 hour of CO2RR at —1.05V vs RHE.

A polynomial fit (2"¢ order) was applied to serve as guide for the eye. Our data indicate that the
size decrease does depend on the initial cube size.
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Figure 5.2: Comparison of single Cu-cube EDX before and after reaction and a correlation of their atomic
percent. Polynomial fits of 2" order indicate a size dependent trend, with smaller cubes
containing more oxygen and initially more chlorine.
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Figure 5.3: SEM images from size-controlled Cu nanocube samples electrodeposited on carbon paper
acquired before and after CO,RR at —1.05 V for 1 h. The scale bars in the main panels are 2 pm,
those in the insets and in the higher magnification image of the last column are 200 nm. Operando
electrochemical EC-AFM measurements carried out on a sample with 100 nm-large cubes also
revealed significant changes in their morphology already prior to the actual CO,RR. Sample
immersion in the aqueous 0.1 M KHCO3 electrolyte at open circuit potential was observed
to lead to the formation of “cracks” on the cube facets. These cracks are likely the result of
mechanical stress taking place during the solvation of C1~ ions while being transferred from the

cubes to the electrolyte.

Operando electrochemical atomic force microscopy (EC-AFM) measurements carried out
on a sample with approximately 100 nm large cubes also revealed significant changes in their
morphology already prior to the actual CO2RR (Figure 5.4). Sample immersion in the aqueous
0.1 M KHCOs electrolyte at open circuit potential was observed to lead to the formation of “cracks”
on the cube facets. These cracks are likely the result of mechanical stress taking place during
the solvation of CI~ ions while being transferred from the cubes to the electrolyte. SEM-EDX
data revealed that CI was present throughout the entire Cu volume in the as prepared samples and

therefore, the loss of Cl leads to drastic structural changes in the entire cube volume.
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Figure 5.4: (a) Schematic representation of the morphological evolution of Cu nanocube catalysts. (b-e)
AFM images of Cu nanocubes electrodeposited on highly oriented pyrolytic graphite (HOPG)
acquired in air (b), and operando EC-AFM measurements in a CO,-saturated 0.1 M KHCO3
aqueous solution at open circuit potential (c), at —1.1 V vs RHE in the same electrolyte for 1 min

(d), and after 3 h under the same conditions as in (d) and subsequent air exposure (e).

A 1 min potential pulse at 1.1 V versus the reversible hydrogen electrode (RHE) resulted in the
further roughening of the nanocube surface, loss of sharp corners and edges, and a decrease in the
edge length of approximately 10%. The latter is assigned to the initial reduction of Cu,O to Cu as
well as some loss of Cu. After 3h CO3RR at —1.1 V versus RHE, an additional 10% decrease of
the NP size was observed, with rough spherical-like NP shapes.

X-ray-induced Cu LMM Auger electron spectra (XAES) were acquired from pristine C-
supported Cu cubes (220 nm) before and after CO3RR for 1 h at —1.1 V versus RHE in an ultrahigh
vacuum (UHV) XPS system directly interfaced to an electrochemical cell. Thus, the sample could
be transferred in vacuum to avoid re-oxidation.”” Additional Cu 2p XPS data are also included
in Supplementary Figure 13.4. A surface composition of the pristine C-supported Cu cubes of
52% Cu,0, 22% CuCl,, 23% CuCl, and 3% metallic Cu was obtained before reaction, Figure
5.5. After the electrochemical treatment, the cubes are mostly reduced, with only 4.6% Cu,0O
detected. Interestingly, a higher content of Cu™ species (13%) was detected after COsRR on
similarly synthesized Cu cubes supported on a Cu foil, and no Cu™ at all in the pristine Cu foil
support after CO2RR (Supplementary Figure 13.5). The latter finding highlights the key role of

having a Cu cube/Cu foil interaction for the stabilization of Cu™ species.
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Figure 5.5: Quasi in situ Cu Auger LMM XAES spectra of 220 nm Cu cubes electrodeposited on C paper
and 250 nm cubes deposited on a Cu foil acquired before (left) and after 1 hour of CO,RR at
—1.1V versus RHE (right).

To gain further insight into the stability of Cl, Cu! species, and subsurface oxygen in our Cu cubes
under CO2RR, operando X-ray absorption fine-structure (XAFS) measurements were conducted
on 120 nm Cu cubes, Figures 5.6 and 5.10 (see also Figures 5.7, 5.8, and 5.9 [...] for more details).
As compared to XPS and XAES, probing about 10 nm below the surface, XAFS is a bulk sensitive
technique that reveals the overall change in the structure and composition of the Cu cubes.
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Figure 5.6: Normalized XANES region (a) and Fourier-transform magnitudes of k?-weighted EXAFS data
of pristine Cu cubes (b) measured as prepared, in 0.1 M KHCO3 at open circuit potential and in
the same electrolyte after 1 h of CO2RR at —1.1 V vs RHE.
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Figure 5.7: Operando XANES data acquired on 120 nm Cu-cubes deposited on C conducted in 15 min time
steps. The individual measurements in air, in electrolyte (0.1 M KHCO3) without potential and
in electrolyte with potential are shown. The potential of the data shown is —1.1 V vs RHE.
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Figure 5.8: k-space EXAFS data of pristine Cu nanocubes acquired under operando conditions during CO»
electroreduction at —1.1V vs. RHE in 0.1 M KHCOj3. Data from the as prepared sample, a

metallic Cu reference, and a Cu;O reference sample, all measured in air, are also included for

comparison.
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Figure 5.9: Deconvolution of the XANES region of Cu nanocube samples. On the left, a linear combination
fit of the pristine Cu-cubes in 0.1 M KHCO3 before and on the right after 1 h of CO2RR at
—1.1V vs RHE is shown.

The as prepared state of the Cu cubes shows a mixture of Cu,O and CuCl,, which almost
immediately changes fully into Cu;O upon becoming in contact with the electrolyte. In CO,-
saturated 0.1 M KHCO3, the spectrum resembles greatly the Cu,O reference, with only a very
small difference where the Cl-feature was previously observed and a small decrease of the Cu-O
feature. After 1 h at —1.1 V versus RHE, the spectrum obtained for the Cu cubes resembles that of
metallic Cu. The Fourier Transform (FT) data obtained for the Cu cubes in the electrolyte after
1h CO2RR at —1.1V versus RHE are less intense in comparison to a bulk Cu foil, indicating a
lower atomic coordination and/or enhanced disorder. From the first shell Cu-Cu fit after 1 h of
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applied potential, a coordination number (CN) of 10.8 was obtained for the Cu cubes (vs. 12
expected for bulk fcc-Cu). The lower CN values might be indicative of the formation and growth of
pores on the Cu cubes under reaction conditions or the partial disruption of the nanocubes, leading
to an increased surface roughness. The operando EC-AFM data also revealed the formation of
cracks (defects) on the Cu cubes even before applying the potential once they were exposed to
the electrolyte. The porous structure seen by SEM can also be a result of the progressive CuQO,,
reduction during the reaction. Under reaction conditions, these pores as well as the cube corners

and edges appear more prone to dissolution than the higher coordinated flat facets.

Since Cu™ species”®® have been suggested to play an important role in CO2RR selectivity, in
order to better detect small amounts of Cu-O species an additional analysis of the XAFS data by
wavelet-transform”’! (WT) was applied (Figure 5.10). Details on this analysis are given in the
Suppl. documents. After processing the measured spectra and doing the Morlet WT, the spectra
were normalized to the highest signal, allowing subtraction of measured reference materials. The
Cu cubes on C in their as prepared state display a large feature at R~1.4 A and k~3.9 A—! which
represents the Cu-O shell, whereas at a slightly higher distance (R~~2 A, k~7 A1) the interaction
of Cu with the heavier Cl atoms is visible. For the as prepared sample, only a faint Cu-Cu 1! and
ond neighbor interaction is observed after the subtraction of a Cu;O reference from the pristine Cu
cubes, indicating that the sample consists almost exclusively of Cu, O and CuCl,. In the electrolyte,
the CuCl,, feature immediately disappears and a Cu-O-Cu feature arises at R~3 A and k ~4 A~
In addition, the magnitude of the Cu-O component decreases slightly. After 1 h of CO2RR, the
most prominent feature is that of the Cu-Cu first shell (R~2.3 A, k ~7 A‘l). The pristine Cu
cubes resemble almost exactly the metallic Cu reference after 1 h of CO2RR. A deconvolution of
the Cu XANES region of pristine Cu cubes in 0.1 M KHCOs3 with Cu, Cu,0, and CuO standards,
Figure 5.9, yields a composition of 99% Cu and 1% (within the error margin) Cu,O after 1 h of
CO2RR. CuO could not be reasonable fitted. These findings are in good accordance with the XPS
surface analysis indicating that for the Cu cube/C system, no Cu,O species remain after 1 h of
reaction either at the surface (XPS) or in sub-surface regions (XAFS), which is in clear contrast

with previous findings for Cu cubes/Cu foil (Figure 5.5).%7-13!
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Figure 5.10: Wavelet transform of Cu nanocubes as prepared, in 0.1 M KHCO3, and after 1 h of CO2RR as
well as the references used. The height is normalized to 1 (based on the highest peak) and the
subtracted images scaled by a factor of two for better visibility.

After observing drastic changes in the morphology and chemical composition of the samples
under operando reaction conditions within the first 1-3 hours, the electrochemical performance was
studied in order to gain insight into structure/chemical-state/reactivity correlations. The background

signal from the C-paper support was subtracted from all data presented as shown in Figure 5.11.
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Figure 5.11: (a) Geometric current density of pristine Cu-cubes with an average size of 220, 320, and
580 nm and the clean C-paper support at potentials between —1.15V and —0.85V vs RHE. The
contribution from the C-paper support was subtracted in (b). The data in (a) and (b) are shown
normalized by the total sample area, which includes the cubes and the carbon support. In (c),

the data are normalized by the real Cu surface area extracted from the analysis of SEM images.

A comparison between HER Faradaic efficiency (parasitic reaction) and the sum of the Faradaic
efficiency of all products from CO2RR is displayed in Figure 5.12. Detailed information on the
different products detected can be found in Figure 5.13 for the 220 nm Cu cubes and in Figures
5.14,5.15 and 5.16. Similar trends for small Cu-Au cubic NPs were reported in ref.”’>.
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samples with different Cu-cube sizes (580 nm, 320 nm and 220 nm). The insets display SEM
images of typical Cu cubes measured after different reaction times. The size of the scale bars
is: 100 nm.
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(a) Faradaic efficiency of pristine 220 nm Cu-cubes on C as a function of the applied potential

obtained after 1 h of CO2RR. Faradaic efficiencies for Co,Hy (b), CH4 (c), and CO (d) are also
shown for the pristine 220 nm Cu cubes on C, analogously prepared 250 nm Cu cubes on Cu foil

and two reference Cu foils electropolished and O;-plasma treated (20, 20 W, 400 mTorr?7-13! ).
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Figure 5.14: Faradaic efficiency for ethylene (a), methane (b), carbon-monoxide (c), and formate (d) obtained
after 1 hour of CO2RR at different potentials. The products produced by a reference blank
substrate scaled to the (approximate) unoccupied carbon paper in the samples was subtracted to

show only the products from the Cu-cubes.
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Figure 5.15: Faradaic efficiency for ethanol (a), 1-propanol (b), acetate (c), and hydrogen (d) after 1 hour of
CO2RR at different potentials.
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Figure 5.16: Temporal evolution of the product selectivity during CO2RR for 580 nm (a), 320 nm (b),
and 220 nm (¢) Cu nanocubes measured at —1.05V vs RHE for 5h. For smaller cube sizes,
H; production outweighs the production of hydrocarbons, whilst on the bigger and more
morphologically stable Cu-nanocubes this trend reverses.

For the stability tests, Cu cubes of three different initial sizes were investigated at —1.05V
versus RHE, Figure 5.12. This potential was chosen since we expect to see the highest selectivity
towards C2-C3 products.'® The total CO2RR FE was found to increase with increasing Cu cube
size, and achieves an initial value of approximately 75% on the 580 nm cubes. This is assigned to
the enhanced morphological stability of the larger cubes. A second general trend, independent of
size, is a decrease in Faradaic efficiency for CO2RR and increase in HER over time. An exception
is the sample containing 220 nm Cu cubes, which starts already with higher Faradaic efficiency
for HER over CO3RR. The smaller cube size on the weakly binding C support leads to a lower
stability of the Cu cubes, leading to the loss of material into the electrolyte and possible subsequent
re-deposition as small clusters on the support and Cu cubes. Such low-coordinated structures
were found to result in an increase in the H, and CO production and decrease in the formation
of hydrocarbons, that is, they favor HER over CO5RR. 190273 This correlates with the observed
morphological changes shown in Figures 5.3 and 5.4, where a rounding of corners and edges and
roughening of the facets is observed.

Figure 5.13a displays the FE data for the pristine 220 nm Cu cubes on C measured as a function
of the applied potential after 1 h of CO2RR. The production of C2 and C3 products peaks around
—1.0V versus RHE, whilst hydrogen evolution is the lowest at this potential. At potentials more
negative than —1.0V versus RHE, C2/C3 products decline, whilst methane production keeps

increasing.
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The FE for C;H4, CH4 and CO as a function of the applied potential for the pristine 220 nm Cu
cubes on C together with similarly synthesized 250 nm Cu cubes supported on a Cu foil as well
as electropolished and O;-plasma-treated Cu foils are shown in Figure 5.13(b—d). A very strong
support-effect is evident, with the Cu cubes grown on the weakly-interacting C support displaying
a higher overpotential and much lower FE for C2-C3 products than the similarly-sized Cu cubes
on the Cu foil. In fact, as can be seen in Figure 5.13(c), the production of CHy of the Cu cubes
on C resembles the metallic electropolished Cu foil, although the CO production of the Cu cubes
on C is much higher, Figure 5.13(d). It is remarkable that the pristine Cu cubes on the Cu foil,
which were found to better stabilize Cu™ species under reaction conditions (Figure 5.5), behave
similarly to the O,-plasma treated Cu foils. Therefore, we can confirm a direct correlation between
the stabilization of Cu™*/Cu interfaces (Cu cubes on Cu foil) and the selectivity for C2-C3 products,
since metallic Cu cubes supported on C are more selective for C1 products. This is however not
the only reason for the change in the selectivity. Even more important are the drastic structural
changes observed for the Cu cubes on C. The roughening of the Cu{1 00} facets, partial loss of
the cubic shape and formation of pores as well as detachment from the surface play a critical role

in the selectivity switch reported here.

A simple electrochemical method for the synthesis of cube-shaped nanoparticles of tunable
size supported on carbon substrates is presented here. Dynamic morphological and chemical
transformations of Cu cubes during CO2RR were monitored using operando EC-AFM and XAFS.
Drastic changes in the cube morphology were found to take place for the Cu cubes on C under
CO2RR conditions, including the roughening and loss of {100} facets, loss of Cu atoms from

edge and corner sites, and the reduction of CuQO,, species.

5.4 Conclusion

The selectivity for CO2RR versus HER was found to decrease with decreasing cube size, which
was assigned to more drastic changes in the cube morphology taking place under CO2RR conditions
over smaller cubes. In contrast with the findings previously reported for Cu cubes grown on Cu
foils, a surprisingly high selectivity for CH4 as compared to C,Hy was observed when deposited
on C. The observed morphological instability of the Cu cubes on C versus those deposited on Cu,
together with the absence of stable Cu™ species in the former samples are considered responsible

for the preferred selectivity for C1 products."'%

62



6 Imaging electrochemically synthesized Cu,O
cubes and their morphological evolution under

conditions relevant to CO, electroreduction

This chapter is based on the publication "Imaging electrochemically synthesized Cu;O cubes
and their morphological evolution under conditions relevant to CO; electroreduction", where 1
developed the electrochemical preparation of the samples, planned the experiments and actively
participated in carrying out the experiments, the data analysis, and the preparation of the draft. "[...]
Here, using liquid cell transmission electron microscopy, we show the formation of cubic copper
oxide particles from copper sulfate solutions during direct electrochemical synthesis and their
subsequent morphological evolution in a carbon dioxide-saturated 0.1 M potassium bicarbonate
solution under a reductive potential. Shape-selected synthesis of copper oxide cubes was achieved
through: (1) the addition of chloride ions and (2) alternating the potentials within a narrow window
where the deposited non-cubic particles dissolve, but cubic ones do not. Our results indicate
that copper oxide cubes change their morphology rapidly under carbon dioxide electroreduction-

relevant conditions, leading to an extensive re-structuring of the working electrode surface."”’!

