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Abstract

In this work, processes at the electrochemical interface are studied usingsitu scanning
tunneling microscopy and other methods to investigate the e ects of adsorbates on the
surface reactivity and dynamics of copper and silver electrodes. Understanding this inter-
play is key to improve the fundamental understanding of the respective electrochemical
interface, but also to improve the e ciency and selectivity of electrochemical reactions
in applications such as the electrochemical reduction of carbon dioxide.

The studies in this thesis provide a detailed microscopic picture of the interface between
one of the most attractive electrode materials for C@electroreduction, Cu(100), and

a commonly used potassium bicarbonate electrolyte. Above a critical potential in the
double layer regime, prior to the onset of electrochemical GQOeduction, two rather
complex adlayer structures were observed. The density functional calculations revealed
that the ordered layers exhibit coadsorption of carbonate and water molecules, and are
strongly stabilized by liquid water in the adjacent electrolyte.

Upon altering the potentials from the double layer range toward the initial stage of the
CO; electroreduction, CO induces a pronounced Cu nanocluster formation in the initial
stages of the reaction on the surface. This leads to an irreversible surface restructur-
ing that remained for a wide potential window, and was attributed to the remaining
Cu adatoms on the surface after dissolution of nanoclusters in the double layer po-
tential range. The resulting adlayer was a disordered layer of reciprocally stabilizing
carbonate/carboxylate adsorbates and Cu surface defects. These spontaneously formed
low-coordinated sites are relevant for the copper reactivity and may also be used for its
(re-)activation.

In the next step, a AgCu bimetallic model catalyst was prepared in sulfuric acid by
electrodeposition of a submonolayer of silver. The resulting surface consists of Cu(100)
terraces covered with Ag islands of the quasi-Ag(111) structure. The electrolyte exchange
to bicarbonate caused a reduction in the overall surface mobility, the restructuring of the
Ag islands along a preferred direction and the appearance of new small islands. Moreover,
a disordered adlayer has been observed for the Ag-decorated Cu(100) model catalyst after
the electrolyte exchange from diluted sulfuric acid to potassium bicarbonate. This can



be attributed to the presence of silver/copper adatoms on the surface.

In addition, the speci c role of coadsorbates on adsorbate surface dynamics was quan-
titatively investigated using di erent model systems, in particular sulfur di usion on
halide-containing electrolytes has been studied. Here, an unexpected non-monotonic
potential-dependent mobility behavior of sulfur has been detected that can not be ex-
plained by the existing di usion theories for similar systems. This highlights the complex
role of coadsorbates on the surface mobility.



Kurzfassung

In dieser Arbeit werden Prozesse an der elektrochemischen Grenzache mit Hilfe der

situ Rastertunnelmikroskopie und anderen Methoden untersucht, um die Auswirkungen
von Adsorbaten auf die Oberachenreaktiviat und -dynamik von Kupfer- und Silberelek-
troden zu untersuchen. Das Verstandnis dieses Zusammenspiels ist der Schidssel zu einem
besseren grundlegenden Verstandnis der jeweiligen elektrochemischen Grenzache, aber
auch zur Verbesserung der E zienz und Selektiviat elektrochemischer Reaktionen in
Anwendungen wie der elektrochemischen Reduktion von Kohlendioxid.

Die Untersuchungen in dieser Arbeit liefern ein detailliertes mikroskopisches Bild der
Grenz ache zwischen einem der attraktivsten Elektrodenmaterialien far die C@Elektro-
reduktion, Cu(100), und einem ublicherweise verwendeten Kaliumbicarbonat-Elektroly-
ten. Im Bereich des Doppelschichtpotentials, vor der elektrochemischen Reduktion von
CO,, wurden oberhalb eines kritischen Potentials zwei recht komplexe Adlayerstrukturen
beobachtet. Dichtefunktionalberechnungen ergaben, dass die geordneten Schichten eine
Koadsorption von Carbonat- und Wassermolekslen aufweisen und durch ussiges Wasser
im angrenzenden Elektrolyten stark stabilisiert werden.

Wenn man die Potentiale aus dem Doppelschichtbereich in Richtung des Anfangssta-
diums der CO-Elektroreduktion verandert, induziert CO eine ausgepragte Cu-Nano-
clusterbildung in den Anfangsstadien der Reaktion auf der Oberache. Dies fahrte zu
einer irreversiblen Umstrukturierung der Oberache, die far ein breites Potentialfenster
bestehen blieb und auf die verbleibenden Cu-Adatome auf der Oberache nach Auesung
der Nanocluster im Bereich des Doppelschichtpotentials zunackgefahrt wurde. Die resul-
tierende Adlayer-Schicht war eine ungeordnete Schicht aus wechselseitig stabilisierenden
Carbonat/Carboxylat-Adsorbaten und Cu-Oberachendefekten. Diese spontan gebilde-
ten niedrig koordinierten Stellen sind fur die Reaktiviat des Kupfers von Bedeutung und
kennen auch far seine (Re-)Aktivierung genutzt werden.

Im nachsten Schritt wurde ein bimetallischer AgCu-Modellkatalysator in Schwefelsaure
durch elektrolytische Abscheidung einer Submonolage aus Silber hergestellt. Die resul-
tierende Oberache besteht aus Cu(100)-Terrassen, die mit Ag-Inseln der Quasi-Ag(111)-
Struktur bedeckt sind. Der Elektrolytaustausch gegen Bicarbonat fahrte zu einer Ver-



ringerung der Gesamtmobilitat der Oberache, zur Umstrukturierung der Ag-Inseln ent-
lang einer bevorzugten Richtung und zum Auftreten neuer kleiner Inseln. Damsber
hinaus wurde bei dem Ag-dekorierten Cu(100)-Modellkatalysator nach dem Elektroly-
taustausch von verdannter Schwefelsaure zu Kaliumbicarbonat eine ungeordnete Adlay-
erschicht beobachtet, die auf das Vorhandensein von Silber/Kupfer-Adatomen auf der
Oberache zumackgefuhrt werden kann.

Damsber hinaus wurde die spezi sche Rolle von Koadsorbaten auf die Dynamik der Ad-
sorbate auf der Oberache anhand verschiedener Modellsysteme quantitativ untersucht,
insbesondere die Schwefeldi usion auf halogenidhaltigen Elektrolyten. Dabei wurde ein
unerwartetes, nicht monotones, potentialabhangiges Mobilitatsverhalten von Schwefel
festgestellt, das mit den bestehenden Di usionstheorien farahnliche Systeme nicht erklart

werden kann. Dies verdeutlicht die komplexe Rolle der Koadsorbate auf die Oberachen-
mobiliat.



Introduction

In today's world, it is more urgent than ever to develop e ective strategies for reducing
CO, emissions in order to mitigate the severe consequences of climate change. Achieving
carbon-neutrality necessitates the advancement of GQutilization technologies, such as
electrochemical reduction of carbon dioxide (CERR) as a means of recycling carbor!
Additionally, in the context of sustainability and the transition from nuclear and fossil
fuels to renewables, CERR presents a promising approach to address the challenge of
energy storagéd?l Consequently, there has been a substantial surge in research dedicated
to CO,RR over the past three decades, with a speci ¢ focus on copper as a catalyst due to
its remarkable capability to convert CQ into valuable chemicals and fuel§:®! The per-
formance of the catalytic process at the solid-liquid interface can be in uenced by factors
such as electrolyte composition and catalyst morpholodi{'°l Moreover, copper is recog-
nized for its capability to yield a diverse array of products, hence enhancing the selectivity
of Cu-based CQRR catalysts would be advantageous. However, the complexity of the
reaction mechanism, involving numerous elementary processes and intermediates, poses
a hindrance. Thus, a comprehensive understanding of primary steps such as adsorption,
desorption and surface di usion is of central importance for modifying the selectivity and

e ciency of the CO,RR.[*1%2]

Although a step-by-step understanding of the key processes during the reaction is an
indispensable part of commercial catalyst design, the great e orts of numerous studies
to identify the reaction mechanism/pathway during CQRR on copper-based electrodes
show only poor consistencl! This clearly accentuates the need for a better understand-
ing of the elementary steps such as intermediates adsorption, desorption and di usion.
These interface processes are not only relevant in the context of ¢RR, but are also

of interest in other research ared$S! such as the development of fuel cell§4*¢! and wa-
ter electrolyser$'’*®l or, more fundamentally, in nucleation and growth processéd and
electrodeposition'?’]

This thesis aims to improve understanding of the impact of fundamental processes at
solid-liquid interfaces, focusing on well-de ned Cu and Ag as electrode materials. The
focus of the work lies on the role of (co)adsorbates, which can drastically change the
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surface properties such as mobility and reactivity. Besides shedding light on the funda-
mental understanding of such steps, the ndings of this work can be employed to improve
CORR catalyst design, which is crucial for the further development of future large-scale
electrolysis systems.

This thesis is organized as followed:

Chapter 2 briey summarizes the electrochemical concepts and the state of the
art underlying the present thesis. Here, the general characteristics of the
interface as well as processes such as adsorption and di usion which take
place at the interface are described. Furthermore, the basics of gRR and
key parameters a ecting catalytic reactivity are introduced. This chapter also
provides a brief overview of the relevant scienti ¢ work on CERR on various
types of Cu-based catalysts, including nanoparticles, oxide-derived catalysts,
single crystals, and bimetallic catalysts.