6.1 Introduction

"Metal nanoparticles (NPs) are important catalyst materials for various energy harvesting appli-
cations because of their unique structural and electronic properties”’+~>’”. Therefore, there has been
significant research into ways to engineer the detailed structure of NPs in order to create electrocat-
alysts with improved activity and selectivity for various electrochemical reactions. In particular,
designing an effective electrocatalyst for the selective reduction of CO, (CO2RR) into valuable
products, such as ethylene or ethanol’®®2"7278 ig still an on-going challenge. CO2RR powered
by renewable energy sources is an attractive strategy for the sustainable production of chemicals
and fuels. In this reaction, it is known that Cu-based nanostructures with cubic morphology have
increased selectivity toward the desired Co. reaction products'3!-18%260:277 1t has also been shown
that the detailed morphological parameters of cubic NPs, such as size and surface structure, can be
used to further control the selectivity and stability'3!:!8%:20 Nevertheless, we still lack the precise
control needed to fine-tune the structure of these NPs and optimize their electrocatalytic properties,
despite the range of synthesis methods we have at our disposal to create NPs of different size,
shape and composition, because it is not always clear which synthesis parameter is responsible
for a certain morphology>’’. Another key question related to the use of shape-selected NPs in
catalytic applications is their morphological stability under reaction conditions, and whether the
favorable structural motifs that are expected to lead to specific activity and selectivity trends persist
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during electrocatalysis. This question can be addressed through in situ and operando microscopic

observations.

The synthesis of cubic-shaped Cu NPs can be achieved by wet chemical methods?%"-280:28!

or by
electrodeposition'8>282283 In chemical synthesis, shape selection is often achieved via the addition
of facet-stabilizing ligands’°>>%°, Tt is also commonly accepted that chloride ions (C1~) in the
precursor solution encourage nanocube formation because they stabilize the {100} [sic]** facets of
Cu?*>?%*_ However, how such effects lead to cube formation during electrochemical synthesis is
yet to be clarified. The electrochemical synthesis of shaped-controlled NPs through halide additives
is interesting for a few reasons. First, this method generates well-dispersed, shape-controlled
NPs directly anchored to the support without the need of organic surfactants to keep the shape.

In contrast, colloidal chemical synthesis usually needs organic surfactants?6%->%3

which might be
strongly attached to the catalyst surface, leading to catalytic properties that might be altered with
respect to those from the underlying metal. Second, these halide anion species can also play a role
in modifying the CO5RR selectivity’’. A better understanding of the shape-selection mechanism(s)
during electrochemical synthesis will allow us to develop strategies to control the formation of

Cu-based nanocubes for subsequent CO2RR applications.

Liquid cell transmission electron microscopy (LC-TEM) is a relatively new technique that allows
us to directly image nanostructures in a liquid environment with the high spatial resolution of a
TEM'9>286:287 By integrating thin film electrodes into the cells, we can study the dynamic behavior
of materials in an electrolyte and under applied potential'3>19%288-295 = Although LC-TEM has
been previously used to investigate shape-control mechanisms during colloidal synthesis>?*2%, it
also constitutes a promising approach for the in sifu study of electrocatalyst stability under reaction
conditions'>>?% . In electrochemical LC-TEM studies, the electrocatalysts are usually synthesized
using wet chemistry and then drop-casted on the working electrode of the liquid cells (LCs). While
nonuniform Cu electrodeposition has already been shown in liquid TEM cells'%%288:299-301 " the
electrochemical synthesis of shape-controlled particles within LCs is more challenging, due to their

small volume and nonstandard thin film electrodes, and has not yet been demonstrated.

In this study, we show that we can electrochemically deposit Cu,O cubes directly from an
aqueous CuSQy solution within the LCs, and follow their subsequent stability in a CO,-saturated
KHCO3 electrolyte under electrochemical reduction conditions. We further demonstrate that the
shape-selection is due to Cl~ ions encouraging the formation of Cu,O particles, together with
the enhanced stability of the Cu,O {100} facets, which protect the cubic Cu,O particles from
dissolution at mildly oxidative potentials. Subsequently, we illustrate that fast morphological
changes take place in the electrodeposited particles under conditions relevant to CO2RR. The latter
results have significant implications for our understanding of the catalytic structures that exist

under the actual reaction conditions and determine the selectivity trends.

For consistency, this was corrected from (100) to {100} here and in the rest of this chapter.
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6.2 Experimental Methods

6.2.1 Chemicals and Materials

Potassium chloride (KCI, 99.0-100.5%), copper sulfate pentahydrate (CuSO4 x5 H>O, 99.995%)
and potassium bicarbonate (KHCO3, 99.9%) were obtained from Sigma-Aldrich. All chemicals

were used as received.

6.2.2 LC-TEM Experiments

For these experiments, a liquid biasing DENSsolution Stream holder and a flow cell chip
equipped with a silicon nitride window and three Pt electrodes were employed. An overview of
the electrode is displayed in Fig. 6.2. A pressure based-liquid pump was used to flow the working
electrolyte (CuSO4 + KCl and/or CuSOy solutions) inside the microfluidic cell and a CompactStat
potentiostat (Ivium Technologies, Netherlands) was connected to the holder for conducting the
electrochemical deposition of copper particles on the working electrode. The LC-TEM holder was

leak tested in a vacuum pump station provided by DENSsolutions.

The in situ microscopy was performed using a FEI Titan 80-300kV transmission electron
microscope operated in scanning (STEM) mode at 300 kV. Electron beam conditions were selected
to optimize the imaging conditions while maintaining a low overall electron dose rate of no more
than 20e~ nm™ s~! during image acquisition. At these dose rates, we did not see obvious effects of
the electron beam on the experiment, dynamic changes were only observed during the application

of the potential. The movie acquisition rate was 1 frame per second.

Cu;0 cubic particles were grown in a S mM CuSO4 + 5 mM KCl solution by electrochemical
cycling in a potential window of 0.3 V between the starting points of the Cu reduction and oxidation
processes at a sweep rate of 5mV s~!. The limits of the scan were determined in situ by finding the
potentials at which extensive Cu deposition/dissolution were observed on the working electrode.
Such approach was implemented because there were shifts in the potentials between in situ
experiments of up to ~200 mV, which we partially assigned to the microfluidic electrochemical
cell configuration and the Pt pseudo-reference electrode. Hence, the potentials we used for the
in situ imaging show small deviations from the potentials we employed in the benchtop set-ups.

Similar deviations have also been reported by other researchers®’?.

6.2.3 Ex situ SEM and TEM Imaging

A Thermo Fisher Apreo scanning electron microscope was used to collect ex sifu images of
the chip. TEM, HRTEM, and EDX elemental mapping of the cubic particles deposited on the
TEM grid were acquired on a high resolution analytical transmission electron microscope (JEOL,
JEM-2800)."%!
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6.3 Results and Discussion

6.3.1 Observation of Cubic-Shaped Cu,O Particle Growth.

First, we discuss the synthesis of cubic-shaped Cu,O particles. A scheme of the cell setup, with
a cross-section of the TEM LC and the top view of the chip which contains the three Pt electrodes
(working electrode, reference electrode and counter electrode) is shown in Fig. 6.2. The LC was
first filled by flowing the precursor solution (aqueous 5 mM CuSQO4 or 5 mM CuSO4 + 5 mM KCI
solution)'®? through the internal tubing prior to loading the holder into the TEM. Subsequently,
the Pt working electrode was held at open circuit potential (OCP). Figure 6.1a shows the image
sequence that was captured with scanning transmission electron microscopy (STEM) and the cyclic
voltammetry recorded a potential range of —0.10 and 0.20 V vs. a Pt pseudo-reference at SmV s™!,
respectively. The first image clearly reveals that there is no copper deposited on the working
electrode at the start of the experiment.

Negative sweep Positive sweep
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Figure 6.1: Electrochemical deposition of Cu;0O cubes. a STEM images of the Pt working electrode at
different potentials. The scale bar corresponds to 2 um. b Cyclic voltammetry recorded at a
scan rate of SmV s~! in 5 mM CuSOy4 + 5 mM KCl solution. ¢ Expanded image extracted from
the STEM image of the working electrode at —0.05 V during the positive-going scan clearly
identifying Cu,O cubes on the electrode. The scale bar corresponds to 500 nm.
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Figure 6.2: Overview of an electrochemical cell setup, with a, a cross section of the TEM liquid cell on
the top and b, view of the electrodes on the electrochemistry chip from DENS solutions on the
bottom. As shown in the schematic, the liquid cell isolates the electrolyte from the vacuum of the
TEM column by enclosing the liquid between two electron-transparent silicon nitride membrane
windows. ¢, SEM image of the working electrode in the liquid cell. The dashed box denotes the
approximate size of the top window.

The second and third images show that particles nucleated and grew as the potential was ramped
toward negative values. At these potentials, the shape and size distribution of the electrochemically
deposited particles were inhomogeneous. As the potential was ramped to positive values once again,
the non-cubic structures dissolved and only cubic particles remained on the working electrode
(fourth image from Fig. 6.1a, c¢). Eventually, the cubes also dissolved as the potential approached
0.20 V. A movie describing the entire sequence is provided as Appendix Movie* 13.6. Appendix

Movies 13.7 and 13.8 show extended videos of the electrode under OCP at two magnifications, one

Here in form of a figure in the appendix
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at our typical imaging magnification and the second at a higher magnification. SEM images taken
ex situ after synthesis also show the formation of cubes on other areas of the working electrode
that had not been illuminated by the electron beam (Fig. 6.3). These results indicate that there was
no beam-induced nucleation at our imaging conditions and that the particle formation/dissolution

were controlled by the applied potential.

Figure 6.3: a-d, Ex situ SEM images of the working electrodes in an experiment where we carried out the
synthesis outside the TEM, i.e., the samples were not exposed to the electron beam.

Figure 6.4 shows electron diffraction patterns collected in situ from the particles deposited on the
working electrode. These results suggest that the as-deposited particles are a mixture of metallic
copper and copper oxide. We also performed ex situ characterization of similar cubes deposited
on a TEM grid with lacey carbon support (Fig. 6.5). High-resolution TEM images show that the
cubes are predominantly Cu,O with faint fringes that may be attributed to Cu {200} or CuCl
{1014}. Energy dispersive X-ray (EDX) spectroscopy analysis of one of such cubes indicates an
overall composition of 61% Cu, 31% O, and 5% CI. The mapping results also suggest that there is
segregation of Cl within the particle, where higher intensity of the Cl signal is seen in the middle of

the cube and a square band within the cube. These areas of segregated Cl also correspond to darker
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contrast in the STEM image and lower intensity in the Cu map. These results are in agreement
with the cube composition previously reported'®”.

a b

Cu:0 (220) Cu:0 (220)

|

s 200 NM — 1/(0.24 nM) m— 1/(0.24 nM)

Figure 6.4: In situ electron diffraction patterns of electrodeposited Cu particles. a, Cubic-shaped Cu
particles deposited on the edge of the working electrode. The selected area used for the electron
diffraction is outlined with a red dashed circle. Red arrows denote the cubic particles. b, Electron
diffraction pattern from the area selected in (a). ¢, Electron diffraction pattern from a different
area further along the working electrode out of the field of view of (a).
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Figure 6.5: Ex situ characterization of electrodeposited Cu,O particles. a, Experimental setup for the
electrodeposition of CuyO cubes on different substrates, consisting on a beaker containing the
precursor solution, a Pt counter electrode, a Ag/AgCl reference electrode and a TEM grid acting
as working electrode. b, TEM, HRTEM and Fast Fourier Transform (FFT) of the cubic particles
deposited on the TEM grid. ¢, STEM image and EDX elemental mapping for copper (green),
oxygen (blue) and chlorine (red). The overall composition of the particle from EDX is 61% Cu,
31% O and 5% Cl. The Cl K map suggests there is segregation of Cl within the particle, with
more Cl in the middle of the cube and a square band within the cube. These areas of segregated
Cl correspond to darker contrast in the STEM image and lower intensity in the Cu map. The line
in the STEM image denotes the location of the line profile displayed in (d). d, Line profile of
characteristic X-ray intensity across the particle. The colors are the same as in (c).

Figure 6.6a describes the size evolution of a Cu,O cube (red line) and a non-cubic (blue line)
particle during the cyclic voltammetry in detail. CuyO cubes started to form on the working

electrode at —0.05 V during the negative-going scan. These cubes reach a maximum size of 345 nm
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at 0.03 V and start dissolving at 0.07 V during the positive-going scan, and a potential of 0.20 V
is required to completely dissolve them. In contrast, the growth of non-cubic particles started at
—0.08 V during the negative-going scan and reached a maximum particle size of 800 nm at —0.05V
during the positive-going scan. After ramping to more positive potentials, the non-cubic structures
decrease in size rapidly and are completely etched from the working electrode surface at 0.05V, a
potential that is lower than the one needed to remove the cubic particles. Thus, Cu,O cubes were
not only deposited at a lower overpotential than the non-cubic particles, but they were also stable

over a broader potential range.
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Figure 6.6: Potential-induced changes in particle size and morphology. a Non-cubic (blue solid line) and
cubic (red solid line) particle size evolution of the selected particles marked in the STEM image
with a circle of the corresponding color as a function of time and applied potential. b Evolution
of the frequency of non-cubic and cubic particles deposited on the working electrode with the
applied potential.

The populations of cubic and non-cubic particles at three different potentials are compared in Fig.
6.6b. These data confirm that the behavior described in Fig. 6.6a for a single particle is consistent
across all the particles on the working electrode. Even though more non-cubic particles were formed
during the negative-going scan, they also dissolved earlier when the potential reached positive
values. Figure 6.7 shows another image sequence from a different experiment where the same
behavior was observed. It should be mentioned here that the potentials at which particles could be
deposited and dissolved can vary between LCs, presumably due to differences in the properties of
the thin-film pseudo-Pt reference electrodes and the ohmic drop across the length of the working
electrode. Nevertheless, the Cu,O cubes are consistently more stable than the non-cubic particles
across all experiments. The stabilization of Cu,O {100} facets by C1~ during electrodeposition
has been previously reported”®*. The enhanced stability of our Cl-rich Cu;O{10 0} cubes against
oxidative dissolution is assigned to the shorter length of the Cu—O bond on the {100} plane as
compared to {111} and {110}, leading to a stronger bond*"*. Our observations are in agreement

with previous findings®*3-3%,
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Figure 6.7: a, STEM images of the working electrode at different potentials during cyclic voltammetry
recorded at a scan rate of 5SmVs~' in SmM CuSO4 + 5mM KClI solution. These images
correspond to a different experiment (different pair of chips assembly) with respect to the one
presented in the main paper but with similar results. b, Magnified area of the —0.20 V image
showing the cubic-shaped particles.

The number of Cu,O cubes also increased upon repeatedly cycling the potential. Figure 6.8
shows the results from one such experiment where we cycled the potentials at an upper potential
where the particles did not fully dissolve from the working electrode (Appendix Movie* 13.9).
Again, particles with different shapes nucleated and grew during the negative-going scan of the first
cycle. The cubes largely survived the positive-going scans. In this case, the number and size of cubic
particles increased with successive cycles (images in Fig. 6.8), as new cubic architectures were
nucleated and the retained cubes grew larger. This behavior resulted in increasing shape-selection

as the synthesis process continued.

% Here in form of a figure in the appendix
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Figure 6.8: Number of cubic particles observed with potential cycling. Potential (green line) and fre-
quency of cubic particles (red columns) as a function of experimental time during electrochemical
cycling. The images labeled as a-f correspond to STEM images of the working electrode ac-
quired at different pote ntials as indicated by the yellow circles in the plot. The vertical bars
indicate the number of cubic-shaped particles observed at each point. The scale bars correspond
to 1 um.