Chapter 3 introduces the mainin situ experimental methods that have been used
in this work, focusing onin situ scanning tunneling microscopy as a standard
technique in surface science and the predominantly used method to obtain the
results of this thesis. Moreover, a short introduction tan situ surface X-ray
di raction is included, which is bene cial for a better understanding of the
results presented in chapter 5.

Chapter 4 presents a combined experimental and theoretical characterization of
the Cu(100) model catalyst in the double layer potential range prior to CERR
in potassium bicarbonate electrolyte on the molecular-scale. This study high-
lights the complexity of the interface structure and the strongly stabilizing
e ect of water on carbonate/water coadsorbate layers.

Chapter 5 addresses the Cu(100)/carbonate interface structure at the initial stage
of CO,RR and under reaction conditions. This chapter describes a process
that leads to a self-induced formation of the undercoordinated sites on the
catalyst. This is of great importance for the reactivity of copper and may be
used for (re)generating active sites. Moreover, the vital role of intermediates
and in particular CO on the catalyst morphology prior to and during CQRR
is emphasized.

Chapter 6 presentsin situ studies on the preparation and characterization of Ag/
Cu(100) bimetallic model catalysts in diluted sulfuric acid. Furthermore, the
considerable restructuring of the interface as a result of electrolyte exchange
to potassium bicarbonate is discussed. The ndings here introduce a proper
bimetallic model system for CQRR studies and emphasize the signi cance
of in situ experiments for monitoring the structural transformation of the
electrocatalyst.

Chapter 7 provides insight into the non-monotonic potential-dependent surface dif-
fusion of sulfur in halide-containing electrolytes. Furthermore, dependency of
surface dynamics on the halide coverage and the possible scenarios resulting
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in this unexpected behavior are discussed.

Chapter 8 summarizes the results obtained in this thesis and the role of (co)adsor-
bates on the reactivity and surface dynamics. Finally, the chapter suggests
perspectives for future studies based on the outcome of this thesis.






Fundamentals and State of the Art

This chapter provides a brief introduction into the fundamentals relevant for this thesis.

In section 2.1 the electrochemical solid/liquid interfaces and its characteristics are brie y
sketched. In section 2.2, surface di usion will be discussed as a crucial step in many
electrochemical processes. This is followed by a description of the general concept of
electrochemical reduction of carbon dioxide on copper-based materials in section 2.3.
The section focuses on some of the key factors a ecting activity and selectivity of the
reaction.

2.1 Electrochemical Interface

This section presents brie y the basics and properties of electrochemical interfaces, with
an emphasis on the central aspects relevant to this work. A more comprehensive descrip-
tion of the electrochemical concepts can be found in the textbooks of electrochemistiy®]
and journal articled?®?8l, which serve as the basis of the following section.

The electrochemical interface is usually de ned as the phase boundary between an elec-
tron conductor (the electrode) and an ion conductor (the electrolyte). Among the various
interfaces, the interface between metal and aqueous solution is one of the most studied
systems and also the focus of the present work. In particular, the interface structure on
the atomic and/or molecular scale as well as the elementary processes occurring at the in-
terface are of interest. At the interface between metal and electrolyte, the metal electrode
with an excess charge attracts the oppositely charged ions in the electrolyte, resulting
in the formation of the so-called electrical double layer. Considering this interface solely
electrostatically (i.e. no electrochemical reaction occurs), it can be roughly described as
a plate capacitor with a narrow plate distance in the range of approximately 18 and a
very high capacitance ( 10 100 Fcm ?). A typical potential drop between the metal
and solution of about 1 V over this rather small distance causes a very high electric
eld ( 10° Vm 1). These high electric elds have a strong in uence on e.g. the reaction
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dynamics on the surface. By applying an external voltage, the eld can be modi ed. Dif-

ferent electrochemical reactions such as adsorption/desorption, deposition/dissolution,
surface di usion, catalytic reactions, etc. can be controlled and modi ed by the double

layer charging via applying an external voltage.

It is generally distinguished between two types of electrode reactions which are both
relevant for this work: faradaic and nonfaradaic processes. Faradaic processes involve a
continuous charge transfer between the ion (solution) and the electron conductor (metal).
These processes are governed by Faraday's law and include, for example, 1) the electron
transfer processes that lead to the oxidation/reduction of a species or 2) the ion transfer
processes that result in metal electrodeposition/dissolution. The nonfaradaic processes
are processes in which the interface structure can change with a change in potential
or electrolyte composition. In such processes, a current can ow temporarily when the
changes in potential or solution composition appli#?l Adsorption/Desorption processes

as well as potential-induced structural phase transition at the interface can be considered
as examples of nonfaradaic processes.

Assuming a faradaic reaction at the electrode in an electrochemical cell, O +ng * R,
where O and R refer to oxidized and reduced species, respectively. At a characteristic po-
tential { the so-called equilibrium potential ¢4 { the rate of cathodic and anodic reactions
are equal. The equilibrium potential can be described by the Nernst equatiéii!

eq= ot —In— (2.1)
The equation depends on the chemical activity of the reduce@dgey) and oxidized @ox)
species, the temperaturd and the standard electrode potential o, which refers to the
equilibrium potential of the redox reaction under the standard conditions and is usually
given with respect to the normal hydrogen electrodekg, ey and n refer to Boltzmann's
constant, elementary charge and the number of transferred electrons, respectively. To
e ectively promote a speci c direction of the reaction, an overpotential = eq
needs to be applied. This re ects the deviation from the equilibrium state ( denotes
the externally applied potential). This can be the case for instance in electrocatalytic
reactions such as electrochemical reduction of G@hat needs relatively high overpotential
of 1V to drive the reaction (see section 2.3).

Overall, the electrochemical potential of the charge carriers in electrochemical reactions
depends on the potential di erence at the interface, and thus determines the rate and
direction of charge transport. Therefore, the measurement and control of electrochemical
cell potential is of great importance in the electrochemical experiments. In most experi-
mental electrochemical studies, one speci c interface between the working electrode (WE)
and an electrolyte is of interest. To determine the potential of the working electrode, a
reference electrode (RE) with a stable and well-known equilibrium potential is used, at
which the potential must remain constant during the experiment, i.e. no current or only
a negligible current is allowed to ow through it. Placing a counter electrode (CE) in
the electrochemical cell allows the current to ow through the cell. This so-called three
electrode con guration is usually used in electrochemical experiments, such as cyclic
voltammetry (see below), to electrochemically characterize the working electrode.

In the present work, the potentials are mostly given with respect to reversible hydrogen
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electrodes to keep the comparability to the literature. This electrode is characterized by
the fact that the potentials shift with variations in pH value which is advantageous when
comparing experimental results performed in solutions with di erent pH.

2.1.1 Adsorption

For many interface reactions, the bonding of atoms from the electrolyte onto surfaces plays
a mayor role. For example, for C@RR it re ects the initial step of a multi-step process
(see e.g. chapter 4 and chapter 5). Another example investigated in chapter 7 is the
impact of coadsorbed species that have a strong in uence on surface mobility. Therefore,
we will brie y describe this so called adsorption process in the following section.

Generally, adsorption is de ned as the adherence of a species to the surface of a con-
densed phase and can be categorized into two adsorption types, namely physisorption and
chemisorption. When adsorption is the result of a weak interaction (in meV rangé)
originating e.g. in van-der-Waals forces between the substrate and the adsorbed species,
then it is considered as physisorption (e.g. the adsorption of inert gases on metal
surfaces)>"]

In contrast, when the interaction of adsorbate and substrate atoms is much stronger due
to a chemical bond, it is known as chemisorption. Chemisorption can induce structural
modi cation in the substrate, i.e. relaxation and/or reconstruction. Adsorption of species
usually takes place at a specic position on the substrate lattice surface. Considering a
(100) surface of a fcc single crystal, the species occupy typically either thellow sites
(where the adsorbate binds to the greatest possible number of substrate atoms)badge
sites (where the adsorbate binds to exactly two neighboring surface atoms) tp sitesof
the substrate!?!l In gure 2.1, these positions are denoted with h, b or t, respectively.

Figure 2.1: lllustration of the common adsorption sites on a (100) surface of a fcc single
crystal.

With this general background of surface adsorption, the next step is to investigate the
surface coverage in more detail. Assuming the adsorption of a species S with a bulk
concentration ofcs, the variation of the coverage as a function ofcs { when all other
parameters are xed { can be described using Langmuir- or Frumkin-isotherf>?°! These
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isotherms consider a certain number of adsorption sites on the surface so that the probabil-
ity of adsorption to each site can either be 0 or 1 for a free or occupied site, respectively.
The Frumkin-isotherm is an extended version of the Langmuir-isotherm, in which the
adsorbate-adsorbate interactions are considered. Generally, adsorption processes at the
electrochemical interfaces are associated with a charge transfer and depend also on the
electrode potential. For a simple example where species S would be fully discharged (note
that in a non-ideal system the species S can also be partially discharged) and adsorbed on
the surface (8* +net ! Saq), the adsorption isotherm as a function of the potential

can be written ast?®!
|
0!