6.3.2 Influence of C1~ Ions on the Particle Morphology.

In colloidal particle synthesis, it is considered that the addition of CI~ ions leads to shape-
selection toward cubic NPs via kinetic control and oxidative dissolution of non-cubic, twinned
NPs*%3-397 Kim et al.>*® discussed that C1~ favors the formation of cubic Cu,O particles during
colloidal synthesis by slowing down the nucleation and growth rate. Chloride ions in the precursor
solution also encourage nanocube formation by stabilizing the {100} facets of Cu**>?%* and
Cu,0°%. The shape of Cu nanocrystals in a solution containing different ions (Na*, NH4*, SO4%~,
Cl-, dodecyl sulfate) was also investigated”®*. Interestingly, regardless of the initially exposed
crystal facets, only {100} planes remained after exposing these crystals to C1~-containing solutions
for a few minutes, leading to cubic shapes. Moreover, the electrochemical nanostructuring of Cu

foils into cubic facets was observed in the presence of Cl1~, while flatter larger morphologies and
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needle-like structures were obtained when cycling in the presence of Br~ and I, respectively>"”.

We also showed recently '8

that Cu cubes can be grown by electrodeposition on a carbon substrate
(HOPG) using CuSOy4 as Cu source to create NPs and KCl to reshape them. However, the former
study only contained ex situ atomic force microscopy (AFM) data of the final state of the samples
after the synthesis, while here we present an in situ microscopy study that allows us to follow
in detail the electrochemical parameters influencing the formation of the cubes, and even more
importantly, the potential regimes in which the cubic shapes are most stable. In addition, by
employing a different support material (Pt), we are able to demonstrate now that the previously

described synthesis is not only restricted to carbon-based substrates.

The question now is if the presence of Cl~ ions in fact influences the particle morphology during
nucleation. The image sequence in Fig. 6.9 of particles grown using a 5 mM CuSOy solution with
no KCI added (Appendix Movie* 13.10), demonstrates that no cubic particles are formed in the
absence of C1~ ions. Hence, it suggests that KCl is in fact necessary for the shape-selection toward
Cu; 0 cubic particles. As further control experiments to verify the role of C1~ ions, we performed
benchtop electrodeposition on glassy carbon supports with 5mM CuSO, solutions containing
either 5 mM KCl, 5 mM NaCl, or 5mM HCI (Fig. 6.10) as additive to check if the cations had any
effect on the particle morphology. Cubes were seen in both KCI and NaCl, but not when HCI was
used. The absence of cubes in the HCI experiment can be rationalized from the Pourbaix diagram
of Cu in aqueous solutions containing C1~>'?, where the Cu,0 phase is destabilized at the lower
pH, thus leading to the loss of the cubic morphology. Hence, these results confirm that the specific
alkali metal cations had no influence on the electrodeposition and that the cubes are nucleated from
CUQO.

a b

Negative scan Positive scan

(deposition) (dissolution)

Figure 6.9: Particle growth in the absence of C1~ ions. STEM images of the working electrode at different
potentials during cyclic voltammetry recorded at a scan rate of SmVs~™! in a SmM CuSOy
solution. The scale bar corresponds to 2 um.

% Here in form of a figure in the appendix
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a 5mM CuSO, +5 mM HCI b 5mMCuSO,+5mMNaCI|| ¢ 5 mM CuSO, +5 mM KCI

Figure 6.10: Ex situ SEM images of Cu structures electrodeposited on a glassy carbon electrode using
a, 5mM CuSO4* 5mM HCI; b, 5mM CuSO4* 5mM NaCl and ¢, 5mM CuSO4* 5 mM KCl
solutions. The particles were electrodeposited by sweeping the potential between —0.5 V and
-0.2V vs Ag/AgCL

More importantly, our in situ observations show that the presence of Cl~ ions does not directly
lead to the solely nucleation of cubic particles. Instead, mixed morphologies are formed during the
initial nucleation stage, and a second dissolution mechanism and the optimum applied potential
are required to refine the particle shape distribution. This adds valuable insight for the further
optimization of the synthesis recipes towards catalysts with narrow size and shape distributions.

6.3.3 Dynamic Changes under Reducing Conditions in 0.1 M KHCOs.

We further exposed these as-synthesized cubes directly to reducing conditions where CO;
electroreduction takes place and were able to monitor drastic changes of the catalyst structure
in real time. Figure 6.12 shows one set of results from these experiments. Here, we exchanged
the electrolyte by flowing CO,-saturated 0.1 M KHCO3; through the cell for at least 30 min while
keeping the potential of the working electrode at —0.1 V to avoid particle dissolution at OCP. It
can be seen from Fig. 6.11 that the cubes did not exhibit significant changes during the fluid
exchange. Then, a potential of —0.7 V was applied to the working electrode, which led to dynamic
morphological changes taking place on the working electrode within the cell (Fig. 6.12, Appendix
Movie* 13.11). Between t = 1s and 61 s, we can see that some of the cubes were not strongly
attached to the surface and they started moving across the electrode surface when the potential was
applied. At the same time, we see concurrent size reduction of the original cubes and the formation
of new copper structures on the working electrode, some in the form of dendritic structures (t =
61 s to 246 s). It should be noted here that the potentials reported may be up to 0.2V off from the
applied values due to the electrochemical cell configuration of these in situ TEM studies and the
pseudo-Pt reference electrode.

% Here in form of a figure in the appendix
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Figure 6.11: In situ TEM images comparing the electrodeposited Cu cubes described in Figure 6.12. a,
before and b, after the flow of a CO,-saturated 0.1 M KHCO3, but before the application of

-0.7V.

Figure 6.12: Evolution of Cuz0 cubes during reducing conditions. STEM images of the working elec-
trode at different experimental times, at=1s,bt=061s, ct=246s,and d t = 7505, acquired
while keeping the potential at —0.7 V in a CO;-saturated 0.1 M KHCO3 solution. It can also be
seen that many cubes have started to reduce in size. A cluster of cubic particles that moved
between t = 1 s and t = 61 s is highlighted with a yellow circle. After t = 245, no further
changes in the nanostructure morphology were apparent. The scale bar corresponds to 1 um.

The morphological changes directly observed here in the Cu,O particles by in situ LC-TEM

under CO2RR conditions are expected to lead to changes in the product selectivity, as previously
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discussed based on ex situ SEM data'*!!3%:182_ The progressive loss of the {100} facets leads to
an increase in H production at the expense of the CO2RR products. However, a higher stability
and Co—C3 product yield was observed during CO2RR for Cu NCs electrochemically grown on
Cu foils'?!. Even more importantly, the highest ethylene yield was obtained when the Cu NCs/Cu
samples were pretreated with an oxygen plasma which lead to a drastic change in the structure and
the loss of the cubic shape after reaction, while the same samples pretreated in Ar-plasma retained
the cubic structure but resulted in a significantly lower Co—Cgz product selectivity. In general, the
loss of Cu{100} facets is correlated with a decrease in the yield of ethylene!?!-??43%° although
other factors such as the content of subsurface oxygen or Cu(l) species have also been mentioned

3L311 Unfortunately, correlating the observed structural transformations with their

to play a role
impact on reaction product selectivity is still a nontrivial technical challenge for LC-TEM, and

outside the scope of this work.

Our in situ TEM observations of highly dynamic Cu catalysts are consistent with a recent study
using identical location SEM also reporting significant restructuring of Cu NP catalysts within
minutes of applying the potential to initiate COoRR''®. The formation of dendritic structures
has been attributed to the simultaneous dissolution and redeposition of Cu under CO, reduction
conditions”®>. A similar mechanism may be at play in our experiments. We speculate that the Cu
species that end up forming dendrites originate from material (Cu atoms and small Cu clusters
not visible during the in sitru TEM) that was deposited on the working electrode during in situ
electrodeposition but not nucleated as cubes. These Cu species on the electrode surface become
mobile when the potential is applied, leading to a redistribution of the as-deposited Cu and the
consequent dendritic nanostructure growth. In other areas of the working electrode, we can also
observe a size reduction in the original as-synthesized cubes, similar to that previously reported
via electrochemical atomic force microscopy for Cu;O cubes grown on graphite, albeit at much
higher rates. The fact that the size reduction of the cubes and additional particle growth occurred
at the same time in our experiments also suggests that the behavior we observe is not due to the
reduction of residual Cu ions in solution. The differences between the dynamic morphological

changes observed for the electrochemically grown Cu cubes versus the former study'®”

might be
due to the different supports used, graphite (HOPG) vs. Pt, as well as the different configurations of
the electrochemical cells employed. The cell geometry can influence the flow rate of the electrolyte
and determine the local chemical concentration and potential gradients at the working electrode.
Our future work will focus on fine-tuning our synthesis protocol such that size-selected cubic-like
structures are also generated in situ for more detailed studies looking at the effects of both shape

and size in these catalysts during CO2RR.

We also briefly address the possibility of electron beam-induced artifacts in the particle growth
and CO, electroreduction experiments in the bicarbonate electrolyte. We have used a low electron
dose rate of 20e~ nm~! s~![sic]** in these experiments and thus, such effects are not apparent.
Fig. 6.13 shows that the morphological changes seen in the Cu,O structures in Fig. 6.12 and in
Appendix Movie* 13.11 were not due to artifacts from sustained imaging with the electron beam.

#+ Correction from 20e~ nm™'s™' t0 206~ nm ™2 s~!

* Here in form of a figure
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In this control experiment, we imaged the as-deposited particles for 750 s after electrolyte exchange
to COy-saturated 0.1 M KHCO3 before applying the —0.7 V potential. As expected, and regardless
of the prior electron beam irradiation, Cu restructuring and dendrite growth was only seen when

the potential was applied.

clele

Figure 6.13: An image sequence from a control experiment where we checked that the re-structuring

a

shown in Figure 6.12 was not caused by artifacts related to the electron beam. The electrode-
posited cubic-like Cu,O structures were imaged in a CO;-saturated 0.1 M KHCO3 solution for
750 s before the application of the —0.7 V potential. Images of the working electrode after a,
electrodeposition and electrolyte exchange, b, 750 s of imaging, ¢, 5 s after applying —0.7 V
against the pseudo-Pt reference, and d, 58 s after applying —0.7 V.

6.4 Conclusion

The present study emphasizes the advantages of using in situ LC-TEM for monitoring the
nanoscale evolution of electrocatalysts at timescales of seconds. Nevertheless, the resolution
degradation associated with imaging through a liquid*®® makes it difficult to capture small structural
changes in the in situ image sequences. Furthermore, key technical challenges still remain to
be solved before one can directly correlate the morphological modifications observed with the
catalytic performance. These include the minute liquid volumes held in the TEM cells, the small
size of the electrodes in the microfabricated set-ups, the low catalysts loading, and the need for
product detection instrumentation with faster time—response and improved sensitivity. Nevertheless,
we expect that future improvements of the experimental set-ups will eventually provide us with
the ability to relate the evolution of the structure of an electrocatalyst with changes in its activity,
selectivity and stability, providing in depth insight for rational electrocatalyst design.

In conclusion, we demonstrated that we can directly synthesize shape-controlled catalyst particles
on the working electrode of a microfluidic TEM LC and follow their subsequent dynamics under
reaction conditions. In particular, the in situ TEM observations during synthesis show that the
addition of C1~ ions into the precursor CuSO4 aqueous solution induces the nucleation of cubic
structures among non-cubic particles and stabilizes these cubes against dissolution. The cubes
require a lower overpotential to be deposited and are stable over a larger range of potentials.
Additional potential cycles lead to an increase in the number of cubic particles and growth of
the cubes deposited in the previous cycles. These experiments provide new insights into the

electrodeposition parameters required to custom-tune the synthesis of size- and shape-selected NPs.
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Moreover, the ability to directly deposit cubic particles on the working electrode of a LC provides a
straightforward way to create these electrocatalysts for subsequent in situ studies of their behavior
during CO2RR.

The observation of the in situ synthesized Cu,O cubes under conditions relevant to the electro-
chemical reduction of CO, also revealed that fast and extensive restructuring takes place within a
few minutes of applying a reductive potential in a CO,-saturated bicarbonate solution. The results
shown here emphasize the highly dynamic nature of electrocatalysts under reaction conditions,
including their mobility and their ability to serve as nucleation sites for the growth of Cu dendrites.
Finally, this study highlights the advantages of using in situ LC-TEM for the mechanistic investiga-
tion of the parameters affecting the electrochemical synthesis of catalytically relevant materials
and the excellent possibilities of monitoring their performance in situ during an electrocatalytic

process.">3!

79



7 Understanding Stability of Cubic Copper
Catalysts during CO, Electroreduction and its
Impact on Catalytic Selectivity

This chapter is based on our upcoming publication titled "Understanding Stability of Cubic Copper
Catalysts during CO; Electroreduction and its Impact on Catalytic Selectivity" where we explore
the dynamic behavior of state of the art copper catalysts under operando conditions in real time on
the nanoscale. My involvement in this project include the synthesis of Cu,O cubes on the TEM
chips, the ex situ electrochemical benchmark and characterization, as well as the electrochemistry
during the TEM and SEM measurements. This project is a cooperation with our liquid phase
electron microscopy group, who helped and were part of all microscopy experiments. I was strongly
involved in writing the draft. As of now, this is still unpublished work but we are making revisions
after review. "[...] Here, we present real-time electrochemical liquid cell transmission electron
microscopy studies showing how Copper(I) oxide cubes restructure under reaction conditions. In
particular, fragmentation of the solid cubes and re-deposition of new nanoparticles are observed as
a function of the applied potential and time. We further correlate this dynamic morphology with
the catalytic selectivity through time-resolved scanning electron microscopy measurements and
product analysis. Comparative studies using cubes with different initial sizes show that both, the
morphological stability of large, fragmented cubes and a dense coverage of re-deposited nanoparti-

cles contribute to the enhanced Co selectivity observed.

7.1 Introduction

The conversion of simple molecules, such as CO, and H,O, into valuable products by use of
renewable energy is a key strategy towards a sustainable society’'>!3. However, many of these
technologies are not yet industrially viable because they are hampered by the lack of functional
catalysts with good performance and stability. Among these processes, CO2RR is particularly
appealing because it transforms a greenhouse gas into useful fuels and base chemicals, such as

ethylene and ethanol at ambient temperature and pressure'>!3.

Developing a catalyst with the optimal balance of activity, selectivity and stability is, however, a
non-trivial task. Although some catalysts may show better initial performance than others, they
often lose their activities over time. Copper is the most attractive material for CO,RR because of
its unique ability to generate Co,. products, but it suffers from poor selectivity'>~'#. Several studies
have also suggested that restructuring under applied potential can alter the catalytic properties

of Cu-based nanostructures’®!!2113:117.182,265,314-316 "pfortunately, these conclusions are largely
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drawn from samples that have been removed from the electrochemical environment and evaluated in
the absence of an applied potential. Detailed understanding of the specific morphological features
responsible for a given activity and selectivity remains elusive due to insufficient of insight into the

dynamic evolution of Cu catalysts under reaction conditions'>!4%317,

Liquid cell transmission electron microscopy (L-TEM) is a powerful technique for capturing the
dynamics of nanostructures within a liquid environment'%%?86-318 Electrochemical experiments
can also be performed within the TEM (EC-TEM) by incorporating thin film electrodes on the
microfluidic chips'®?. Thus, the morphological evolution of electrocatalysts can be monitored under

117.155,231,295.302.319-321 354 in combination with electrochemical measurements,

reaction conditions
used to establish structure-property relationships®'®3?2. Such information is key to inform theoreti-
cal models for the rational catalyst design and can provide the much needed understanding of the

parameters influencing the reaction pathways required for generating multi-carbon products.'#3%3

Here, we track the dynamic evolution of electrochemically synthesized Cu,O cubes in real-time
under CO,RR conditions with EC-TEM and correlate the changes with the catalyst behavior
obtained from benchtop electrochemical measurements. Our in situ observations revealed that
under applied potential, nanoporous cubic frames and re-deposited nanoparticles (NPs) coexist. By
tracking the reaction products generated by Cu,O cubes with different initial sizes for several hours
in parallel to the extended in situ imaging of those cubes, we could show that a dense network of
stable nanoporous cubes and re-deposited NPs is required to sustain high selectivity towards Co

products.