G
= Csexp Ri'lfid exp( g); Gad = ng( 0) + Neéo( 0) (2.2)

1

where G2,( o), R and T represent the Gibbs free energy of the adsorption process, the
gas constant and the temperature. The parameter g indicates how attractivg (< 0)

or repulsive @ > 0) the adsorbate-adsorbate interaction is. ¢ is a selected reference
potential and its choice a ects only the zero point of the potential scale. Figure 2.2
shows the potential-dependent coverage. Additionally, the behavior of the isotherm by
changing the interaction parameteq is visualized. While positive values lead to a broader
transition region, negative values cause a sharp rise in the coverage. The black curve with
g = 0 represents the introduced Langmuir-isotherm.
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Figure 2.2: Visualization of the potential-dependent Frumkin Isotherm (equation 2.2)
for di erent values of g. In favor of a better visualization, a value of ~ G2,( ¢)=(RT) =6
was selected. While the curve fog = 0 was obtained analytically (Langmuir-isotherm),
the curves forg 6 O were calculated numerically with the Bisection method. The inset
shows the potential-dependent current for the Langmuir-isotherm curve.

A possible way to investigate the potential-dependent adsorption process of an electro-
chemical system is by using a linear potential sweep between two potential values and
simultaneously recording the current, a method known as cyclic voltammetry method. In
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the simplest consideration, the relationship between coverage and the measured current
is 1 = Qpd =dt, where Qy is the total charge transferred at the interfacé?®! Assuming

an initial potential in a range where the adsorption process is negligible and then chang-
ing the potential with a constant rate while recording the current, the resulting curve is
similar to the inset of the Figure 2.2. Here, the potential-dependent current curve for
the Langmuir-isotherm is shown. In the ideal case, where the adsorbed species is fully
discharged during the process and the charge transfer is independent from the coverage.
It is possible to integrate the total charge transferred from the potential-current curve
and calculate directly the coverage. However, the behavior of most of the real systems
di ers signi cantly from the ideal case described here, e.g. at higher coverage, where the
Coulomb repulsive interaction occurs. Nevertheless, cyclic voltammetry can give a rst
overview of the electrochemical processes at the interface as it will be described in more
detail below.

Adsorption and dipole moment  Upon speci ¢ adsorption of an ion on a metal surface a
chemical bond is formed. In general, the electrical charge is distributed unevenly between
adsorbate and surface which results in a surface dipole moment. A surface dipole moment
yields an additional potential that in uences the work function of a surface.

In case of an adsorption from the gas phase, the change in the work function can be
calculated from the dipole momentP,qy and the number of adsorbed molecules per unit
arean,qy ast?2>381

— nadpad_ (2 3)

where  denotes the vacuum permittivity.

Now consider an electrochemical environment with an electrode of unit size upon which
Nag I0NS with charge numberz are adsorbed. As a consequence, during the adsorption
there is a ow of counter charge zn,qe, onto the surface withey being the elementary
charge. The change measured in the electrode potential can be related to the dipole
moment by:

& = ; (2.4)

As pointed out in Ref. [37], this is a very simple view and in general, one should not
assume a charge transfer of the same amount as the charge numbeln analogy to the
chemical valency for molecules, in electrochemistry the concept of electrosorption valency
is introduced, i.e. adsorption is associated with a partial charge transfer. Unfortunately,
it cannot be measured directly>?! In an electrochemical environment the dipole moment
of a single adsorbed particle will interfere with the neighboring electrolyte molecules,
which results in the overall dipole moment reduction. Therefore, only the total dipole
moment change can be determined during an adsorption process, and it is not feasible to
measure di erent contributions individually.[2%2°]
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Cyclic voltammetry  Cyclic voltammetry (CV) is a widely used method for the initial
characterization of an electrochemical system. In this method, the interface is under
potentiostatic control, so that a triangular voltage is applied between the working and
reference electrodes, which cycles with a constant rate (ddt = constant) between two
reversal potential values. Simultaneously, the current values are recorded as a function of
the potential. As mentioned above, most of the real electrochemical systems are rather
complex, e.g. in an adsorption process the species can be partially discharged or the
charge transfer depends on the coverage. In such processes, accurately quantifying the
coverage of an adsorbed species using CV measurements alone is not possible. Here, other
electrochemical methods like chronocoulometry and/or surface X-ray scattering can be
employed for a quantitative potential-dependent coverage determination (see also Ref.
[33]). Despite these limitations, a cyclic voltammogram provides valuable insights into
the potential-dependent behavior of the interface. This technique allows the identi -
cation of potential regions where signi cant structural changes occur at the interface,
such as potential regions associated with adsorption/desorption phenomena or structural
phase transformations on the surface. This is shown below using the example of bromide
adsorption on an Ag(100) electrode. Although this technique is an excellent method to
provide an overview of an electrochemical system, complementanysitu methods such as
scanning tunneling microscopy, surface X-ray di raction, surface sensitive spectroscopy,
etc. are necessary for a detailed understanding of the system.

Bromide and carbonate adsorption The adsorption of halide ions on single crystal
electrode surfaces is the most simple case of anion adsorption. Halide ions, such as
chloride, bromide, and iodide, are known to adsorb strongly onto metal surfaces, and their
adsorption behavior has been well characterizé#:**"] Our focus lies on the adsorption

of bromine on Ag(100) as an important interface utilized in chapter 7 of this thesis to
investigate surface dynamics.

Ocko et al. performed a quantitative electrochemical study of bromide adsorption on
Ag(100) 3% They reveal an order-disorder phase transition at more positive potentials,
where the bromide structure changes from a lattice gas to a highly ordere@ 2) struc-
ture, the so-called two-dimensional Ising transitiod®®! Figure 2.3 a shows cyclic voltam-
metry (recorded by Ocko et al.) of Ag(100) in bromide containing electrolyte with a
potential sweep rate of 10 mV/s. There are a sharp and a broader current peak a0:75
and 1:1V, which have been associated with the phase transition of bromide and with the
reorientation of water molecules at the surface, respectivély! Additionally, the authors
usedin situ X-ray di raction experiments to determine a detailed potential-dependent
bromide coverage. Figure 2.3 b presents the obtained coverage values from the X-ray (
open circles) and electrochemical {, lled circles) data. These data clearly demonstrate
that an increase in the potential results in a simultaneous phase transition toward an
orderedc(2  2) until the saturated coverage is achieveld®>°!

Based on this knowledge, the sul de surface di usion behavior on Ag(100) in halide con-
taining electrolyte will be discussed in chapter 7, where the potential-dependent coverage
plays a crucial role on the sul de mobility.

Adsorption behavior can become even more complex when it comes to the adsorption

10
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Figure 2.3: Bromide adsorption on Ag(100). (a) cyclic voltammogram (10mV =9 of
Ag(100) in 0.05 M NaBr. (b) Obtained bromide coverage from the X-ray,, (open circles)
and electrochemical, ¢ (full circles) measurements. Reprinted with permission from Ref.
[35]. Copyright 1997 American Physical Society. The two schematically drawn structures
are added by the author of this thesis and are not part of the original gure.

of molecular anions due to the more complex geometry of molecules as compared to
atoms. Here, the adsorption geometries should be taken into account, which can depend
on the chemical nature of the molecule, the substrates and the potential in the case of
electrochemical experiments. For example, in the case of the oxyanion (bi)carbonate
adsorbing on an Ag(111) from the gas phase, it was suggested that the molecular ion
adsorbs almost at on the surface, which is denoted as 'planar' adsorption on Ag(11(3

In contrast, bidentate adsorption of carbonates on polycrystalline Cu has been reported
by Moradzaman et al. in the electrochemical environment’!

Di erent from the adsorption of bromide, there is less known about the microscopic
picture of carbonate adsorption on electrode surfaces. There are only two studies, which
reported the formation of the carbonate adlayer with only locally ordered domains as
a result of the reaction between C@gas and (1 2)-O reconstructed Ag(110) surfaces
under UHV using STMI“®41 Chapter 6 provides microscopic studies on the adsorption
of carbonate on Cu(100) electrodes.
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2.2 Surface Di usion

Surface di usion plays a crucial role in determining the kinetics and e ciency of many
solid-liquid interface reactions including crystal growth, nanostructured deposition and
electrocatalysis. For instance, in the eld of catalysis, surface di usion can in uence the
mobility of the reactants and products, a ecting reaction rates. Therefore, understand-
ing and controlling this process is important for optimizing these reactions in various
applications.

Surface di usion is the movement of atoms or molecules on a metal surface by hopping
from one surface-site to another on the surface. This process is driven by thermal energy,
as the di using species gain su cient energy to overcome the barrier associated to their
lateral displacement. In this section, the scienti ¢ basics of the surface di usion will be
brie y introduced, rstin vacuum and then in electrochemical environment. The chapter

is based on Refs.4X49.

2.2.1 Surface Diusion in the Gas Phase

The di usion processes of an adsorbate on a surface under vacuum conditions represent
the most simple case of surface di usion processes and can be described by the transition
state theory (TST).[“®! Consider a surface with a certain translational symmetry (e.g. a
single crystal) and an adsorbate, which is moving on this surface. The system represents
a periodic potential-hypersurface. Figure 2.4 illustrates this energy surface along a high-
symmetry surface direction.

A [

E
: €1 Ead

\ \

Figure 2.4: Schematic one dimensional potential energy surface along a high-symmetry
surface direction during di usion of an adsorbate on the surfaceeq : migration energy
barrier; E.q : bonding energy;a: surface lattice constant).**!
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Here, Eq4 is the energy barrier that the system has to overcome to move from one site
to the next. E,4 denotes the bonding energy ana corresponds to the surface lattice
constant. With this image in mind, the hopping rate 4 of an isolated adsorbate, can be
expressed as follows using the TST:

d= oexp( Egq=kgT) (2.5)

where the pre-exponential factor g is the attempt frequency, which depends on the spe-

ci ¢ characteristics of the system.Eq represents the di usion barrier,kg is the Boltzmann
constant, and T denotes the temperature. Please note that the di usion process is in-
uenced by factors such as temperature and the interaction with other species on the
surface, such as coadsorbates (see e.g. chapter 7). Furthermore, the TST framework
assumes the independence of each jump process from the previous jump and the thermo-
dynamic equilibrium of the di using species with the surrounding environment:!

When studying the mobility of adsorbates on surfaces it is not always appropriate to
compare their mobility solely based on jump rates because they may have di erent char-
acteristic jump lengths. Instead, the di usion coe cient is commonly used to compare
the overall mobility of adsorbates in di erent surface di usion systems. The di usion
coe cient D is a quantity based on the Einstein equation for the phenomenological de-
scription of the transport of species in di erent environments. It can be calculated using
the jump rate 4 and the characteristic jump lengtha:[*4!

1
D = 4 gz (2.6)

2.2.2 Surface Diusion in Electrochemical Environment

To describe the di usion processes in electrochemical environment, the unique character-
istics of the electrochemical double layer have to be considered. As pointed out in section
2.1, very high electric elds can arise ( 10°Vm ). This yields to a modi cation of the
potential barrier E4 by an electrostatic contribution in equation 2.5. This electrostatic
term depends on the surface dipole moment variation (see section 2.1.1) between
energy minimum and transition state, the capacitance of the interfac€y and the elec-
trode potential with respect to the potential of zero charge (pzc), pze. Assuming a
constant interface capacitance, the potential barrier in the electrochemical environment
is approximately given by!*]

Cq
0

Eq= Eg ( oz0) ; 2.7)
whereE] is the di usion barrier in vacuum and , denotes the vacuum permittivity. In a
schematic representation, the supplementary energy necessary to surpass the barrier could
be interpreted as the electrostatic energy of a dipole in an electrical eld. This allows the
di usion rate in the electrochemical environment to be determined by inserting equation
2.7 into 2.5. In consequence, by introducing the electrostatic contribution, the di usion
rate becomes potential-dependent in the electrochemical environméfit?/]
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2.3 Electrochemical Carbon Dioxide Reduction

This chapter briey reviews the fundamentals of electrochemical reduction of carbon
dioxide (CO,RR) and addresses the current ndings and challenges in this eld based
on excellent review articles>°4l, |t introduces di erent catalyst types and discusses
the impact of the electrode morphology on the selectivity and e ciency of the products
by highlighting the great importance of the single crystal surface as model catalyst for
CO,RR. The e ciency of the CO;,RR is often evaluated in the literature by the so-called
Faradaic e ciency (FE), which is de ned as the fraction of the amount of a specic
product to the amount of the product that could be produced from the total charge
passed: 0l

Generally, the reduction of CQ in an electrochemical cell consists of two half reactions.
At the anode side, the water oxidation takes place, while at the cathode the carbon
dioxide reduction occurs, which has the general forhf:

XCO,+nH™ +ne ! product + yH ,O CO,RR at the cathode

Although the demand for an optimized catalyst material and electrochemical conditions
to e ectively convert carbon dioxide into valuable products and feedstock, particularly
multi-carbon products, has arisen already years ago, an e cient COreduction faces still
serious challenges:

1. the slow reaction kinetics require a high overpotential®( 1 V)

2. the lack of precise control over the selectivity and e ciency toward the desired
product! 4951

All these points highlight the importance of being able to precisely tune various relevant
parameters such as electrolyte composition, pH, catalyst material, surface structure and
nanomorphology to overcome these di culties?]

Bicarbonate solutions are the most commonly used electrolytes to perform ¢RR. They
provide bu er with a pH around 7 and can act as CQ source close to the surface, thus they
might a ect the CO ,RR procesd®? The exact chemical composition (e.g. the cations and
anions present in the solution) of the electrolyte and pH are relevant for the selectivity
and e ciency of the reaction. However, these aspects are not the focus of the current work
and will not be discussed further here. A comprehensive view of these characteristics can
be found in the corresponding scienti ¢ studies, see e.g. Refg, b, 54 62. Potassium
bicarbonate has been used as electrolyte for &l situ experiments reported in chapters

4, 5 and 6 of this thesis.

Furthermore, the selection of the catalyst material is another crucial step for the enhance-
ment of reaction. Already the earlier studies on various pure metals have shown that the
pure-metal electrodes can be categorized into various groups based on the product se-
lectivity during CO;RR, see also Refs.1[ 10, 63, 64]. The rst group contains those
metals that produce mostly formate (HCOO ), the second group produces mainly carbon
monoxide (CO), the third one produces almost solely hydrogen ¢ The last category
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contains exclusively copper with a unique characteristic to reduce G@o multi-carbon
(C,.) products with a reasonable e ciencyt31%65]

Calculations by Bagger et al. using density functional theory (DFT) explain this behavior

as the consequence of the binding energy between the metals and the key intermediates
(including H , COOH and CO) during electrolysist® Figure 2.5 shows an overview

of the four metal electrode groups. Yellow, blue and red represent the groups with the
HCOO , CO and H, as predominant product during the electrolysis, respectively. The Cu
electrode is marked with cyan and shows a negative binding energy to Cénd a slightly
positive binding energy to H, which may lead to its outstanding behavior to produce & -
products[>¢%] This capability makes Cu one of the most attractive materials to design an

e cient electrocatalyst for CO ,RR. The following discussions and descriptions therefore
focus on copper-based materials as promising electrocatalysts for CO2RR.

0.5

—1.50 ey ]
_> oLHb %Boyond C@

=0.5 0.0 0.5 1.0
AEp- [eV]

Figure 2.5: Metal catalyst classi cation CO,RR based on the binding energy of the
intermediates, Eco and Ey . Reprinted with permission from Ref. §6] Copyright
2017 John Wiley and Sons.

Numerous experimental and theoretical studies have been conducted on the reduction
of CO, on copper, exploring the wide range of products that can be formed and the
mechanistic pathways that can occul’:61{7°]

However, due to the complexity of the reaction and the in uence of various factors, a
broad disagreement remains still on the proposed mechanistic pathways. Neverthe-
less, a comprehensive understanding of the G@eduction pathway is crucial in order
to develop and optimize the catalyst design for this reaction. Hence, it is imperative
to further perform detailed investigations using advanceth situ/ operandoexperiments
and computational methods in order to identify the key characteristics of the reaction
pathways and tuning the CQRR activity and selectivity towards the desired products.
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The following subsections will focus on the impact of the catalyst structure and pro-
vide more detailed insights into the carbon dioxide reduction on morphological-di erent
copper-based catalysts, including nanoparticles, oxide-derived copper, copper single crys-
tals, and bimetallic copper. Moreover, the structural evolution of the catalyst during the
CO,RR will be discussed as a critical aspect of catalyst design in the nal subsection.

2.3.1 Copper Single Crystal

Single crystals o er a well-de ned surface structure, making them ideal model catalysts
for studying the in uence of di erent factors of CO,RR, including electrolyte composition,
pH and surface facets. Moreover, they are frequently employed for comparison with
theoretical calculations, as techniques like density functional theory primarily investigate
localized phenomena on well-de ned catalyst$l Consequently, single crystal studies are
essential for developing a fundamental understanding and facilitating rational catalyst
design in the context of CQRR.

Early valuable works of Frese et al. and Hori et al. already indicated varying perfor-
mance of CQRR on di erent crystal facets of copper electrodes"®! Hori's experiments
on three low-index Cu single crystals reveal that £, preferentially forms on (100) as
compared to the other facets, while the (111) surface yields mainly GH?! Similar re-
sults have been obtained later in other research groufd&’”! For instance, Huang et al.
used experimental voltammetry, chromatography, spectroscopy and DFT calculations for
a fundamental study of CQRR reactivity on di erent oriented Cu single crystals!’’! This
study reported a direct correlation between CO coverage and ethylene production and a
signi cantly lower overpotential for Cu(100) to reduce CO to GH,4. Moreover, Cu(100)
has been identi ed as the favorable facet for dimerization of two CO* molecules during
the reduction reaction!’’! Both described works of Hori et al. and Huang et al. observed
formation of alcohols at potentials ~ 0:9 V on the Cu(100) surfacé!*""]

In one follow-up study of Hori et al. the ndings mentioned above have been observed,
and it was further demonstrated that the introduction of (111) steps to the Cu(100)
results in C,H, selectivity enhancement, while CHl is suppressed’*! This highlights the
vital role of undercoordinated sites and, in particular, the steps in shaping the spectrum
of products in the CO,RR. In a more recent work, Hahn et al. examined epitaxially grown
Cu thin Ims with preferred surface orientations, speci cally h100, h111l and h751, to
elucidate the link between active sites and the catalytic activity’®! The authors identi ed
Cu(751) as a thin Im with the highest selectivity towards G,. products, attributed to
its high number of steps and undercoordinated sité&) Additionally, they found a higher
activity and selectivity for C{C coupling on Cu(100) and Cu(751) thin Ims compared to
Cu(111), consistent with previous literature ndings!’>"#%% |n a theoretical study, Liu
et al. employedab initio kinetic models and explicit solvent models to suggest that the
CO reduction activity is primarily in uenced by steps, and thus the overall activity of
CO,RR can be dominated by a small fraction of steps:2!]