7.2 Methods

7.2.1 Cubic Cuy0 Synthesis

The synthesis protocol involves a mixture of 5 mM copper sulfate-pentahydrate (CuSO4x5H,0,
Sigma Aldrich) and different concentrations of potassium chloride (KCl, Sigma Aldrich)'#%23!,
Polished glassy carbon (vitreous, SPI) plates, as well as Hummingbird TEM EC-chips, were used
as substrate. The largest Cu;O cubes of 390 nm are obtained using 5 mM KCI and the smaller cubes
of 170 nm and 80 nm by increasing the KCI concentration to 30 mM and 50 mM, respectively”.
The starting cubes were synthesized by electrochemical cycling between an oxidizing (+0.6 Vrrg)
and a reducing potential (+0.1 Vg g) with in total 10 cycles, which led to the electrodeposition
of size- and shape-controlled Cu cubes with a narrow size distribution depending on the Cu to Cl
ratio used in the precursor. Initially, a potential of 0.6 Vr £ was held for 8 s with a subsequent
potential jump to 0.1 VrpE for 4 s. Returning to the initial potential completes the protocol. After
the synthesis, the samples were rinsed with Milli-Q water and then used for subsequent CO,RR

experiments.
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Figure 7.1: Ex situ synthesis of Cu;0O cubes on EC-TEM chip. (a) Photograph of our setup for the
electrodeposition of cubes on the EC-TEM chips in a standard H-type cell. Contact to the carbon
working electrode (WE) of the chips is made using copper foil clips. (b) Alternating potential
profile used for the electrochemical deposition. (c) Corresponding current traces obtained from
four different depositions using the same synthesis conditions.

7.2.2  Electrolyte (KHCO3) Preparation

All electrochemical experiments for CO,RR were performed in a 0.1 M KHCOs solution as the
electrolyte. The solutions were prepared by dissolving potassium bicarbonate (KHCOj3, Sigma
Aldrich) in ultrapure water (18 MQ2 cm™!, from Veolia Purelab Flex Pure Water). Before use,
purification of the solution with Chelex 100 resin (Bio-Rad) was performed for 24 h. Directly prior
to the measurement, the electrolyte was saturated with CO, for at least 45 min for a full saturation.

7.2.3 In situ transmission electron microscopy

The in situ EC-TEM experiments were performed in a Thermo Fisher 300kV Titan TEM
(Thermo Fisher Scientific) operated in STEM mode using a Hummingbird Scientific Generation V
Bulk Liquid Electrochemistry TEM holder (Hummingbird Scientific) with Pt counter and Ag/AgCl
(3M KCI) reference electrodes. A schematic of the experimental configuration can be found in
Figure 3.1. The image sequences were acquired using an electron probe current of ~220 pA and at a
frame rate of 1 frame per second with 1024 x 1024 pixel image resolution. The EC-TEM chips with
a 50 nm thick silicon nitride membrane window were also produced by Hummingbird Scientific.
The EC-TEM chips have a carbon film covering approximately half the window as the working
electrode. The electrochemistry experiments were performed using a Biologic SP-200 potentiostat.
The potentials were measured against the built-in Ag/AgCl reference and then converted to RHE.
[...] Subsection 7.2.8 discusses the electrochemical performance of the EC-TEM holder compared
to a standard H-type cell.
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The TEM holder was pre-filled with 0.1 M KHCO3 during cell assembly to ensure that the
electrolyte fills the entire fluid path. After loading into the TEM, the syringe was filled with freshly
saturated KHCO3 and introduced at a flow rate of 0.76 ml min~! for 60 mins. Cyclic voltammetry
from —0.3 Vryg to —1.1 Vrpr was first used to determine the onset potential for the CO,RR,
followed by chronoamperometry for up to one hour at =0.9 Vyyr or —1.1 Vg g. The flow rate
was maintained at 0.76 ml min~! unless a bubble forms, at which point we increased the flow rate
to 7.6 ml min~! to push out the bubble. Due to the limited volume of 25 ml of our syringe, multiple
syringe changes were required during the extended experiments. The intermittent bubble formation

can be seen as jitters in the Appendix Movies.

In situ imaging was always performed under conditions with electrolyte in the cell, as determined
from the image contrast, and we stayed under an electron flux of 7e~ A=2s7! at all times to
minimize electron beam-induced artifacts. The presence of liquid in the electrochemical cell was
also confirmed using electron energy loss spectroscopy (a representative spectrum is provided in
Figure 7.2). A rough estimate puts the liquid layer thickness at 500 nm or more in our experiments.
Also, at least two in situ experiments were performed at each size distribution for reproducibility

[...]. The influence of the electron beam induced is discussed in [...] the Appendix 13.6.
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Figure 7.2: A representative EELS spectrum acquired during our in situ TEM experiments. The
spectrum profile indicates significant scattering of the primary electrons as they propagate
through the electrochemical cell. Note the absence of the zero-loss peak, which indicates that
the liquid thickness exceeds at least a few inelastic mean free paths of the 300 kV electrons, i.e.
we have a layer thickness of at least 500 nm.

The image segmentation for the in situ TEM movies was executed by using built-in functions
and scripting in MATLAB. The analysis was performed in the following steps: 1) drift correction
2) bandpass filtering, 3) binarization, 4) particle detection and 5) classification of the cubes and
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re-deposited particles. The band filter size and binary cutoff threshold were determined by visual
inspection. For the NP size and NP number density plots in Figure 7.17, each point is an average
of 60 frames, and the error bars represent the standard deviation of 60 frames (segmentation error).
The classification of NP type was based on the particle size. A particle larger than a pre-determined
size was categorized as a cube. Particles that were smaller than the threshold were categorized
as re-deposited. The size criteria were 200, 500, and 1000 pixels (57 nm, 90 nm, and 127 nm) for
the Cu cubes of average size of 80 nm, 170 nm, and 390 nm, respectively. The size criteria were
determined by manual testing to find the size that results in the most correctly labelled particles.
We also applied an extra shape limiting criteria, such that the eccentricity and the perimeter-to-area
ratio could exclude the occasional mislabeling during segmentation when necessary.

7.2.4  Ex Situ Electrochemistry and Product Analysis

Ex situ electrochemistry and product analysis measurements were carried out in a benchtop
electrochemical setup using an Autolab potentiostat (PGSTAT 32N). An H-type two compartment
electrochemical cell with anolyte and catholyte separated by an ion-exchange membrane (Selemion
AMV, AGC Inc.) was used with a Pt-mesh counter electrode (MaTecK, 3600 mesh cm™2), a
leak-free Ag/AgCl (sat.) reference electrode (Innovative Instruments Inc.) in a three-electrode
configuration. The working electrode compartment was stirred at 800 RPM. For each data point,
at least three identical samples were measured. The volatile gas products were analyzed via
online gas chromatography (GC, Agilent 7890A) equipped with a thermal conductivity (TCD)
and a flame ionization (FID) detector. Here, the headspace of the cell was directly connected
to the GC, allowing online analysis after ~30 min of product accumulation. An injection was
performed approximately every 17 minutes during the measurements. A continued supply of
CO, was ensured by constant bubbling of the anolyte and catholyte with CO5 at 20 mL min~".
Carboxylates such as formate and acetate were measured after the experiment by high performance
liquid chromatography (HPLC, Shimadzu Prominence) equipped with a NUCLEAOGEL SUGAR
810 column and a refractive index detector (RID). Alcohols and other liquid products were analyzed
by liquid gas chromatography (L-GC, Shimadzu GC-2010 Plus with auto sampler) equipped with a
TCD and FID. We mention here that the first 1-2 injections at the beginning of the experiments
tend to be less accurate due to limited product accumulation. All measurements were repeated

three times on identically prepared and independent samples for statistical significance. [...]

7.2.5 Ex situ transmission electron microscopy

The ex sitru TEM imaging and STEM-EDX mapping were performed using a Thermo Fisher
200kV Talos F200X TEM. The EC-TEM chips were loaded on a Hummingbird Scientific Tomog-
raphy holder with a customized tip for the chips. For the after-reaction samples, the electrochemical
cells were rinsed in Milli-Q water after they were disassembled from the holder and immediately
transferred into the TEM.
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7.2.6  Scanning electron microscopy

The ex situ SEM imaging was performed using a Thermo Fisher Apreo SEM with the in-lens

secondary electron detector.

7.2.7 Time-Resolved Ex Situ SEM Imaging of Cubes Reacted in a Standard H-Type Cell

To confirm that the EC-TEM observations can be indeed extrapolated to the behavior in a
standard electrochemical cell, we further followed ex situ the morphological evolution of the
Cu,0O cubes deposited on the glassy carbon plates during CO,RR. The samples were extracted
periodically over one hour and investigated by SEM. Figure 7.3 shows a sequence of SEM images
from a sample with 170 nm cubes acquired after different CO,RR times at —0.9 Vpy . Indeed,
the SEM images show the restructuring of the cubes and NP re-deposition similar to that observed
in the in situ experiments. As shown in the histograms in Figure 7.3(b), the cubes in our standard
cell also did not change significantly in size and number density during the experiments, whereas
the re-deposited NPs increased in size and number. The size trends from these experiments are
plotted in Figure 7.3(c).
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Figure 7.3: Time-resolved ex situ SEM of Cu,O cubes. (a) SEM of 170 nm cubes extracted at different time
points of CO,RR at constant potential (0.9 V). The reaction was stopped at 5-15 minute
intervals, and the glassy carbon support with the specimen was removed from the electrolyte
solution for imaging. The histograms compare the size distribution of cubes and re-deposited
particles after (b) 5 minutes and (c) 45 minutes.
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Before Reaction

After Reaction

Figure 7.4: Ex situ SEM images of Cuz0 on the EC-TEM chips before and after the CO,RR reaction.
The reaction time was 60 minutes at a potential of —0.9 Vrpyr. All images are at the same

magnification.

7.2.8  Comparison of the Electrochemical Performance of the EC-TEM Cell and a
Standard H-Type Cell

To determine if the electrochemical data obtained from the EC-TEM cell accurately reproduce
the behavior found in the benchtop measurements, we compared the current densities that are
obtained after correcting for the surface area of the Cu catalysts. The exposed surface area of Cu
(areac,,) was estimated from the size and distribution of the as-synthesized cubes in the electron
microscopy images. Here, we assume that each cube has 5 exposed facets of similar size, with
the sixth one covered in contact with the support. The contribution to the current from the pure
glassy carbon plate is negligible compared to that of the Cu catalysts. For the ex situ experiments,
SEM images of at least three different locations have been taken on the sample and the number
of cubes per um? as well as their average size have been determined. For the in sifu experiments,
the same has been done using the STEM images. The linear sweep voltammetry currents and
chronoamperometric traces have been normalized by dividing the measured currents by the total
surface area of Cu. We are aware that such normalization is not ideal, since the total Cu surface
area is changing under reaction conditions due to the morphological changes in the catalysts,
as shown our in situ experiments. Nevertheless, we consider that this approach is a reasonable
approximation as it captures the differences that are caused by the initially distinct cube size and
loading, which would be otherwise ignored if the support geometrical surface area is used for the
normalization. Our preliminary experiments also indicate that there is a reproducible offset of
~—0.4 V between the reference potentials in the EC-TEM cell and the standard H-type cell, which

we corrected for in the experiments presented in the manuscript. We attribute this offset to the
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ohmic potential drop caused by the longer (fixed) separation between the reference and working
electrodes in the EC-TEM cell. Figure 7.5 superimposes the initial linear sweep voltammograms for
catalysts of similar sizes after correcting for the reference potential offset and normalization over
the exposed surface area of Cu for the samples in the two setups. It is clear that the current densities
compare well against each other. Hence, both time-resolved imaging [...] (subsection 7.2.7)and
electrochemical data from both in situ TEM and benchtop setups indicate a robust correspondence
between the two systems, allowing us to extrapolate the in situ findings and associate them with the
real changes in catalytic performance measured from the identically prepared samples deposited
on the bulk electrodes.
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Figure 7.5: Linear sweep voltammogram from ex situ and in situ experiments. The currents have been
normalized over the estimated exposed surface area of Cu on the working electrode, which
is a glass carbon plate in the H-type cell and a carbon thin film in the EC-TEM experiments,
respectively.

7.3 Results and Discussion

In the EC-TEM studies, we followed the morphological evolution of Cu;O cubes with three
size distributions, 80+5 nm, 170+40 nm and 390+60 nm. The cubes were synthesized directly
on the carbon working electrode of an EC-TEM chip ex situ from an aqueous mixture of CuSOy4
and KC1* in a standard benchtop electrochemical setup (Figure 7.1). In Figure 7.7(a), we show
a STEM image sequence where we imaged several ~170 nm Cu,O cubes in situ under different

electrochemical conditions, (i) at open circuit potential in CO,-saturated 0.1 M KHCOs3, (ii) after
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applying —1.1 Vrg g, and (iii) after ~9 min at —1.1 Vrgr where a bubble formed. The image
sequence shows that a few morphological changes occur during the application of the reductive
potential: new NPs (~40 nm) form, and the cubes become porous and decrease in size by 10%.
The size decrease can be attributed to the reduction of Cu;0O towards metallic Cu as previously
determined from operando spectroscopy studies'*>!823>% The data acquired during the linear
sweep from open circuit potential to —1.1 Vr g are provided as Appendix Movie 13.13*. The
re-deposited NPs form first at about 0.5 V p g, before the size reduction of the cubes takes place
at about —0.7 Vrg g (Figure 7.8).

This suggests that the small NPs are not produced by the reduction of Cu,0O, but originated
from Cu species leached from the cubes after they were immersed in the electrolyte'®**?!. The
high-resolution image in Fig. 7.7(a)(iii), acquired after bubble formation, reveals more clearly the
nanoporous nature of the cubes. A comparison of Fig. 7.7(a)(ii) and (iii) further shows that the
nanoporous cubes remained stable under sustained applied potential, whereas the small NPs started
to agglomerate into interconnected structures.

Figure 7.7(b)-(d) shows ex situ TEM data, selected area electron diffraction, scanning transmission
electron microscopy (STEM), and energy-dispersive X-ray spectroscopy (EDX) maps of a ~390 nm
Cu;0 cube acquired (b) before and (c) after CO,RR at —1.1 Vig g for 1 hour in CO;-saturated
0.1 M KHCO3. In agreement with the image sequence in Figure 7.7(a), the single crystalline Cu,O
cube is fragmented and porous after reaction. EDX spectra acquired from the cubes (Figure 7.6(a))
indicate a significant decrease in both O and Cl signatures in these Cl~-stabilized Cu,O cubes after
reaction. The electron diffraction pattern exhibits strong Cu and weak Cu,O diffraction spots after
reaction, where the Cu,O signatures may be due to re-oxidation during the ex situ sample transfer.

The smaller NP agglomerates that are formed during reaction were identified as Cu (Figure 7.6(b)).

+ Here in form of a figure in the appendix
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Figure 7.6: Copper reduction after CO,RR (a) Comparison of the EDX spectra obtained during the
acquisition of Figure 7.7(c). The results indicate a decrease in both Cl and O after reaction. The
spectra are normalized to the Si K peak of the silicon nitride membrane. (b) Cu cubes after
CO;RR. (c) The {100} facet of the magnified area within the Cu NP marked by a red square in
(b). The lattice parameter 1.81 A corresponds to Cu{200}.

Since it was challenging to prevent the formation of gas bubbles and to remove them at
—1.1 Vrp g during the in situ investigations, we applied a lower potential of —0.9 Vrp £ in sub-
sequent experiments. This allowed us to extend the continuous observation window up to about
an hour. Figure 7.12 depicts the morphological evolution of cubic-shaped Cu,O catalysts with
different initial sizes where the image sequences track the same cubes at four different reaction
times after the application of the reductive potential: t = 0 min, 5 min, 25 min and 45 min. The
corresponding movies with wider fields-of-view for the size distributions of (a) 390 nm, (b) 170 nm
and (c) 80 nm are provided as Appendix Movies 13.14, 13.15 and 13.16%, respectively. In [...]
section 13.6 , we discuss the control experiments we performed to rule out electron beam induced

effects in these extended imaging experiments.