The density of low-coordinated sites on a surface can be heavily in uenced by the pre-
treatment of the surface. Hori et al. demonstrated the impact of sample preparation on
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the reproducibility of experiments conducted on Cu(110) and Cu(111) surfac€d. For
example, the presence of copper oxide during electrode preparation and transfer could
induce signi cant alterations to the surface structure.

Additionally, Scholten et al. provide a detailed study on the impact of the preparation of
the Cu single crystals on their activity and selectivity during the CQRR. The authors
demonstrated the uncontested role of surface roughness and defects on the activity and
selectivity during CO,RR on di erently treated Cu electrodes using combinedex situ
atomic force microscopy (AFM) and gas chromatography?! Their results illustrate that
atomic at Cu single crystals favored hydrogen production, while the roughened defect-
rich electrodes are signi cantly selective toward hydrocarbon product§?

As previously mentioned, structural modi cations have the potential to induce radical al-
terations in the activity and selectivity of the CO,RR. Therefore, it is essential to consider
catalyst restructuring, especially for Cu catalysts (due to its tendency to reconstruct),
when evaluating their selectivity and activity!*®! This will be the focus of subsection
2.3.5.

2.3.2 Copper Nanoparticles

Typically, the nanoparticles (NPs) are individual particles with a diameter up to 100
nm, which are placed on a suitable material as suppdrt. The latter can in uence both,
the mechanical stability and the electronic structure of the catalyst, ultimately a ecting
its overall catalytic capability.[*#3& Compared to planar electrocatalysts, nanoparticles
exhibit a high surface area to volume ratio and more active sites with low coordination
numbers, which can dominate the e ciency of the catalyst-®?! The alteration of the
size, shape, and loading of the nanoparticle catalysts has a vital impact on their catalytic
performancel®°0]

Reske et al. performed a systematic study on the correlation between the size of the Cu
NPs (in the range of 2 15 nm) and their catalytic activity and selectivity.”! The study
demonstrated that reducing the particle size enhances the catalytic activity. Addition-
ally, this reduction in particle size leads to an increase in selectivity towards,Hnd CO,
accompanied by a substantial decrease in selectivity towards hydrocarbon produéts.
The authors explain these ndings as a result of high density of low-coordination sites in
NPs with smaller size, which favored the formation of HHand CO as compared to hydro-
carbons. A similar trend has been observed for GAR on Au, Zn and Ag nanoparticles,
where the selectivity towards H has been signi cantly enhanced for smaller NPs as com-
pared to CO[PH%

Beside the size, the shape of NPs can a ect signi cantly the performance of the cata-
lyst.[86:95.96] Generally, the shape of the NPs pretend the exposed crystallographic facets
on their surfacel’’! In the case of copper as face-centered cubic metal for example, the
cubic structured Cu NPs should be preferentially composed of (100) fac€t8!! There-
fore, most shape-controlled NPs studies are motivated by previous single crystal studies
on various orientated crystalg®!
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lyengar et al. showed that the Cu NPs with octahedral shape (in the range of 75310
nm) are mainly selective to methané’®! Moreover, a study of Loiudice et al. demon-
strated that the Cu nanocrystal cubes with dominantly (100) facets favored ethylene
selectivity.[®?l In a remarkable study by Wang et al., who used controlled chemical etch-
ing to introduce high-energy facets to the Cu nanocubes, a signi cant enhancement of
the selectivity towards hydrocarbons has been observed.

Another factor, which can in uence the activity and selectivity of CG electroreduction, is
the amount of NPs loaded onto the support material. Kim et al. studied various loadings
of Cu NPs on carbon paper support:®® The results reveal that higher loadings lead to a
signi cant rise in the Faradaic e ciency of C,{C 3 products, while the selectivity of the G
products decreases. For the samples with the highest loading, a structural transformation
toward cube-shaped particles has been observed, which is in line with the improvement
of the C,. products!*®”

2.3.3 Oxide-Derived Copper

Oxide-derived Cu-based catalysts refer to oxidized Cu catalysts that can be prepared for
instance by direct electrodepositioi®”, chemical synthesis®l, anodic treatment'®%%l

or thermal oxidation!'®l of metallic coppert!! These types of catalysts are in the focus
of many scienti ¢ works due to their capacity to enhance the CERR selectivity toward
multi-carbon products[®'%! For instance, several studies showed a suppression of ,CH
selectivity and lowering the overpotential for CO and GH, production as compared to
the pure Cu catalyst!'941%6.1971 This outstanding performance has been attributed to the
rough morphology and consequently high defect density, alteration in the local pH or
residual subsurface oxygefi;'06108(112]

Mandal et al. used spectroscopic methods to characterize the catalytic performance of
various CwO catalysts during CO,RR.[***] The authors stated that the reduction of
Cu,O occurs prior to the formation of multicarbon products, since it is energetically
and kinetically favored as compared to CERR.[***] However, several studies considered
residual subsurface oxygen and Cuto explain the enhanced activity of the oxide-derived
Cu-based catalystg?106114115]

When evaluating the reason for the improved C&RR performance of oxide-derived cata-
lysts, it is important to keep in mind that these systems are rather complex and multiple
intricate e ects can contribute to the resulting performance. Therefore, very carefuh
situ and/or operandoexperiments are needed to shed light on the impact of individual
constitutive parameters.

2.3.4 Bimetallic Copper-Containing Catalysts

As discussed above, alterations in the morphological characteristics of catalysts play
a crucial role in modifying their catalytic performance. A highly e ective strategy in
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catalyst engineering is to utilize Cu-based mixed bimetallic systems through methods
such as alloying, solid solutions, intermetallic and phase-segregated structures to improve
the activity and selectivity of the catalyst.I']

Several studies reported a signi cant improvement in the catalytic performance by using
Cu-bimetallic catalysts!'*®'??l This can be attributed to electronic and strain e ects
as well as geometric consideration?*'2¢1 Adding a secondary element to the catalyst
materials leads to a change in the electronic structure of the electrodes, which a ects
the binding energies of the intermediates on the catalyst surface and thus its catalytic
performancel'?t2°l This can be understood with the help of the d-band modél. The
geometric e ect refers to the changes in the interaction of adsorbates with each other and
with the catalyst surface due to the redistribution of the active sites by introduction of
a secondary metal to the host catalyst materidf!!

The catalytic performance of the Cu-based bimetallic catalysts can be categorized in three
groups based on the metal catalyst classi cation outlined above and in Figure 2.5 using
the dominant CO,RR selectivity of the guest metal!! The rst group includes introduc-
ing H, producing metals such as Fe, Ni, Pt and Pd to the copper catalyst, which leads
typically to an increase in the HER activity and selectivity compared to the pure cop-
per catalyst[**4*%% The second group is based on mixing copper and HCO®roducing
guest metals (i.e. In, Sn). These type of bimetallic catalysts tend to facilitate CO produc-
tion and suppress the HER*%401 |n addition, some studies observed a higher selectivity
toward HCOO for these materiald*%%?l The last group contains bimetallic mixtures of
Cu and a CO producing metal such as Ag, Au or Zn. These electrocatalysts maintained
an improvement of the selectivity toward CO:6%1 More importantly, however, they
show high capability for promoting C{C coupling and enhancing the selectivity of &
products[*?1144150 Therefore, they attract great attention in the context of CO,RR cat-
alyst design. Here, the focus lies particularly on AgCu bimetallics as promising catalyst
material for achieving high G, selectivity and e ciency during CO;RR. A brief overview

of the current understanding of these systems is therefore provided below.

Clark et al. studied AgCu bimetallic systems as well as surface alloys and observed an
enhancement in the selectivity towards & products, which was linked to the suppres-
sion of HER due to the compressive strain as result of the formation of CuAg surface
alloys!*?l In another study, Higgins et al. characterized the catalytic performance of
CuAg thin Ims with nonequilibrium Cu/Ag alloying and demonstrated a considerable
higher activity and selectivity toward liquid carbonyl products, which was associated
with high Ag miscibility in Cu. [**”1 Similar improvements have been reported by Gao et
al., who investigated Cu nanowires decorated with Ag island$* The authors suggest
an e cient spillover and thus bene cial di usion of the CO from Ag to the Cu sites as
origin of the high e ciency toward ethylene and other multi-carbon products. Moreover,
Lee et al. prepared two types of Ag-C3O bimetallic electrodes, phase-separated and
phase-blended, with di erent primary arrangement of Cu and Ag, where they observed
an increase in the ethanol selectivity as compared to the pure gn.[**4l Interestingly, in
this study the phase-blended electrocatalyst shows three times higher Faradaic e ciency

1The d-band theory describes the correlation between the occupied d orbitals on the catalyst surface
and the adsorption properties of molecules!?®] A detailed description can be found in the following
referenced 301311
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toward ethanol, which was associated to the exact geometric properties of the phase-
blended catalyst, in addition to other factors like Ag dopant and CO production. In a
more recent work by Herzog et al. an increase in the Faradaic e ciency for,€ liquid
products such as ethanol, 1-propanol, and acetaldehyde has been reported during, CO
electroreduction on Ag-decorated C40 nanocubed!®? In agreement with previously de-
scribed studies, suppression of HER together with a detailed structural arrangement of
Ag and Cu due to the redispersion of Ag on Cu during the catalysis have been proposed
as trigger of the high e ciency.**"

All these ndings emphasize the important role of bimetallic catalysts in the context of
rational catalyst engineering for CQRR. However, in view of the rather complex struc-
tural properties of these catalysts and the interdependent intricate e ects that determine
the catalytic performance of the catalyst, it is quite challenging to interpret the observa-
tions and gain insight into the fundamentals that lead to the desired catalytic behavior.
Therefore, there is an urgent need to investigate well-de ned model catalysts, in partic-
ular single crystal studies, to precisely determine the structure-performance relation. A
rst step in this direction is presented in chapter 6 of this thesis, where a bimetallic AgCu
catalyst was successfully prepared on a single crystal basis.