% Here in form of a figure in the appendix
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Figure 7.7: Morphology of Cu,0 cubes and their evolution during CO,RR. (a) An imaging sequence
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illustrating the morphological changes observed in ~170nm cubes after (i) introducing CO,
saturated 0.1 M KHCO3 under open circuit potential, (ii) applying a reductive potential of
—1.1VgpyE and (iii) after ~9 min at —1.1 Vpg g, where a large bubble formed. The image
sequence was acquired with an electron flux of 1.7e™ A2s1 Comparison of Cu0 cubes (b)
before and (c) after reaction using ex situ TEM imaging and electron diffraction (upper right

inserts). (d) STEM-EDX mapping of the same cubes showing the Cu and O maps.
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Figure 7.8: Cube size changes and particle re-deposition during initial cyclic voltammetry. (a). TEM
images of Cu cubes at —0.3 Vp . (b). TEM images of the Cu cubes and redeposited particles
at —1.1 Vrgg. (c). Line profiles showing the outlines of cubes and re-deposited particles
at different applied potentials. The arrows highlight the shrinking of the cubes. (d). Cross
correlation coefficient (XC) maps comparing each image frame and its subsequent frame. The
more similar each pair of images are, the higher the XC number is. The white line indicates the
applied potential over time. The map shows that the changes occur mostly at the beginning of the
potential sweep (-0.5 Vry g to —0.7 VR ), where the cubes shrink, and then, the morphology
is relatively stable over the rest of the voltage sweep.

The image sequences show a drastic difference between the larger (390 nm and 170 nm) and
the smaller (80 nm) cubes studied. Although fragmentation and a size decrease were found to
occur under reductive potential regardless of the initial cube size, the cubic nanoporous frames
from larger cubes were largely stable and did not show significant mobility. On the other hand,
the 80 nm cubes decreased in number after the introduction of electrolyte. Different areas of the
working electrode showed either a noticeably lower cube loading or remnant cube fragments. To
confirm this observation, we imaged the Cu,O cubes ex situ with TEM, after synthesis, after a
30-minute immersion in 0.1 M KHCOj3 and after reaction at —0.9 Vp g in our standard H-type
cell (Figure 7.9). While large cubes (> 170 nm) only showed subtle changes after immersion in
the bicarbonate solution, the smaller cubes underwent significant degradation and a reduction in
their number, corroborating the poorer stability of these cubes. The in situ TEM image sequence in
Figure 7.12(c) describes the dynamics of the structure of the 80 nm cubes under applied potential,
where catalyst aggregation and detachment can be seen. Results from another experiment where we
mostly found cube fragments is provided as Figure 7.10 and Appendix Movie 13.17%, respectively.

% Here in form of a figure in the appendix
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Figure 7.9: Ex situ TEM images of areas comparing Cu,O cubes synthesized on the EC-TEM chip but
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subject to CO2RR in the benchtop setup. Image sequence in (a) displays the larger cubes and
in (b) the smaller cubes. To mimic the in situ experiments, the chips were immersed in 0.1 M
KHCO3 (not connected) for 30 minutes followed by 1 hour reaction in CO;-saturated 0.1 M
KHCO3 at —-0.9 VryE. A comparison of the images acquired after immersion in 0.1 M KHCO3
of the smallest as-synthesized cubes also suggests that the KHCOj3 can alter the morphology and
surface density of the cubes as shown by (c) and (d). Our previous work also suggested that
similar changes in morphology also occur on the surface of the larger cubes, but these changes
are difficult to observe with TEM %2,



Figure 7.10: EC-TEM images of fragments and redeposited NPs from the 80 nm cubes acquired during
CO;RR at (a) 0 min, (b) 5 min, (¢) 25 min, and (d) 45 min in CO;-saturated 0.1 M KHCO3 at
-0.9 VRHE-

To understand how the morphological changes identified in the in situ experiments impact the
overall catalytic properties of these samples, we repeated the synthesis of the Cu;O cubes on
conventional glassy carbon plates using the same protocol and measured their reaction products
using online gas chromatography. Chronoamperometric traces obtained during these experiments
are provided in Figure 7.11. Results from online gas chromatography analysis of these samples,
measured at —1.1 Vrpy g, are shown in Figure 7.16. Here, Figure 7.16(a) shows SEM images of
the samples after 12 hours of CO,RR and Figure 7.16(b) plots the partial current densities for
hydrogen (H,), carbon monoxide (CO), methane (CH4) and ethylene (C,H,4) for samples with
the different size distributions. It can be seen from Figure 7.16(a) that the cubic structure was
preserved for the larger cubes, whereas extensive agglomeration was observed for the smallest ones,
consistent with the in situ EC-TEM results. In general, the formation of multi-carbon products,
such as CyHy, are expected from such Cu,O cubes starting at ~—0.9 Vrpy 2% A comparison
of the sample morphologies reacted at -0.9 Viryp, —1.1 VryEg, and —1.3 VyyE, captured using
SEM (Figure 7.13(a)), indicates that the general morphological evolution is comparable among the
different potentials, and that the more negative potential only accelerated the dynamic changes in
the morphology. Partial current densities for gaseous products at -0.9 Vi and —1.3 Vry g are
provided as Figure 7.13(b).

It can be seen from Figure 7.16(b) that over the course of 12 hours at —1.1 Vrygp, CHs and
C,Hy production decrease, which is explained by the observed degradation of the catalyst cubic
morphologies, especially with the attachment of re-deposited NPs onto the fragmented cubes. The
details, however, differ across the three samples. The sample composed of 170 nm cubes showed
significantly higher currents for CH4 and C,H4 compared to the other two samples, presumably
due to the higher density of catalytic structures present on the working electrode surface in this
sample as shown in Figure 7.12(b). On the other hand, the 80 nm cubes showed a precipitous drop
in partial current density for CH4 and C,Hy, and an increase in the partial current density for CO
within the first hours. While the yields of H, and CO stayed roughly constant for the 390 nm and
170 nm cubes, they reached a similar level for the three samples after the first hour of reaction.
The 390 nm cubes also maintained the selectivity towards CH4 and C,Hy that were close to those

originally found in the 80 nm cubes, but with a more gradual drop over time.
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Figure 7.16(c) further compares the Faradaic efficiencies (FE(%)) towards different products at 1
hour and 12 hours of reaction time for these three samples. Figure 7.14 provides the full datasets of
the FEs for all products over 12 hours with a temporal resolution of about 17 min and Figure 7.15
compares the gaseous products in terms of the FE for the different cube sizes. It is evident from the
product analysis that the 170 nm cubes were the only ones that retained significant hydrocarbon

selectivity after 12 hours.
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Figure 7.11: Chronoamperometric traces obtained during the benchtop time-resolved product analysis
experiments. The plot shows the chronoamperometric traces for 80 nm, 170 nm, and 390 nm
Cu cubes on glassy carbon plates measured for 12 h at —1.1 Vi . Each trace is the average

of three independent measurements.
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Figure 7.12: Morphological evolution of CuzO cubes and re-deposited NPs captured under operando
conditions over 45 min of CO2RR by EC-TEM. Snapshots extracted from the videos tracking
the evolution of (a) 390 nm, (b) 170 nm, and (c) 80 nm cubes at 0 min, 5 min, 25 min and 45
min after applying a potential of 0.9 Vryg. Each image is an average of 10 frames. The
electron flux used is 3.5e~ A=2s7!.
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Figure 7.13: Comparison of the time-dependent evolution of the morphology and gaseous products of
CO2RR at different reduction potentials. (a) Ex situ SEM images of Cu;0O cubes deposited
on glassy carbon plates before and after 12 hours of the reaction. Comparison of Cu cubes de-
posited on a glassy carbon plate before (pristine) and after CO,RR at =09 Viryp, -1.1 VryE
and —1.3Vigg. (b) Partial current density of 170 nm Cu cubes measured at -0.9 Vry g,
-1.1VgygE, and —1.3 Vi for Hy, CO, CHy, and CoHy. The biggest changes were observed
within the first hour of reaction, with secondary long term stability changes.
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Figure 7.14: Full product analysis over 12 hours of CO;RR with Cu,0 cubes on glassy carbon plates.
Gaseous products were measured via online gas chromatography during the reaction and
liquid products were measured with high performance liquid chromatography (HPLC) after the
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Figure 7.15: Comparison of the time-dependent CO,RR Faradaic Efficiency evolution for gaseous
products. Faradaic efficiencies of three cube sizes (80 nm, 170 nm, 390 nm) for (a) hydrogen,

(b) carbon monoxide, (c) methane, and (d) ethylene.
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Figure 7.16: Product analysis from CO;RR over Cuz0 cubes deposited on glassy carbon. (a) SEM
images of Cu cubes with three different average size distributions measured ex situ after 12 h of
CO;RR. (b) Partial current densities for Hy, CO, CHy and C,H4 obtained from time-resolved
gas chromatography data acquired over 12 hours. The currents are normalized by the exposed
surface area of the as-synthesized CuyO cubes. Note that this normalization does not consider
the dynamic morphological changes observed under reaction conditions. Faradaic efficiencies
of all measured reaction products after (c) 1 hour and 12 hours of CO,RR at —1.1 ViyE.
The efficiency in (c) is slightly lower than 100% due to evaporation of liquid product and
presumably non-linear product formation since we average the liquid products over 12 h. The
reference sample is a glassy carbon plate without catalysts.

97




We further performed experiments where identically prepared cubes deposited on glassy carbon
were extracted and examined at regular intervals during the first hour of the CO,RR to track
the time-resolved morphology changes of the cubes in the H-type cell. These ex sifu imaging
experiments are summarized in [...] subsection 7.2.7. In short, the main features of the EC-TEM
observations; cube fragmentation, re-deposition of small NPs and their subsequent agglomeration
were found in these samples and their trends as a function of the cube size were also reproduced,
indicating that our EC-TEM experiments indeed mimic the behavior of the electrocatalysts in

benchtop systems.

Hence, it is evident that the formation, motion, and aggregation of the re-deposited NPs are the

main drivers of the morphological change on the working electrode surface. Figure 7.17 plots the
time-resolved traces of the size of the cubes and re-deposited NPs extracted from the EC-TEM
studies. After the reductive potential is applied, the size of the cubes decreased by 10 ~15% from
their as-synthesized size as seen in Figure 7.17(b). Following this initial size change, the cubes
remained stable in size but with an increasing spread in sizes as the small re-deposited NPs start
to attach to the corners and edges of the cubes as presented in Figure 7.17(b). The cubes with an
initial size of ~80 nm showed a steep increase of their size as compared to the larger ones because
these small cubes became mobile, which lead to significant aggregation during sustained potential
application. As can be seen in Figure 7.17(c), the number density of 390 nm and 170 nm cubes
stay constant during the first hour, whereas the number density of 80 nm cubes decreases by ~50%.
The latter is caused by the higher mobility and extended aggregation of the smallest cubes, which
results from their poor adhesion to the working electrode surface.
The initial sizes of the re-deposited NPs were similar at ~40 nm for the three sample sets, Figure
7.17(d). As these small NPs aggregated with each other or attached to the surface of the existing
cubes over time, their size further increased from 40 nm to 60 nm. The NP number density also
decreased by ~25% over 45 mins for the 170 nm and 80 nm cube samples as shown in Figure
7.17(e). Such aggregation behavior seems to be similar to that reported for small Cu NP ensembles
during CO,RR'%!17 The NPs in the 390 nm cube sample show only a minor change in NP surface
density, probably due to the sparse distribution of NPs in the original as prepared sample, Figure
7.12(a).

These changes in the catalyst morphology can be further matched with overall trends in the
activities of the differently sized cubes. The smallest cubes studied were clearly the least stable
with significant aggregation and loss of catalyst material from the glassy carbon surface, which
is reflected in the sharp decrease in their hydrocarbon production. Small Cu NPs are also known
to be selective towards CO and H», instead of hydrocarbonsl 1 On the other hand, the increased
selectivity towards Co products in the 170 nm cube sample is surprising and requires us to consider
how the catalyst loading changes under reaction conditions, since this is expected to impacts its
selectivity! 9?8 In the as-synthesized sample, the highest catalyst loading was obtained for the
80 nm cubes and lowest for the 390 nm cubes”’. However, the EC-TEM observations indicate that
during CO,RR, the number density of both, cubes and NPs formed during the reaction, is three
times higher in the 170 nm sample as compared to the other two samples. Conversely, the density

of nanocubes in the 80 nm nanocube sample dropped drastically during the reaction. It is likely that
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the high coverage of the NPs generated during CO,RR from the 170 nm cubes is responsible for the
higher amount of multi-carbon products (e.g. C,Hy4) produced. A more facile C-C coupling leading
to enhanced hydrocarbon selectivity (vs CO) was previously reported for Cu CO,RR electrocalysts

102 and Cu mass loading.”*® The fragmentation of the

as a function of the interparticle distance
as-synthesized Cu,O cubes also intrinsically creates a large number of defects (e.g. edge sites),
which have been deemed favorable for the CO,RR catalytic activity and selectivity?*>3!”. The
exact effect of such defects, however, remains to be clarified as very small NPs (<5 nm) with a

large number of undercoordinated sites have also been shown to favor H, formation''¢.

Moreover, the 170 nm cubes had the most stable catalytic performance. FE towards Co products
only dropped by 24% for the 170 nm sample over 12 hours as compared to 46% for the 390 nm
sample and 54% for the 80 nm sample. Previously, Jung et al.>'® had reported that 20 nm Cu,O
nanocubes synthesized by means of wet chemistry can gradually fragment over several hours,
resulting in a corresponding increase in ethylene selectivity. In comparison, our larger (80-390 nm)
cubes fragment almost instantaneously upon the application of a reductive potential, attain peak
current densities for Co products within the first hour of reaction as shown in Figure 7.12 (and
Figures 7.14 and 7.15), although only the 170 nm cubes sustain their selectivity. This long-term
catalytic stability may be explained as a combination of the morphological stability of the larger
nanoporous cubic frames during sustained potential application and the formation of additional
densely packed re-deposited NPs, surrounding the cubes, giving rise to a reduction in interparticle

spacing during reaction'??.
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Figure 7.17: Catalyst size changes over 45 min from in sifu and ex situ imaging. (a) Schematics describing
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the evolution of the cube morphology and the re-deposition of catalyst particles. (b) The average
cube size, (c) the number density of cubes, and (d) re-deposited particle size and (e) the number

density of the re-deposited particles extracted from in situ CO>RR experiments collected over

45 minutes. The error bars represent the standard deviation of the average size of the cubes

for the as-deposited samples, whereas for the sizes during reaction, the error bars represent the

segmentation error from the automated NP detection processing routine.



So far, we have presented a detailed picture of how Cu,O catalysts dynamically re-structure
under CO,RR reaction conditions using both in situ and ex situ electron microscopy, providing
insight into the kinetics of different dynamical processes such as re-deposition, agglomeration,
detachment, dissolution, and fragmentation'*’. Clearly, the catalytic properties of our system
cannot be interpreted using concepts based on the flat surfaces of the well-defined as-prepared
Cu;0 cubes. Instead, they must be rationalized based on the contributions of both Cu,O cubes and
re-deposited NPs (summarized in the cartoon in Figure 7.17(a)).

The catalytic stability of the cubic Cu;O particles cannot be easily understood if one simply
considers a size dependence, where neither the samples with larger, stable cubes nor the samples
with smaller, rapidly aggregating NPs, showed the best performance. Instead, a combination of
densely loaded, moderately sized cubes with a high density of re-deposited NPs yielded the best
Co4 product selectivity and stability, alluding to a complex interplay between the initial catalyst
parameters (cube size, cube loading) and their dynamic parameters (nanoporous frame stability,
re-deposited NP size, re-deposited NP loading, re-deposited NP aggregation, and detachment).
To check the generality of our results, we also performed EC-TEM experiments using ~30 nm
Cu;0 cubes synthesized via a colloidal chemistry approach (Figure 7.18 and Appendix Movie
13.18%). Similar re-structuring and re-deposition were seen in these samples. However, as in
our electrochemically synthesized ~80 nm cubes, these cubes did not attach well to the working
electrode and were mobile during the extended reaction times employed. Lastly, further clarification
using theory regarding how the different factors, especially the effect of confinement>> due to the
nanopores formed under CO,RR on the fragmented cubes, influence the catalytic behavior can
inform rational strategies that exploit the dynamic morphologies of these catalysts for improved

performance.

a Cubes as synthesized b Cubes on Carbon WE c Cubes on Silicon Nitride

100 nm 100 nm e

Figure 7.18: Ex situ TEM images of 50 nm CuzO cubes synthesized with colloidal chemistry. (a) Image
of the as-synthesized cubes. Images of cubes after 1 hour of CO2RR that are found in two areas
of the silicon nitride window: (b) the carbon WE of the EC-TEM chip and (c) the bare silicon
nitride membrane. Images on the carbon WE show significant restructuring and formation of
small NPs whereas the cubes on the silicon nitride show only small changes in their shape
(presumably un-reacted due to the absence of electrical contact).

% Here in form of a figure in the appendix
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7.4 Conclusions

Using a combination of in situ and ex situ electron microscopy experiments, we showed that
cubic Cu,O catalysts restructure from a solid single crystalline form to a fragmented nanoporous
structure under CO,RR conditions. Furthermore, we observed the formation of small randomly
shaped NPs originating from Cu leached out of the Cu;O cubes, resulting in a dynamic morphology
with two distinct structures: nanoporous cubic frames and redeposited NPs. By matching the
morphological evolution of the cubic catalysts and the smaller NPs generated by the applied
potential with the analysis of reaction products from identically prepared samples deposited on
bulk carbon electrodes, we elucidated how the Co4 hydrocarbon selectivity is controlled by initial
cube size and surface coverage. In particular, we revealed that nanoporous structures created from
larger cubes are morphologically stable and catalytically selective. Our results also demonstrate the
inherent complexity of real-world electrocatalysts and their dynamic morphology under reaction
conditions. Understanding of several structural parameters is needed to rationalize the catalytic
selectivity of samples with different initial morphology. A complex interplay of dynamic structural
behavior, dynamic loading, and interface stability must be considered for the development of
better CO,RR catalysts. Gaining such insight into the long-term stability of nanoscale catalysts
is especially important for the advancement of energy conversion technologies as it can lead to
the development of novel strategies that make use of the inherent re-structuring dynamics of the

catalysts. ">%3
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8 Elucidating the Influence of the Support
Material on the Catalytic Performance of
Electrodeposited Cu-Cubes for Electrochemical

CO; Reduction in Aqueous Media

This chapter is based on unpublished and ongoing work where I investigate the influence of the
support material on the product selectivity of CO,RR. The idea behind this project is taking
support materials that are known for specific properties like reduction of CO; to CO to enhance the

performance of the electrodeposited Cu cubes.

8.1 Introduction

There is an urgent need to advance technologies that can help counter the effects of anthropogenic
climate change. A variety of approaches is being investigated in this rapidly expanding field of
research. Carbon oxidation stands at the core of humanity’s energy infrastructure, however there
is a distinctive lack of industrial counter reactions that cause a perturbation to the system and an

increase of the greenhouse gases in the Earth’s atmosphere.

A key technology to prevent this is the catalytic conversion of industrial climate change gases,
such as CO,, that are emitted from industrial plants and converting them back into valuable
chemicals, thus closing the industrial carbon cycle. A promising strategy to achieve this goal would
be the CO,RR?'%313 with the help of renewable energy sources. With this catalytic conversion,

industrially desirable products can be yielded such as ethanol and ethylene'>'3

, which can be
either used directly as fuel or as precursors for established industrial processes. Contrary to
thermally driven catalytic processes, the aqueous electrochemical CO,RR can run at ambient
temperature and atmospheric pressure and further combines electrochemical water splitting with

carbon hydrogenation into one process.

Amongst all available catalysts investigated to this day, copper is unique as a material in its
ability to produce Cq4 hydrocarbons, alcohols, and aldehydes in significant amounts. However,
with more than ten products, it suffers from bad selectivity towards the most desirable chemicals as
well as from a low energy efficiency due to the required high overpotentials'>~'*. Furthermore, it is
always competing with the parasitic hydrogen evolution reaction (HER).

A tremendous effort has been put into elucidating the processes that govern the electrochemi-

cal reduction of CO,.%® Among the investigated parameters, the catalyst structure and chemical
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state are of particular importance.'’-'1**! Compared to polycrystalline Cu electrodes, nanostruc-
tured Cu catalysts have shown a significantly improved CO;RR performance attributed to grain
boundaries*>2%3, Cu{100} facets2-9%113.115.244.245 ' creased roughnessn, defects!39248:249 ow-

02,250,326 97,131,251-258

coordinated sites' , and the presence of subsurface oxygen and Cu(I) species

However, a factor that has not been researched intensively is the role of the support material,
which can have significant influence on a catalysis performance through spillover or cascade effects,
synergistic effects or enhanced stability governed by the interface. From all the electrode materials
that are active for CO,RR, three groups can be classified based on their primary product®”’.
Formate (HCOO™) is produced as the main product by metals such as Pb, Hg, Ti, In, and Sn*?%32%
Transition metals like Zn, Pd, Au, and Ag65 produce mostly carbon monoxide (CO), whilst some
others are almost inert for CO,RR and only participate in HER, like Pt, Fe, and Ni%-329 In order to
modify the selectivity of Cu catalysts, the combination of two (or more) catalyst materials can have
beneficial effects on selectivity or activity®****!. Adding a primarily CO producing material can
enhance the reaction through spillover effects, such as surface diffusion of CO or the increase of
local CO concentration' 332333 Additionally, electronic effects can change the electronic structure
of the catalyst material which alters binding strengths on the surface, ultimately leading to a lower

energy barrier of the rate determining step (CO; to CO)***.

In this study, we make an effort to better understand the influence that the support has on our
electrodeposited Cu-cubes’” and correlate this to the selectivity. We have prepared cubic catalysts
by electrodeposition on primarily Hy, CO, and HCOO™ producing transition-metal supports and
compared their selectivity to that of a pure Cu-foil. Online gas chromatography (GC) allowed us
to observe the products of the reaction, whilst SEM provided information of the morphology of
our catalysts. Lastly, potentiometric impedance spectroscopy (PEIS) was used to investigate the

catalyst/support/electrolyte interface.

8.2 Results

To study the effects of the support material, a selection of supports has been made. Ag and Au
were chosen as they provide carbon monoxide at relatively low potentials and with high currents.
The lattice parameter of these transition metals are close to that of Cu, thus a more stable interface
will be formed between the cubes and the support. In addition, Fe was chosen a contrast since it is
very active for HER. Formate-producing supports are excluded in this study to avoid having an
easy route for a terminal product in CO;RR. Lastly, two types of carbon supports were chosen, one
with high roughness (carbon paper) and one that is flat (carbon foil) to have a support that is not
strongly active for CO,RR. For these, the only difference should be caused by support topography
effects.

First of all, the cubes were synthesized on the aforementioned support materials according the the
procedure described in”. SEM images were taken before and after 1 h of CO,RR at -1.0 Vrpyg

as shown in Figure 8.1.
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Before

Figure 8.1: Cu cubes electrodeposited on Au foil, Ag foil, carbon paper, Cu foil, and Fe foil as support
materials before and after 1 h of COoRR at —1.0 Vr g in CO; saturated 0.1 M KHCO3

The images indicate that the cubes have different stability under CO,RR conditions, depending
on which support they are deposited on. To gain more information on the respective contribution
for CO,RR and to distinguish the reactivity of the support and the cubes, linear sweep voltammetry
(LSV) was conducted before and after electrodeposition in a defined area. The electrolyte was
COs-saturated 0.1 M KHCO3 and the sweep rate was set to 20 mV s~!. We found that in all cases
the onset of the LSV was shifted to more negative potentials. The smallest difference was found
for the Cu-cubes on Cu and the largest difference for Cu cubes on Fe. Additionally, we compare
the second and tenth cycle to see how the current changes within the first few minutes. Again, the
biggest change was observed for Cu cubes on Fe sample, the smallest in the Cu cubes on Cu. The

results for all tested support materials are shown in Figure 8.2a-f.
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Figure 8.2: Linear sweep voltammetry of the pristine supports after 10 cycles and the Cu cube decorated
supports in CO; saturated 0.1 M KHCO3 on Au (a), Ag (b), Cu (c), Fe (d), glassy carbon (e),
and carbon paper (f). The 10" cycle is compared to ensure the system is under stable conditions.
For the Cu cubes on the respective support, the 2" cycle is shown with a dotted line to see the
strong changes within 10 cycles. All potentials are 90% iR corrected.

With the exception of the Cu cubes on Cu, we have observed a drop in current and a shift to more
negative potentials for all other support materials. This phenomenon was further explored by con-
ducting potentiostatic electrochemical impedance spectroscopy (PEIS) measurements. The results
are shown in Figure 8.3, where the supports were again measured before and after electrodeposition
of the Cu cubes. A total of three potentials were measured and to see the impedance response in the
non-faradaic region (0.1 Vrgg), close to or at the onset (0.3 Vg ), and at CO,RR relevant
potentials (=0.9 Vrr ). We found that with increasingly negative potential, the charge transfer
resistance (second O crossing) decreases to lower Re(Z) values. With the addition of Cu cubes,
however, they overall increase again. In the case of the Cu cubes on glassy carbon, the onset shifts
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so far to more negative potentials, that no charge transfer occurs at all at —0.9 Vg . For Cu cubes
on carbon paper, Ag, and Fe on the other hand, we observed mass transport limitations, indicated

by the Warburg resistance (linear continuing plot at higher Re(Z) values).
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Figure 8.3: Impedance spectroscopy measurements of the pristine support materials and the same support
materials with Cu cubes electrodeposited in CO, saturated 0.1 M KHCO3. Niquist plot measured
at a) -0.1Vryg, b) at 0.3 Vg, and ¢) at -0.9 Vrygr. The frequency range is 1 Hz to

0.1 MHz.

Lastly, the performance for CO,RR was measured by comparing the potential dependent for-
mation of products by online gas chromatography (GC). Figure 8.4 shows the gas products for
all measured supports with Cu cubes at different potentials. As can be seen from Figure 8.4a,
in terms of hydrogen Fe performs the best with close to 100% faradaic efficiency, however, this
also means that no CO,RR could be achieved on this support material. This is in agreement
with the performance we observed in the LSV in Figure 8.2. In the case of Cu cubes on Cu, Ag,

Au, and C-paper we observed respective minimum points for H, production. From the faradaic

efficiency for CO, we have observed that Ag and Au express superior performance, indicating

that in these cases the support material is the major contributing catalyst and not the Cu cubes.
Interestingly, we observe CH4 and C,H,4 for Cu cubes on Ag, indicating that here the Cu cubes

are indeed participating in the CO,RR and compete with the Ag support material. The maximum
of the faradaic efficiency, however, is only about 50% to that of Cu cubes on Cu and the maxima

are shifted to more negative potentials. Surprisingly, in case of Au, no faradaic efficiency for

hydrocarbons could be observed.

107



m Cu-foil e C-paper aAg-foil v Au-foil <«Fe-foil
901 a H, 1b Co

- N
o o o
il

Faradaic Efficiency (%)
N
o

w
o

N
o
1

101 4

0 T T T T T T T T 1
-1.15 -1.10 -1.05 -1.00 -095 -115 -110 -1.05 -1.00 -0.95 -0.90
Potential (V vs RHE)

Figure 8.4: Faradaic efficiency for Cu cubes on different supports. a) shows faradaic efficiency for Ha, b)
for CO, c) for CHy, and d) for CoHy as a function of the applied potential. The lines are guides
for the eye and do not indicate a fit.

8.3 Discussion

We have also observed different morphological behavior after CO,RR, depending on the support
material used. From fragmentation of the Cu cubes on Au, shrinking on Ag, and sintering on Cu,
the range of observed effects is broad and a unified explanation is close to impossible. However,
from the data discussed in the previous section, we can derive an interaction of electrodeposited Cu
cubes on the tested support materials. In the case of Cu cubes supported on Au and Fe we have not
seen activity for hydrocarbons, only H; for Fe and Hy+CO for Au. These products are known to be
coming from the support itself and dominate the selectivity trends, since no contribution from the
Cu cubes could be observed.®*? The reason is the poor overlap of potentials, where the supports
start to produce H; and CO respectively at far lower overpotential and with high current densities,
as compared to the CO,RR onset. The impedance measurements showed that the overall resistance
(ohmic and charge transfer resistance) increases by adding the Cu cubes. An explanation for this
observation could be the increased amount of electrons required to form products on the cubes
(two or more electrons), whereas the blank supports can only produce simple molecules derived
from one or two electron transfer processes. However, the cubes consist initially of Cu,;O, which
has lower conductivity and thereby cause the observed increase in resistance. This needs to be
studied in future experiments.
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8.4 Conclusion

It can be concluded that the presented data show an interesting approach to enhance the per-
formance of electrodeposited Cu cubes, however, understanding the complicated interplay and
competitive reaction pathways require a more in depth analysis by spectroscopic means. Further-
more, a higher temporal resolution product analysis like DEMS could provide crucial information
on the highly potential dependent product selectivity and thereby distinguish between support
and Cu cube contributions. Lastly, an analysis of the bound surface species i.e. extracted from
Raman spectroscopy measurements could provide information on the different binding of inter-
mediate species on the catalyst and support. It is important, that all studies are conducted on the
blank supports as well, ideally on the same piece of material that is subsequently used for the

electrodeposition to enable a better comparable study.
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9 Plasma Induced Surface Functionalization for

Catalysis

9.1 Plasma-Activated Copper Nanocube Catalysts for Efficient Carbon

Dioxide Electroreduction to Hydrocarbons and Alcohols

The following section is based on the publication "Plasma-Activated Copper Nanocube Catalysts
for Efficient Carbon Dioxide Electroreduction to Hydrocarbons and Alcohols" in which I was
involved in sample preparation and plasma treatment. In this publication, we "have developed
highly active and selective copper (Cu) nanocube catalysts with tunable Cu{1 00} facet and oxy-
gen/chlorine ion content by low-pressure plasma pretreatments. These catalysts display lower
overpotentials and higher ethylene, ethanol, and n-propanol selectivity, resulting in a maximum
Faradaic efficiency (FE) of ~73% for C, and Cs products. Scanning electron microscopy and
energy-dispersive X-ray spectroscopy in combination with quasi-in situ X-ray photoelectron spec-
troscopy revealed that the catalyst shape, ion content, and ion stability under electrochemical
reaction conditions can be systematically tuned through plasma treatments. Our results demonstrate
that the presence of oxygen species in surface and subsurface regions of the nanocube catalysts is
key for achieving high activity and hydrocarbon/alcohol selectivity, even more important than the

presence of Cu{100} facets.""?!

9.1.1 Introduction

"The electrochemical reduction of CO; to useful chemicals and fuels provides a sustainable
way to simultaneously address the environmental challenges caused by fossil fuel combustion
and the global need for storage of electric power produced by renewable energy sources.??>-33¢
The activity and selectivity of CO; electroreduction over metal catalysts partly depend on the
adsorption strength of carbon monoxide (CO) on the metal surfaces.'”**” Among the metals used
for CO, electroreduction, copper (Cu) is one of the most extensively studied.”®!%1-*3® Thanks to its
moderate CO binding energy, Cu can efficiently reduce CO, to valuable hydrocarbons and alcohols,
rather than to only yield CO and formic acid.'> Polycrystalline Cu shows much higher selectivity
for methane than ethylene, an important chemical feedstock.’®" There is an urgent need to develop
novel, highly active electrocatalysts with enhanced selectivity for Co/Cs hydrocarbons and alcohols
that could be economically employed in industrial applications. Nanostructured Cu catalysts
have shown tunable activity and selectivity for CO; electroreduction,”®!01111,137,253-235,267,339,340
Compared with polycrystalline Cu, oxide-derived Cu catalysts exhibit significantly improved CO;

242

electroreduction at lower potentials,”*~ which was initially attributed to a large amount of grain

boundaries formed by successive oxidation and reduction.**! The increase of the local pH on the
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roughened Cu surface”*’

was considered to be another factor contributing to the enhancement
of catalytic activity.”* Besides surface roughness, the crystallographic orientation of nanoscale
structures on the surface of Cu-based catalysts has also been reported to affect their catalytic
properties. The presence of cubic Cu-based nanostructures was shown to lower the onset potential
for ethylene formation and to lead to high ethylene selectivity at the expense of methane.”>**!13 The
role of Cu™ species and subsurface oxygen on pre-oxidized Cu foils has also been proposed to be a
crucial parameter affecting the activity and ethylene/alcohol selectivity of Cu catalysts.?> 232234342
Despite intense recent work, the mechanism behind the improved activity and ethylene/alcohol
selectivity of oxide-derived Cu-based catalysts for CO, electroreduction remains controversial.
Disentangling the contributions of the crystallographic facets, roughness, and the presence of Cu*
species and/or subsurface oxygen and determining the relative importance of each of them have
not yet been possible. To shed light on the relative effect of these parameters, we designed a
Cu nanocube catalyst with tunable Cu{1 00} facet morphology and ion (O;- and CI~) content
achieved by mild plasma treatments. By comparing the catalytic performance of samples with
similar cubic morphology but different ion contents and samples with similar oxygen content but
different morphology, we were able to demonstrate that the presence of oxygen in the ethylene-
and alcohol-selective catalysts is key for achieving high activity and selectivity. It is postulated
here that surface and subsurface oxygen species affect the binding of CO to the Cu nanocube
surface, favoring the formation of multicarbon reduction products such as ethylene, ethanol, and

n-propanol.”*’

9.1.2 Methods

Synthesis and Plasma Treatment

Commercial Cu foils (Advent Research Materials Ltd., 99.995%) were first cleaned with acetone
and ultrapure water (18.2 M()) in an ultrasonic bath and then electropolished in phosphoric
acid (VWR, 85 wt %) at 3 V vs Titanium foil for 5 min. Cu nanocubes were prepared by
electrochemically anodizing the electropolished Cu foils in 0.1 M KCI (VWR, 99.9%) with five
triangular potential scans ranging from 0.4 to 2.0 V vs RHE at a rate of 500 mV s~!. During
each cycle, the potential was held at the positive and negative limits for 10 and 5 s, respectively.18
The Cu nanocube samples were then rinsed with a large amount of ultrapure water to remove the
electrolyte. Plasma pretreatments were then performed in a plasma etcher (Plasma Prep III, SPI
Supplies) at a gas pressure of 400 mTorr of O, Hy, or Ar and power of 20 W for different periods

of time.