2.3.5 Structural Changes of Copper under Reducing Conditions

Surface reconstruction is a well-known phenomenon that refers to a displacement of the
surface atoms, which can be caused in electrochemical environments by an applied poten-
tial and/or the adsorption of species on the surface that lead to a change in the surface
energyl?15%1%51 As mentioned above, the detailed morphological characteristics of the
electrocatalyst can govern its catalytic activity and selectivity, nevertheless it has received
less concern in the existing reports. Typically, studies compare the structure of the cata-
lyst before and after the reaction and therefore assign it usually to the reduction reaction,
although a reconstruction can already occur before the proper reaction begins. Particu-
larly in the case of Cu-based catalysts, various studies indicate a considerable tendency of
the Cu surface to reconstruct or behave exceptionally under di erent conditiort$¥ This
subsection will provide a brief overview of some relevant examples of Cu reconstruction
under di erent conditions focusing on the restructuring of single crystal surfaces.

Cu electrode structure during HER  The structure of the Cu electrode during HER
is of great importance since it is a competing reaction during GBR. Several studies
reported a distinct surface restructuring during the HER°%%"l Figure 2.6 summarizes
these restructurings and the proposed mechanisms in each case.

Matsushima et al. investigated Cu(100) electrode surfaces in 0.1 M HCJ@H=1) at
the hydrogen evolution potential regime using high-speed STNF5'71 The authors re-
ported a vast reversible potential-dependent stripe-like reconstruction of copper surface
to ap(l 8) phase at onset of HER, which transforms to a&(p 8) structure at more
negative potentialsi’>) Note that the p(1  8) phase is stable only in a very small po-
tential range of about 30 mV, meaning that thec(p 8) stripe-like structure with an
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Figure 2.6: Overview of H-induced surface reconstruction on Cu(100) and Cu(111)
electrodes. (a-d) show the Cu(100) surface structure during the restructuring process
at 0:65 Vsce (@), 0:7 Vsce (b), as well as the proposed structural model of the
p(1 8)-(c)andc(p 8)-reconstructed surface and Moie superstructure (d). Reprinted
with permission from Ref. 5. Copyright 2009 American Chemical Society andlLp7]
Copyright 2010. (e,f) illustrate the Cu(111) during the HER at 0:31 Vsue in 0.05

M H,SO,. (g) shows a cross-section of the H-induced reconstruction. Reprinted with
permission from Ref. 159. Copyright 2014 John Wiley and Sons.

expanded Cu lattice distance is the dominant structure during HER'>" Figure 2.6 a,b
show high resolution images of the reconstructed surface (a) and the corresponding Moie
pattern due to the surface lattice expansion (b) at 0:65 and 0:7 Vsce with an image
size of (35 3:5) nm? and (4 4) nm?, respectivelyt*>°l The corresponding structural
models of these two reconstruction steps are provided in Figure 2.6 €d! Moreover,
this work presentsin situ video-STM studies of the reconstruction phenomenon at higher
pH values to clarify the e ect of pH on the reconstruction!*”1 The results showed that
at pH 2 the structural phase behavior remained similar, but there was a shift of about
57 mV towards lower potentials, which is consistent with the expected HER shift with
changes in pH. Conversely, at pH:25 and 25 only a partially p(1  8)-reconstructed
surface was observeld®” A further increase in pH to 2754 resulted in the observation
of reconstruction only in the proximity of Cu steps, and above pH 3 no reconstruction
behavior could be observed despite gas evolutibi’l In a more recent study Zhang et
al. studied the observed Cu(100) reconstruction in HER potential range using various
theoretical methods such as grand canonical density functional theoab initio molecu-
lar dynamics and mechanistic calculations>? The overall results are in agreement with
the experimental observations described above and reveal the formation of a shifted-row
surface restructuring under electrochemical conditions due to hydrogen adsorption. This
reconstruction starts at =6 ML H coverage, which stabilizes at higher coverage ofd
ML H. Furthermore, the simulated STM images of the calculated reconstruction repre-
sent the observed experimental dat&>’! However, the Cu reconstruction occurs at more
negative potential compared to the theoretical calculations, which the authors attributed
to the kinetic e ects during the restructuring.
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In the case of Cu(111), Huynh et al. providen operandostudies, which shed light on the
structural transformation of the electrode surface during HER:>®! This study indicates a
potential-dependent migration of the hydrogen into the substrate lattice during the HER,
which results in a reconstruction on the copper surfad€?! Figure 2.6 e,f show the (4 4)
reconstructed Cu(111) in dierent scales at 0:31 V vs. standard hydrogen electrode
(SHE) during HER. Note that the authors assumed that all maxima that can be seen in
STM images of Figure 2.6 indicate the position of individual copper atoms. Moreover,
they reveal that the restructuring a ects the in-plane as well as the out-of-plane structure
of the electrode, while the total atomic density of the surface remains constdht?! It
was suggested that inclusion of hydrogen promotes a rearrangement of copper atoms,
which is not only a local deviation but also leads to a change in the nearest neighboring
distances of the copper electrode as it is represented in Figure 2.6 [¥°§. Figure 2.6 f
shows both, a common trigonal and an extraordinary square unit cell of the Cu(111)
under the reaction conditions. However, the authors state that the intricate interplay
of geometrical and electronic factors during STM experiments makes de nitive structure
determination challenging.

Cu electrode structure in presence of CO/CO , CO is one of the key and spectro-
scopically well-examined intermediates of CERR, which forms at relatively low over-
potentials.[*®?! Several STM studies observed a certain instability of the copper surfaces
by exposing it to the CO or CG containing environments:64{164]

In the gas phase, high pressure STM and X-ray photoelectron spectroscopy experiments
by Eren et al. showed that both Cu(100) and Cu(111) breaks up into nanoclusters
in presence of CO (Figure 2.7 a,b,d}5%'¢? On Cu(100) at CO pressures of 0.25 mbar
square shaped nanoclusters form, its edges are oriented along the [001] direction (Figure
2.7 a)'! Figure 2.7 a-top right shows an example of clusters composed by 5 atoms
stabilized by 4 adsorbed CO molecules, with the corresponding ball model provided below.
At the same time several regions with the characteristic periodicity of bare Cu(100) have
been observed (Figure 2.7 a-bottom right). Upon increasing the CO pressure, new nano-
clusters appear at the surface while simultaneously some of the existing clusters merge
together[*6" At CO pressures 20 mbar, the surface is covered with one-dimensional
nanoclusters that are three atoms wide and aligned along the [001] direction (Figure 2.7 b).
Similar clustering of the copper surface has been observed for (111) facet. Already at a
CO pressure of 2 Torr the Cu terraces have been covered by triangular and hexagonal
shaped nanoclusters with a diameter of 0:5 nm and 1.5 nm, respectively (Figure
2.7d)['%?1 The authors assigned them to the two types of clusters with 3 and 19 Cu
atoms respectively. Figure 2.7 d-right shows from top to bottom the STM image obtained
from the experiments, the DFT optimized model of the respective cluster types and the
corresponding simulated STM image. The same group exposed the (100) and (111) copper
surface to the CQ gas and detected with the same methods mentioned above a likewise
reconstruction of the copper (see Figure 2.7c as an example for the restructuring of
Cu(100)).1*%%1 The authors explained the results as dissociative adsorption of GOn the
copper surface, which leads to oxygen adsorption on the surface that blocked the surface
from further reactions!*®3l Moreover, it was found that the Cu(100) is more active in
terms of dissociation of CQ.['¢3
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Figure 2.7: Review of Cu(100) and Cu(111) surface restructuring (a-d) in the gas phase
in presence of CO (a-b,d) and C®gas (c) and in electrochemical envirnoment (e) in 0.1
M KOH. (a) Cu(100) surface clustering in presence of26 mbar CO gas, resulting in the
formation of rectangular nanoclusters on the surface. The example of 5 atom cluster and
the corresponding structural model are shown on the right side. (b) Restructuring of the
cluster in (a) into three-atom-wide one-dimensional nanoclusters by increasing the CO
pressure to 20 mbar. (c) STM image of the Cu(100) surface showing the nanoclustering
process in the presence of 20 Torr GQgas. (d) Left: Cu(111) surface under @ Torr
CO gas breaks up into nanoclusters. Right: Two types of nanoclusters (containing 19
and 3 Cu atoms) that form in presence of 0.2 Torr CO, corresponding DFT-optimized
ball models and their respective simulated STM images. (e) Co-induced nanocluster
formation upon increasing potential from 0:85 Vsye to  0:45 Vsye due to the CO
electro-oxidation. Reprinted with permission from Refs. 163 164. Copyright 2016
Elsevier(a,b), 2016 American Chemical Society (c), 2016 American Association for the
Advancement of Science (d), 2020 Springer Nature (e)