Surface Characterization

The morphology of the cubic nanostructures and the surrounding foil surface was investigated
by SEM using a Quanta 200 FEG microscope from FEI with a field emitter as electron source.
The images were acquired in vacuum using a secondary electron (Everhart-Thornley) detector to
ensure high surface sensitivity. An accelerating voltage of 10 kV and a working distance of 10 mm

were found to yield the best balance between spatial resolution, surface sensitivity, signal-to-noise
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ratio, and field depth. A separate, liquid-N;-cooled EDX detector was employed for the elemental
analysis of the sample surface. The acceleration voltage chosen for the EDX studies was also 10
kV. For every sample and every treatment condition (as-prepared, after plasma treatment and after
electrochemical reaction), a large number of SEM images were acquired from different regions
of the surface at magnification factors between 100x (overview images) and 160.000x (detailed
morphology of a selected nanocube), to ensure that the obtained results were representative of the
whole surface. For the elemental analysis, EDX spectra from at least 10 different nanocubes, as
well as from nearby regions of the underlying foil, were collected. The average composition of the

cubes and the foil was subsequently determined for every sample and condition. [...]"*!

Electrochemical Measurements

"Electrochemical measurements were carried out in a gas-tight H-cell separated by a Nafion
115 membrane. Both working and counter compartments were filled with 40 mL 0.1 M KHCO3
(Sigma-Aldrich, 99.7%) and purged continuously with CO; (20 mL min-1). A platinum gauze
(MaTecK, 3600 mesh cm~2) was used as the counter electrode and a leak-free Ag/AgCl electrode
(Innovative Instruments) as the reference electrode. The Cu nanocube samples were used as the
working electrode and contacted with a clamp wrapped by Kapton tape to avoid the unwanted
reaction. A freshly prepared sample was measured with a chronoamperometric step for 1 h at
each potential. The potentials were controlled with an Autolab potentiostat (PGSTAT 302N).
All potentials vs Ag/AgCl were converted to the reversible hydrogen electrode (RHE) scale and
corrected for iR drop as determined by current interrupt. The roughness factors were determined
by measuring double-layer capacitance with cyclic voltammetry in CO,-saturated 0.1 M KHCOj3
solution (pH 6.8) after 1 h of electrochemical reaction at —1.0 V vs RHE [...].24221

Product Analysis

The gas products were analyzed by online GC (Agilent 7890A) every 17 min. CO, Hj, and
hydrocarbons were separated by different columns (Molecular sieve 13X, HayeSep Q and Carboxen-
1010 PLOT) and quantified by a thermal conductivity detector (TCD) and flame ionization detector
(FID). Carboxylates (formate and acetate) formed during electrolysis were analyzed by HPLC
(Shimadzu Prominence), equipped with a NUCLEOGEL SUGAR 810 column and refractive index
detector (RID). Alcohols were analyzed by liquid GC (Shimadzu 2010 plus), equipped with fused
silica capillary column and FID. An aliquot of the electrolyte after reaction was directly injected
into HPLC and liquid GC without further treatment. All reported FEs were calculated based on the

product distribution and current after 1 h of electrochemical reaction at constant potentials."'?!

9.1.3 Results and Discussion

Size-selected Cu nanocube catalysts were synthesized by electrochemical cycling of an elec-
tropolished Cu foil in an aqueous 0.1 M KCl solution. Characterization by SEM ([...]) showed that
the as-prepared nanocubes have an average edge length of 250-300 nm and are evenly distributed

across the Cu foil surface with no evidence of large-scale agglomeration. Some local clustering
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of nanocubes occasionally occurs along domain borders of the underlying foil. The Cu nanocube
samples contain 240 £ 80 nanocubes per 100 um? of geometric surface area based on the acquired
SEM images. Energy dispersive Xray spectroscopy (EDX) analysis indicates that the nanocubes
consist of CuO,Cl, with the ratio x:y typically being close to 1:1 (~20 at% for O and ~24 at% for
Cl), while the surface and near-surface regions of the surrounding (and underlying) foil consist of
CuCl with no oxygen detected in those regions within the sensitivity of EDX [...].

Our SEM analysis revealed that, while long exposure of the samples to plasma destroys the
nanocubes, short plasma treatments (~20 s O, plasma or 4-5 min Hy/Ar plasma) do not significantly
modify the morphology of the as-prepared samples and only moderately affect the ion content
of the cubes (moderate increase of O,-ion content after O, plasma, analogous decrease upon Hj
plasma, and minimal change upon Ar plasma as compared to the as-prepared samples). The most
significant effect of plasma treatment becomes evident after 1 h of the CO,RR at —1.0 V vs RHE.
While the nanocubes that do not undergo any plasma treatment (as prepared) have a significantly
lower oxygen content (~14 at% O, O/Cu atomic ratio ~0.2), the samples treated with O plasma
prior to the reaction retain more oxygen (~30 at% O, O/Cu atomic ratio ~0.4) in their final state
after the reaction. Although part of this oxygen consists of adsorbed species and is not in the form
of copper oxides, there is spectroscopic evidence that O, plasma treatment before the reaction
partially stabilizes the O, ~ ions and results in oxygen-rich nanocubes even after long exposure to
the strongly reducing electrochemical environment. The samples that are treated with H, plasma
before the reaction end up with ~14 at % O, and those pre-exposed to argon with only ~6-7 at%
O after the reaction. While an initial Cl content of ~24 at% was detected on the as-prepared
nanocubes, the amount of Cl both in the nanocubes and in the foil after the reaction is less than ~2

at% in the O, and H treated samples and negligible in the as-prepared and Ar treated samples.

No plasma ® " . Ar (5 min) p'"“ .

Figure 9.1: SEM images of Cu nanocube samples after plasma treatment (first row) and after 1 h of electro-
chemical reaction (EC) at —1.0 V vs RHE (second row). The scale bar in the main images is 2 pm.
The insets show details of the nanocubes (scale bar: 500 nm). The atomic percentages determined
by EDX shown are average values for each sample and refer to the elemental composition of the
nanocubes themselves (not the surrounding Cu foil). Data acquired by Dr. Ioannis Zegkinoglou.
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Under reaction conditions, a gradient in the oxygen content inside the Cu cubes is likely formed,
with lower oxygen content near the surface. The catalytic activity and selectivity of the Cu
nanocubes were obtained by performing chronoamperometry measurements in a CO,-saturated
0.1 M KHCOs solution. The gas products were analyzed by online gas chromatography (GC),
while liquid products were analyzed by high-performance liquid chromatography (HPLC) and
liquid GC after electrolysis. Figure 9.2a shows the geometric current density of differently treated
samples as a function of the applied potential. All Cu nanocube samples show significantly higher
geometric current density than an electropolished Cu foil. To some extent, this can be attributed
to the high surface area of the roughened Cu nanocube samples. Indeed, cycling the Cu foil in a
KClI solution and successive plasma treatment significantly affects the roughness of the surface.
[...] Despite the importance of the roughness effect, it cannot by itself explain the difference in the
geometric current densities of the differently treated Cu nanocube samples. For example, although
the as-prepared nanocube sample has an electrochemical roughness factor very similar to that of
the 4 min H, plasma treated sample, its geometric current density is about 1.5 times higher than
that of the H, plasma treated sample at —1.0 V vs RHE. The same observation can be made for the
20s Oy and 5 min Ar plasma treated samples, which also have similar roughness factors but very

different catalytic activity.
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Figure 9.2: Potential-dependent geometric current density (a) and Faradaic efficiencies of (b) CO, (c) CoHy,

and (d) CoH5OH after 1 h of electrochemical reaction in a CO;-saturated 0.1 M KHCOj3 solution.
Solid lines are guides for the eye. Data acquired by Dr. Dunfeng Gao.
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Another way to demonstrate this is by plotting the current density normalized by the correspond-
ing electrochemical roughness factor [...].3433% The O, plasma treated sample exhibits the highest
normalized current density at —1.0 V vs RHE. Additional parameters need to be considered in order
to interpret the observed differences in current density. As was previously shown via EDX and
XPS, the enhanced intrinsic activity of the O, plasma treated sample is a result of its much higher
surface area and subsurface oxygen content available during the reaction. Our study demonstrates
that the role of oxygen species is even more important than that of specific crystalline facets for the
catalytic activity. Despite having less well-defined Cu{1 00} facet geometry after 1 h of reaction,
the 20 s O, plasma treated sample displays higher current density than the 5 min Ar plasma treated
and nonplasma treated Cu samples.

Figure 9.2b-d [...] shows the Faradaic efficiencies (FE(%)) of various CO, reduction products
as a function of applied potential. [...] All Cu nanocube samples show significantly different
selectivity from an electropolished foil. Ethylene formation is facilitated (up to ~45% at —1.0V vs
RHE in Figure 9.2¢), while methane formation is drastically suppressed [...]. This variation can
be attributed to the different active sites on Cu nanocube samples and the electropolished foil and
the different pathways for ethylene and methane formation.'” Remarkably, high ethanol (~22%)
and propanol (~9%) FE, up to 10 times higher than on the electropolished foil, were also obtained
for the O, plasma treated sample. These products are valuable liquid fuels with high-energy
density, particularly useful for industrial applications. The total FE of ~73% achieved at —1.0 V
vs RHE for C3 and Cs products on as-prepared and O, plasma treated Cu nanocube samples
([...]) is significantly higher than those of previously reported Cu-based catalysts, 34219254345
Furthermore, Cu nanocube samples exhibit lower onset potential (i.e., the potential required for
achieving a production rate of 10% of the highest value at —1.0 V vs RHE) for ethylene, ethanol,
and n-propanol formation compared to the electropolished foil [...]. Trace amounts (<1%) of ethane

and acetate were also produced [...].

The important role of the oxygen content in achieving high ethylene/alcohol selectivity is
demonstrated by comparing samples with similar cubic facet morphology but different oxygen
content (Figure 9.3). The O, plasma treated sample shows higher FE for ethylene, ethanol, and
propanol than the H, plasma treated sample, while having similar morphology. Compared with
the 4 min H, plasma, a shorter (20 s) O, plasma treatment increases the O;- content of the cubes
and their stability during the reaction, while resulting in decreased roughness and similar facet
morphology. Given that high roughness is considered to be favorable for ethylene formation,’*
the higher selectivity of the O, plasma treated sample despite its reduced roughness indicates that
oxygen content affects ethylene formation more than roughness. The O, plasma treated sample
also shows higher ethylene FE than the Ar plasma treated sample, although their roughness is
similar. Given that the Cu{1 00} facets are generally considered as the active site for ethylene
formation,>*>-34¢ the superior ethylene FE of the O, plasma treated sample, despite its worse facet
morphology compared to the Ar plasma treated sample, indicates that the oxygen content plays a
more important role in ethylene formation than Cu{1 00} facets.

The results shown in Figure 9.3 indicate a clear correlation between the oxygen content of the

nanocubes and the catalytic activity and ethylene selectivity. At the same time, the beneficial
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effect of facet morphology also becomes evident as an upward shift of the current density and
ethylene FE in the samples which maintain relatively good facet morphology after the reaction
(i.e., the nonplasma treated and Ar plasma treated samples), as well as in comparison with the
flat electropolished Cu foil. When comparing samples with the same oxygen content (e.g., 4 min
H;- and 5 min Ar treated samples), the sample with better maintained facet morphology, namely
5 min Ar treated Cu nanocube, shows higher ethylene selectivity. Similar observations are also
made with respect to ethanol and n-propanol. Both the presence of cubic structure and the high
oxygen content remaining on the nanocube sample after the O, plasma pretreatment are necessary
to reach the high catalytic performance presented in Figure 9.2. The similarities among all C and
Cs products with respect to the variation of onset potentials and FE with plasma conditions (i.e.,
the fact that their dependence on oxygen content and facet morphology is the same) indicate that

the reaction pathways are similar for those products.

Summarizing, our experimental work evidences that the O, plasma oxidation of our samples
gives rise to special defect sites and the stabilization of subsurface oxygen species inside the cubes
which is beneficial to their catalytic performance. Although there is to date no ab initio theoretical
support that can be directly correlated to our study, several plausible explanations based on past
experimental and theoretical studies might be considered.'’,7#92113:222,243,247,251,253,255,339,341,346
22,248,347-351 For instance, the surface and subsurface oxygen species generated and stabilized by
our plasma pretreatment might act as oxygen reservoirs able to modify the electronic properties of
the surface, and correspondingly the binding of CO and/or known reaction intermediates such as

COOH¥*, upon surface diffusion.?>*348
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Figure 9.3: Geometrical current density (left axis) and Faradaic efficiency for CoHy (right axis) after 1 h
of electrochemical reaction at —1.0 V vs RHE in CO;-saturated 0.1 M KHCOj3 for different
plasma treatments as well as for a reference electropolished Cu foil. The oxygen content of
the nanocubes after the reaction (from EDX) is indicated with column bars (blue). The oxygen
content of the cubes before the reaction, as well as typical SEM images (lateral image size: 1.7
pm) before (top row) and after the reaction (images inside the blue columns), are shown as insets.
The cubes contain ~24 at% CI before the reaction, which is depleted during the reaction [...].
Data acquired by Dr. Dunfeng Gao and Dr. Ioannis Zegkinogolu.

Alternatively, the presence of CuOx species or subsurface oxygen species might lead to lattice
strain in the more oxygen-poor Cu nanocube surface layer.”*3*° Furthermore, our plasma pretreat-
ments might lead to the generation of special defects, where a local enhancement of the electric

247,248,350,351

field might take place. Additional future experimental and theoretical work will be

needed in order to fully understand the relative importance of the former parameters.

9.1.4 Conclusions

We have prepared Cu nanocube catalysts with tunable Cu{100} facet morphology, defect
content, and oxygen content through an electrochemical synthesis in KCI combined with lowpres-
sure plasma treatments. These catalysts exhibit drastically higher activity and ethylene/alcohol
selectivity (with the highest FE of ~45% for ethylene, ~22% for ethanol, and in total ~73% for
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all C2 and C3 products) as well as lower onset potentials compared to the electropolished Cu
foil. Their catalytic properties can be tuned by plasma-induced variation of their morphology
and defect density, ion content, and surface roughness. By analyzing the correlation between the
catalytic performance and the surface morphology and composition of differently treated catalysts,
we were able to demonstrate that the presence of defects, surface and subsurface oxygen species,
including oxygen ions associated with Cu™ species, is a key parameter for achieving high activity

and ethylene selectivity, even more important than the presence of Cu{100} facets."'?!

9.2 Plasma-Induced Surface Functionalization and Regeneration under

Operando Conditions

In the following section, a potential way to utilize and replenish the beneficial effects of plasma
treatment are discussed. This work is conceptualized around the possibility to do surface modifica-
tions in operando, to retain surface oxides, and remove poisoning on the catalyst surface. Moreover,
there is potential for the activation of reactant species that will lead to new or energetically more
favorable product pathways.

This project is still in its early stage, thus a proof that the plasma in liquid does have an effect
on the catalysis needs to be established. For this purpose, we have investigated HER, a less
complex reaction with two electron transfers and two reaction steps. The catalyst performance is
measured electrochemically by cyclic voltammetry and linear sweep voltammetry, with reaction
onset and peak size as performance indicators. We have built a one compartment, five electrode
electrochemical cell for the purpose of these experiments. Thee electrodes are used for the
catalysis: working electrode, counter electrode (both Pt), and reference electrode plus additional
two electrodes that are connected to a DC power supply (max. 250V, 5A) for the plasma

generation.

9.2.1 DC Plasma in Liquid Generation

For the generation of a plasma "in liquid", we have decided to use contact glow discharge
electrolysis (CGDE). We decided on this method, to have the most versatile setup for testing in
terms of shape, position, and size of our plasma electrodes. Here, we immerse two metal electrodes
of different size into our conductive medium (aqueous electrolyte). On the smaller electrode, which
is a Pt wire, a gas sleeve forms around the tip of the electrode. If the current is high enough, a
plasma ignites in the gas sleeve, which is directly in contact with the electrolyte. A schematic for

the application of DC plasma in CO,RR is shown in figure 9.4.
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Figure 9.4: DC Plasma generation in aqueous electrolyte. (a) The DC-plasma electrode is covered by a glass pipette, except for
the protruding Pt tip. CO;, gas is flown through the pipette directly into the plasma. A Pt-mesh is used as a counter
electrode. (b) Photo of the plasma electrode in operation.

This is technically not a plasma in liquid since it ignites inside a gas environment that is
submerged in the electrolyte, but it makes a good model system for testing purposes. For the
later stages of the project, we have a micro/nanosecond pulsed system developed and tested by K.

1 352

Grosse et al.””“, which is able to produce plasma directly in liquid by direct discharge between two

electrodes and we can implement these pulsed plasma in liquid into our electrochemical setup.

There are two major challenges for the combination of CDGE and electrochemistry. First, most
of the input energy used in the generation of the plasma is consumed by Joule heating due to the
resistivity of the electrolyte. To avoid this effect, we kept the plasma times small and used a large
electrolyte volume to absorb the heat. Furthermore, we have measured the temperature of the
liquid phase close to the electrochemistry electrodes to make sure that the observed changes are not
caused by the temperature increase. The second challenge is the strong electric field emitting from
the plasma. During plasma operation, the noise level is high and potential shifts are observed. For
these preliminary tests, we disconnect the electrochemistry electrodes during plasma and measured

the electrochemical behavior immediately after.

9.2.2 Results

Our initial test to find an effect coming from the plasma in liquid is to apply 5-10 s of plasma
and measure CVs directly after the treatment. Both, after 5 s and 10 s of treatment, an additional
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reductive (double-) peak can be found at 0.1 Vg r. However, this peak disappears after the first
CV. The results of 5s and 10 s plasma treatment of a Pt wire in 0.1 M HCIO4 are shown in figure
9.5(a). At this point, it is unclear if the peak corresponds to two individual peaks or a single peak

that shifts closer to the HER onset with increasing plasma and/or polarization times.
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Figure 9.5: Plasma treatment time dependent changes in HER activity. The CVs have been measured in 0.1 M HCIOy4 at a
sweep rate of 100mV s™! (a) shows the difference between 5s and 10's plasma treatment. The first cycle after plasma
treatment shows a peak around 0.1 V vs. RHE (b) shows the effects of general polarization at 100 V applied to the
plasma electrodes (just before the plasma ignites). (c) shows the effect of a higher potential (170 V) applied to the
plasma electrodes and a subsequent ignition of the plasma before the CVs.

Figure 9.5(b-c) shows comparative experiments to distinguish the plasma effect from a pure
polarization effect. In Figure 9.5(b), the polarization is done at a voltage of 100 V between the
plasma electrodes, just before the plasma ignites. We observed a shoulder in the first CV cycle. In
Figure 9.5(c), the polarization voltage is increased to 170 V, so that the plasma can ignite. Again,
here we see a peak forming in the initial CV cycle that is increase but shifted to lower overpotentials.
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Figure 9.6: Resting time after plasma dependent changes in HER activity. (a) CVs after 15 s of plasma
and subsequent 30 min resting period. (b) shows the same experiment, but instead of resting, the

sample was subsequently measured by SEM under vacuum conditions.

Figure 9.6(a) shows cyclic voltammetry after 15 s of plasma and a subsequent waiting period.
In Figure 9.6(a), the treated Pt wire was left in solution for 30 min and CVs were recorded after
that. In the initial cycle, the peak is observable and well separated from the HER onset. Figure
9.6 shows a similar experiment, but here the wire was taken out and measured in an SEM (under

vacuum conditions).

Lastly, I investigated the peak behavior in dependence of the pH. Fort this purpose, we measured
CVs of a Pt wire after plasma in 0.1 M KOH (pH 13.5, Figure 9.7(a)) and 0.1 M HCIO4 (pH 1,
Figure 9.7(b)). In these two cases, the interfacial double layer consists of H* in acidic and OH~
in alkaline conditions. The charge transfer is influenced by the ionic species solvation in water in

both cases, and kinetically coupled to the charge migration in this interface ensemble.
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Figure 9.7: pH dependent changes in HER activity. Cyclic voltammetry after plasma in (a) 0.1 M KOH
and (b) 0.1 M HCl1Og4.

9.2.3 Discussion

Changing peak intensities in the Pt voltammograms have been observed previously.’>® In
particular, the effect of hydrogen exposure and flame annealing has been studied for Pt electrodes.
For example, it has been found that certain treatments lead to the evolution of a third, “enigmatic”
hydrogen peak in the Pt voltammogram. The origin of this peak is strongly debated in the
literature, including speculation about subsurface hydrogen, but Koper and coworkers were able to
convincingly ascribe it to the emergence to the evolution of the (100)-(2 z 1) reconstructions on
the Pt surface with the help of FTIR.** However, compared to these studies, here we observe the
peak only in the cathodic scan direction. It is never enhanced in the anodic scan direction. Also, the
preliminary results indicate that vacuum exposure leads to a shift in the peak position. Therefore,
more experiments are needed to better understand the cause of the increasing peak intensities in
these potential ranges. In particular, we need to understand the effect of the polarization itself,
even without plasma treatment, and the effect of the plasma on surface cleaning. It is well known
that the purity of the electrolyte and electrodes have a strong effect on the cyclic voltammogram
curves of Pt. In the future, I will expand on these preliminary results, but also study the effect of

the plasma on the reaction kinetics for reactions involving gases as reactants.
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1 O Summary and Future Outlook

In this work, my focus was mainly the development of electrochemical Cu,O cube synthesis and
the analysis of the dynamic morphology of Cu catalysts for CO,RR. To this end, a variety of in
situ microscopy techniques were used and comparative studies to ex situ product analysis were
conducted. Additionally, X-ray spectroscopy was utilized to elucidate changes in the chemical state
of the surface and bulk materials of the investigated catalysts, both operando and quasi in situ. We
gained a comprehensive insight of the dynamic behavior of Cu cubes under CO,RR conditions in
real time and could correlate the observations to changes in the catalytic performance, in particular,

the reaction selectivity.

As a consequence of the experiments conducted so far, many opportunities for further exploration

and exciting research presented themselves.

1. In the present work, we have focused mainly on cubic shaped particles to utilize their {100}
facets for CO,RR. We have observed a highly dynamic morphological behavior. Even
though we started out from {100} facets, the catalyst structure under operando conditions
is substantially different. This opens up the question of whether other crystalline orientations
might express a similar behavior, which would challenge the current shape-dependent product
selectivity reported in many publications. It is plausible that the underlying effect in the
formation and density of redeposited nanoparticles. Thus, a modification of the presented
synthesis approach form chapter 4 to produce different shapes like octahedral ({111})
or rhombic dodecahedral ({110}) would enable interesting experiments. This can help
understand and separate the effects of mass transport and shape-dependency for CO,RR.

2. One should further work towards the transition of in situ electron microscopy to real operando
experiments, i.e. those for which activity and product selectivity can be measured online. The
realization for CO,RR is tricky, but a combination of spectroscopic and mass spectrometry-
based techniques is being tested to enable the measurement of catalytic properties whilst
observing morphological changes in a catalyst. The characteristic fluorescence originating
from the interaction of the electron beam and the specimen could be used to find surface
species. Additionally, the chemical state of the catalyst (bulk) material could be probed
by electron energy loss spectroscopy (EELS) to confirm the oxidation state. For CO;RR,
the best way to determine catalytic performance would be product analysis. However, the
amounts produced inside a liquid phase EM holder are far too small, thus GC is not suited.
Furthermore, the temporal resolution has to be high. I observed rapid morphological changes
in the nanosized samples that are in the timescale of second and minutes. Thus, a high
temporal resolution, high sensitivity technique that is compatible with our system is required.
The solution that comes to mind would be mass spectrometry, similar to applications like in
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DEMS.?%%3 The realization, however, will still need more time until the integration is fully

realized.

From the results shown in chapter 6 and chapter 7 it became evident, that the support material
plays a crucial role in the morphological stability of a catalyst. The synthesis approach
from chapter 4 allows the electrodeposition of cubic Cu,O particles on a broad variety
of conductive support materials. This opens large amount of experiments, however, as
discussed in chapter 8, the interpretation is not trivial and a comparative study on the same
piece of support material is crucial. Here the investigation of the samples by DEMS, in situ
Raman, or in situ infrared spectroscopy (IR) can provide key information on the possible

support-dependent distinct stability of reaction intermediates observed in the study.

Lastly, we have seen in chapter 9 that the treatment of Cu foils by low pressure oxygen
plasma can be highly beneficial for the CO,RR performance. Based on the works of

Katharina Grosse et al.37%336-357

we have developed a cooperation to plasma treat samples in
liquids under reaction conditions. Preliminary tests have already shown structural changes
and growth of oxides on the surface. This project can yield a completely new way of
functionalizing the surface in situ and under operando conditions as well as to modify the

solubility in the electrolyte of reactants like CO».
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Figure 13.1: Left: Image showing a typical SEM (here APREO S from Thermo scientific) that was used in
most of the measurements in this work. The electron gun and electron optics are placed in the
top compartment. The sample is located below and can be accessed via the loadlock. Right:
Schematic of the SEM electron optics that are in the top part.
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Figure 13.2: Left and middle: schematic of the two different TEM modes selected area diffraction with
inserted SAD aperture and DF/BF imaging. Right: schematic of STEM mode with HAADF,
angular dark filed (ADF), and bright field detector.
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Figure 13.3: Operando liquid phase electron microscopy video of Cu cube electrodeposition synchronized
with the voltage and current plot over time. The QR code on the top left corner provides the
link to download the movie.
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Figure 13.4: Quasi in situ XPS Cu-2p core level spectra from a pristine Cu nanocube sample and the same
sample measured after | h CO2RR at —1.1 V vs RHE, fitted with two doublets corresponding to
Cu(0)/Cu(I) species (indistinguishable) and Cu(II). Satellite oxide features were also considered
in the fits for the Cu(Il) species.
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Figure 13.5: Cu AES LMM spectra of 250 nm Cu-Cubes on a Cu foil measured quasi in situ after 1 minute
and 1 hour of CO3RR at —1.0V vs RHE.
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Figure 13.6: Video of a LSV on the electrode. The video shows a single cycle of the synthesis protocol
where the potential is sweeped from 0.20 V to —=0.10 V vs. ref. and back at SmV s~!. The cubic
structures have a higher stability and dissolve later than the amorphous Cu structures. The QR
code on the right bottom corner provides the movie download link.
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Figure 13.7: Video of the electrode under OCP at typical imaging magnification. The QR code at the
bottom right provides the movie download link.

100 s

500 nm 500 nm

Figure 13.8: Video of the electrode under OCP at higher imaging magnification. The QR code at the
bottom right provides the movie download link.
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Figure 13.9: Movie frames showing a Pt electrode electrochemically cycled at a potential (-0.10 V) where
the particles did not fully dissolve from the working electrode. The QR code at the bottom right

provides the movie download link.

XXXVi



. " 2um

Figure 13.10: Movie depicting the growth and dissolution of particles using a 5 mM CuSOy solution with
no KCl added. The QR code at the bottom right provides the movie download link.

O

Figure 13.11: Cu cubes on Pt electrode at —0.7 V p;. The QR code provides the movie download link.
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The following section shows the effects of radiolysis on samples from chapter 7, where
we measured Cu cubes on a carbon support in situ with liquid phase EC-TEM.

"Electron beam-related effects are always a concern for liquid cell TEM experiments and
so, we have adopted a low electron dose imaging protocol to minimize these artifacts. In
our previous work,!? we determined the electron flux limits for observing noticeable beam-
induced effects in our TEM and we stayed under those limits in the current experiments.
Appendix Figure 13.12 further compares the after-reaction morphologies observed in the
imaged area with those observed in areas that were not imaged and therefore not exposed to
the electron beam. The cubes located in the two areas do not exhibit significant differences
in morphology, indicating that the extended imaging did not significantly alter the cubes.
Hence, we can conclude that we were able to avoid significant electron beam-induced
artifacts with our low electron dose protocol, even with extended imaging times of about
an hour.

Imaged Area Non-Imaged Area

390 nm

170 nm

80 nm

Figure 13.12: Ex situ STEM-EDX images of areas imaged by the electron beam and those that are not.
The pairs of STEM images and EDX maps compares CuyO cubes found on the area of the
working electrode that was imaged during the in situ experiment and cubes found on areas

that were not imaged. Images of each set are at the same magnification.
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There appears, however, to be subtle effects caused by the extended electron beam
exposure, since there seems to be more secondary NPs in the imaged area as compared to
non-imaged areas. It is known that the electron beam, even at low fluxes, can cause NPs to

338,359 which can lead to faster aggregation dynamics®’. Nevertheless,

be more mobile,
this effect does not affect the conclusions of our work. The motion and aggregation of these

secondary NPs are also consistent with the behavior found in our ex situ SEM experiments

described in [...] subsection 7.2.7."2%°
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Figure 13.13: EC-TEM movie describing the structural changes in the Cu cubes during the linear sweep
voltammetry from -0.3 to -1.0 Vryg. The plot on the right shows the electrochemical
response as a function of the applied potential. The image sequence was first drift-corrected
and then, two frames were averaged to create one frame of the movie. The movie playback
rate is x40 times real time.
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Figure 13.14: Image sequence extracted from an EC-TEM movie describing the structural changes in the
390 nm Cu cubes during 1 h of chronoamperometry at -0.9 Vi g in 0.1 M KHCO3. The
recording rate of the movie was 1 frame per second. 5 frames were averaged to create one

frame of the movie. The movie playback rate is x100 times real time.
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Figure 13.15:
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Image sequence extracted from an EC-TEM movie describing the structural changes in the
170 nm Cu cubes during 1 h of chronoamperometry at -0.9 Vrpg in 0.1 M KHCO3. The
recording rate of the movie was 1 frame per second. 5 frames were averaged to create one
frame of the movie. The movie playback rate is x100 times real time.
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Figure 13.16: Image sequence extracted from an EC-TEM movie describing the structural changes in the 80

xlii

nm Cu cubes during 50 min of chronoamperometry at -0.9 Vrpy g in 0.1 M KHCO3 from an
area that has mostly cubes. The recording rate of the movie was 1 frame per second. 5 frames
were averaged to create one frame of the movie. The movie playback rate is x100 times real

time.
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Figure 13.17: Image sequence extracted from an EC-TEM movie describing the structural changes in the 80
nm Cu cubes during 45 min of chronoamperometry at -0.9 Vrp in 0.1 M KHCO3 from an
area that has mostly partial cube fragments and re-deposited NPs. The recording rate of the
movie was 1 frame per second. 5 frames were averaged to create one frame of the movie. The
movie playback rate is x100 times real time.
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Figure 13.18: Image sequence extracted from an EC-TEM Movie describing the structural changes in the 30
nm Cu cubes synthesized by colloidal chemistry during 30 min of chronoamperometry at -0.9
Vrie in 0.1 M KHCO3. The recording rate of the movie was 1 frame per second. 5 frames
were averaged to create one frame of the movie. The movie playback rate is x100 times real

time.
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