In the electrochemical environment, Auer et al. observed a comparable dynamic recon-
struction of Cu(111) in CO-saturated alkaline electrolyte during the CO electro-oxidation
via in situ STM.[*®4 Figure 2.7 e shows a representative STM image during a potential
step from 0:85 Vsye (upper part of the image), where smooth Cu(111) terraces are
visible, to  0:45 Vsye , where the CO electro-oxidation occurs (lower part of the image).
Immediately after the potential step, the surface becomes rough and Cu nanoclusters
appear. In accordance to the results from the gas phase, the nanoclusters exhibit di-
ameter ranges between 0.5 and 1.5 nm. Moreover, the rst-principles microkinetic mod-
elling, provided in their work, support the experimental ndings and suggested that CO
binds solely to the created undercoordinated Cu atoms, which form permanently during
the reaction!*®l Furthermore, the results reveal that the restructuring of the surface is
mainly a reversible procesg54
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2 Fundamentals and State of the Art

Structure of preoxidized Cu electrode in 0.1 M KHCO 3 A dierent example type of
surface restructuring is provided by Simon et al., whera situ AFM has been used to
investigate the potential-dependent structural evolution of Cu(100) during CgRR.[*6°]

A pronounced roughening of the surface due to copper oxidation has been observed by
immersing the copper crystal, which has been electropolished and kept in air, into the 0.1
M KHCO ; electrolyte at open circuit potential (OCP).[*%* Upon changing the potential

to more negative potentials vs. RHE, further structural modi cations occur (see Figure
2.8)['651 At 0:5 Vgue the oxidized Cu is reduced and roundish mono- and multi-layer
copper islands with atomically at terraces appear (Figure 2.8a). Stepwise decreasing
the potential to 1.0 Vgye and 1.1 Vgue leads rst to a restructuring of the surface
toward rectangular shaped islands with [110] preferred orientation (Figure 2.8b) and
then to an increase in the step density (Figure 2.8 ¢)°°! Overall structural modi cations
under di erent conditions are summarized in Figure 2.8d. Moreover, the authors analyze
the AFM-images concerning the defect densities of the samples under various conditions
that re ect the roughening process on the Cu(100)(Figure 2.8 ¢e).

Figure 2.8: Structural evolution of Cu(100) during CO,RR. (a-c) in situ AFM images of
the surface at 0:5, 1:.0and 1.1 Vgue . (d) An illustrative overview of the morpholog-
ical changes of Cu(100) upon immersion into the electrolyte and by stepwise decreasing
the potential. (e) From AFM images extracted line-defect density estimations for sam-
ples under di erent conditions, as-prepared in air, at 0:5 Vgye and at 1.0 Vgue .
Reprinted with permission from Ref. 165. Copyright 2021 John Wiley and Sons.
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Electrochemical interfaces play a crucial role in technological areas such as energy con-
version and storage. An advanced characterization of the corresponding solid-liquid in-
terfaces is therefore the key to a better understanding and further development of these
technologies, which can be achieved by various situ structure-sensitive methods de-
pending on the scienti ¢ question being addressed. The main part of this work is based
on in situ scanning tunneling microscopy (STM) studies as a well-established and pow-
erful technique to investigate surfaces and interfaces on the nanoscale. Additionally,
complementaryin situ/operando experimental methods such as surface X-ray di raction
(SXRD) and surface-enhanced Raman spectroscopy (SERS) have been used in coopera-
tion with other researchers for a more precise interpretation of the results. The goal of
this chapter is to provide an overview of the basics of STM as a primary method in sec-
tion 3.1, followed by a short introduction to surface X-ray di raction as a complementary
technique in section 3.2 using excellent textbooks and scienti c articles of the respective
method [*6&{170]

3.1 In Situ Scanning Tunneling Microscopy

Scanning tunneling microscopy has been developed in the 1980s by Gerd Binnig and
Heinrich Rohrer. It is based on the quantum mechanical tunnel e ect and allowed the
rst topographical imaging of a surface with atomic resolutior*6571 |n 1986, Sonnenfeld
and Hansma demonstrated successfully the operation of STM in solutigri? A few years
later, several research groups introduced situ STM investigations with a four-electrode
con guration.[*”3(*7"] This section begins with a brief introduction to the basics of STM,
followed by a description of the concept of electrochemical STM and the challenges asso-
ciated with it.

The experimental implementation of STM is similar to other scanning probe techniques.
It involves contact-free scanning of a sharp tip with (sub)micrometer dimensions at a very
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small distance, typically in the range of fewAngstroms, across a speci ¢ area of the sam-
ple. The quantum mechanical tunneling e ect of electrons predicts a non-vanishing prob-
ability for the electron to overcome the distance between the (semi)conducting sample and
the tip. By applying a so-called tunneling bias voltageld;) between the (semi)conducting
sample and the tip, the Fermi levels shift relative to each other by a value ell, which
results in a current ow (I;). The polarity of the applied bias potential determines the
direction of the tunneling process, i.e. the electrons tunnel from an occupied electronic
state to an unoccupied state between tip and sample. Figure 3.1 shows a schematic rep-
resentation of the potential diagram in the tunneling process. Considering the theoretical
work of Terso and Hamann, the tunneling current for a tip with spherical shape and
s-type wave function is proportional to the local density of states (LDOS) at the tip
position.[*68178 |n this simpli ed model, the STM images at constant tunneling current
can be interpreted as constant LDOS of the sample at Fermi-level. For example, in case of
a free-electron metal, at the distance where an STM tip is typically located, the contour
surfaces of the LDOS coincide with the contour surfaces of the charge denbitj!"!

Figure 3.1: Schematic illustration of
the potential levels during a tunnel con-
tact. Here, the sample is at a more posi-
tive potential than the tip, thus the elec-
trons tunnel preferentially from the tip
to the sample. Er.t and Ef.s represent
the Fermi levels of the tip and the sam-
ple. 1t and s indicate the work func-
tion of tip and sample relative to the
vacuum energy level, respectively. The
tip-sample distance is denoted bg. The
scheme is prepared based on Ref.7{.

In the most simple, one-dimensional consideration, the tunneling current depends
exponentially on the distanced between the sample and the tip:’>*®% Furthermore,
the tunneling current depends on the tunneling potential; and the e ective tunneling
barrier height and can be written as follows, where grepresents the mass of an electron

and} the reduced Planck constant:®”]
0 S 1

I/ U exp@ 2 2?; dA (3.1)
The high resolution of the STM perpendicular to the surface, up to few picometers, is a
result of this exponential relation between the tip-to-sample distancg and the tunneling
current I,. The lateral resolution, in the range of fewAngstroms is mainly given by the
tip shape and radius. It is important to note that STM images are a convolution of the
local shape of the sample and the tip, so the resolution is heavily in uenced by the size
of the e ective interacting area between the sample and the tip. This might sometimes
lead to undesirable imaging e ects, such as multiple imaging of prominent features and
broadening of the steps. Therefore, preparing high-quality tips with a well-de ned shape
and using suitable sample surfaces are important requirements for STM investigations.
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3.1 In Situ Scanning Tunneling Microscopy

Electrochemically etched Tungsten tips have been used for all in this work presented
studies.

The focus of this work is on STM measurements in electrochemical environment, there-
fore it is important to discuss the specics ofin situ STM before introducing di erent
measurement modes of STM. As stated at the beginning of this section,imsitu STM
experiments, four electrodes are used in the electrochemical cell, with the tip considered
as the fourth electrode. The challenges that arise in the STM measurements in electro-
chemical environment are the Faradaic current ow through the electrolyte caused by
electrochemical reactions on the tip and the high double layer capacitance of the tip in
electrolyte, which can worsen the signal-to-noise ratio®*! Both e ects can be prevented
by coating the tip with an electrically insulating material down to (ideally) the last mi-
crometer at the top of the tip. In this work, tungsten tips coated with polypropylene
were employed in all studies. Moreover, it is important to keep the tip potential in the
double layer range, where no reactions occur at the tip-electrolyte interface (lowering the
Faradaic currents). This is realized by using a bipotentiostat that allows measuring and
controlling the sample potential and tip potential separately. In this con guration, the
measurements can be performed with a constant bias or a constant tip potential. By
keeping bias constant, it is crucial to ensure that the tip remains in the double layer re-
gion when adjusting the sample potential. Conversely, when maintaining a constant tip
potential, the state of the tip is preserved, and only the tunneling conditions are altered
by varying the sample potential. Both settings can be advantageous depending on the
system investigated.

In the practical implementation of the STM, precise tip displacement over the sample is
crucial. This is achieved using the piezoelectric scanner, which moves the sample parallel
to the surface in the x/y direction and perpendicular to it in the z direction. Depending
on the scienti ¢ question and the particular sample type, di erent STM measurement
modes can be selected. The most commonly used measurement mode,ctivestant-
current mode, uses a feedback loop to keep the tunnel current constant. This is ensured
by comparing the measured current with a setpoint value and readjusting the tip position
in the z-direction by applying an appropriate voltage to the piezoelectric scanner. Three-
dimensional STM images are the result of recording the movement of the tip and sample
relative to each other, therefore the maximum scanning speed and in turn the temporal
resolution of the STM is strongly dependent on the response time of the feedback loop
and is limited to several hundred nm per second in theonstant-current mode.

Improved temporal resolution can be achieved by operating the STM itonstant-height
mode, where the time constant of the feedback loop is signi cantly lower than the
constant-current mode. This means that the averaged tip-sample distance/tunneling
voltage is kept constant and the modulations in the current value are recorded as a mea-
suring signal. This mode allows the study of surface dynamics at the atomic level, but
also increases the probability of tip-sample collisions due to the slow speed at which the
distance between the tip and the sample is readjusted. This is why investigation of rough
samples within this mode is not feasible.

STM images shown in this thesis have been taken in both modes. The data in chapters
4,5 and 6 were collected using a PicoPlus 5500 STM (Agilen) aonstant-current mode,
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while the presented studies in chapter 7 have been performed by a home-built high-speed
STM in constant-heightmode with frequencies between 1 and 25 HZ2'% This contains

a temperature control unit that allows measurements at the temperatures betweenQ
and 35C.

3.2 Surface X-Ray Di raction

Surface X-ray di raction is a powerful technique for characterizing the crystalline surface
and/or interface. Due to the relatively low number of atoms of the surface contributing
to the scattered intensity compared to bulk crystal diraction, the utilization of high-
intensity synchrotron radiation is necessary to achieve a surface-sensitive X-ray di raction
experiment. Additionally, a grazing incidence angle is typically employed to restrict the
penetration depth of the X-ray beam into the sample, thereby minimizing the in uence
of the bulk and maximizing the sensitivity to surface properties.

Figure 3.2: Overview of the real space structure (left) and the intensity distribution in
the reciprocal space (right) for a large 3D crystal (a) and the surface of a 3D crystal (b)
Reprinted with permission from Ref. 184. Copyright 2024 American Chemical Society.

A crystal that is in nitely extended in all directions generates delta function-like Bragg

peaks. (Figure 3.2a). However, when dealing with a semi-in nite crystal, additional
patterns emerge perpendicular to the surface due to the truncation of the crystal lattice at
the surface. This truncation leads to a change in the periodicity of the crystal structure at
the surface. The distribution of the scattered intensity in this case is shown in Figure 3.2 b.
Careful analysis of these so-called crystal truncation rods (CTR) in terms of intensity
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3.2 Surface X-Ray Di raction

and shape provides valuable insights into the surface morphology, surface roughness and
surface reconstructiori6%18°l

A detailed and precise description of CTRs can be found in various textbook and articles,
e.g. Refs. 169 184 184. This section focuses on providing a qualitative insight and
describing the in uence of various factors on the CTR signal following Refs1§9, 184.
Figure 3.3 illustrates that a small variation of the relative vertical displacement of the
surface layers compared to the bulkztparameter) leads to a change in the CTR signal
along the rod.

Figure 3.3: The impact of the relative displacement of the surface layer as compared
to the bulk (assuming a surface structure without atomic displacement as compared to
the bulk) to the overall CTR signal. Gray, cyan and purple correspond to the values
of 0, 0.1 and 0:1 respectively. The illustration follows Ref. 169.

Surface e ects such as surface roughness, surface relaxation, surface reconstruction and
surface adsorption can lead to modi cations of CTRs. Itis distinguished between specular
and non-specular CTR. While the specular CTR provides information related to the
z-direction (perpendicular to the surface), the non-specular CTRs are sensitive to the
in-plane structural information. Typically, such measurements are described with an
optimized model, which in the best case can be validated by combining it with other
methods.
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Structure of the (Bi)carbonate Adlayer
on Cu(100) Electrodes

This chapter is based on an articlé®®! published in Angewandte Chemie International
Edition. Reprinted with permission from Reihaneh Amirbeigiarab, Alexander Bagger,
Jing Tian, Jan Rossmeisl and Olaf M. Magnussen

Angew. Chem. Int. Ed. 2022, 61, 202211360.

Copyright ©2022 The Authors. Angewandte Chemie International Edition, published by
Wiley-VCH GmbH
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4 Structure of the (Bi)carbonate Adlayer on Cu(100) Electrodes

The theoretical part of this work was carried out by Dr. A. Bagger and Prof. Dr. J.
Rossmeisl, Department of Chemistry, University of Copenhagen. The contribution of the
author of this thesis to this work includes planning, preparing samples, conducting, and
analyzing in situ STM experiments. Additionally, the author wrote the corresponding
sections of the publication under the supervision of Prof. Dr. Olaf M. Magnussen.

4.1 Synopsis

The prominence of the copper/bicarbonate interface in the eld of C&RR has already
been discussed at various parts of the last chapters. Now is the time to take the rst
step and characterize this important electrochemical interface beyond the onset of any
electrocatalytic reaction: at the double layer potential range. This is a cornerstone on the
way of developing an in-depth understanding of this electrochemical system. The most
promising low-index copper surface, namely Cu(100), o ers a suitable model system for
these investigations and thus is chosen for the experiments on the copper substrates.

This chapter usesn situ STM and ab initio calculations and demonstrates the presence of
complex and dynamic ordered interface structures, which are formed by the coadsorption
of carbonates and water. Additionally, the crucial role of water in stabilizing the ordered
carbonate-water adlayers is highlighted. The calculations reveal that both the coadsorbed
water and the neighboring molecular layer collaborate to stabilize the observed adlayers.
Furthermore, the ordered anion adlayer undergoes an order-disorder phase transition.
In addition, this chapter compares the adsorption behavior of (bi)carbonate with those
of other oxyanions and discusses the signi cance of these ndings within the context of
COzRR.

Overall, this chapter provides a comprehensive view of the Cu-carbonate interface at
the molecular level, revealing the complexity of this interface prior to the onset of the

reduction reaction. This underscores the signi cant challenges in understanding and
computationally modeling this system.
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Structure of the (Bi)carbonate Adlayer on Cu(100) Electrodes

Supporting Information

Reihaneh Amirbeigiarab, Alexander Bagger, Jing Tian, Jan Rossmeisl, and Olaf M. Mag-
nussen

S4.1 Experimental Section

The experiments were performed in electrochemical environment at room temperature
using a PicoPlus STM (Agilent, Santa Clara, USA) and polypropylene-covered tungsten
tips. Cu(100) single crystals (MaTecK) were used as working electrode. The copper
single crystal was electropolished in 65%- 70% orthophosphoric acid (Merck) at potentials
between 1.8 and B V vs. a Pt wire counter electrode. At least three polishing steps of
10 s each were applied before every experiment. After polishing, the sample was rinsed
with ultrapure water, then covered with a droplet of water or 0.1 M HSO, prepared from
ultrapure sulfuric acid (Merck), and nally placed in the STM's electrochemical cell. Two
platinum wire were used as pseudo-reference and counter electrodes inithsitu STM
experiments. Cyclic voltammetry measurements after the experiments and measurement
vs. a Standard Calomel Electrode (SCE) were used to calibrate the pseudo reference
electrode. In order to avoid oxygen in the electrochemical cell, the electrochemical cell
was kept under argon (5.0 N Ar) or CQ (4.5 N CO,) atmosphere during the entire
experiment. The STM data were recorded in constant current mode at tunneling currents
of 0:05 nA to 0:7 nA and a bias potential of 0:05Vto 0:35 V. The data analysis was
carried out with the SPIP software (Image Metrology A/S, Horsholm, Denmark). In
some of the images high-pass Itering was applied to increase contrast. Furthermore, in
Figure 1b the average function of SPIP was used to improve the contrast. The potassium
bicarbonate electrolyte was prepared from KHC@(Sigma-Aldrich, 997%) and ultrapure
water and was puri ed with pretreated Chelex 100 resin (Bio-Rad}.¢"'¢¢l Prior to the
puri cation, the Chelex was regenerated in two steps: First, the Chelex was stirred in 1
M HCI for 12 hours and rinsed with 5 | ultrapure water. Then, Chelex was stirred in 1
M KOH for 24 h at about 70 C and rinsed with 8 | ultrapure water.
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S4.2 Supplementary electrochemistry and STM Data

Figure S4.1: Cyclic voltammetry of Cu(100) in CO, saturated 0.1 M KHCO;. The
measurement was performed in the electrochemical STM cell.

Figure S4.2: (&IM cbata illustrating the alternation in height of neighbouring double
stripes in the

2 6 2)R45 superstructure. (a)ln situ STM image of Cu(100) in 0.1
M KHCO 3 in the double layer regime (014 V). (b) Cross-section taken along black line,

showing an apparent height di erence of 5-1@m between neighbouring double stripes,
located at distances of 1.1 nm from each other.
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Figure S4.3: Variable appearance and dynamic uctuations of (4 4) structure. (a) In
situ STM image taken at 014 V, showing coexistence of several (44) structures with

di erent appearance. (b) Subsequent STM image recorded 85 s later, demonstrating
uctuations within the (4  4) structure. Scan directions are marked with arrows. The
white rectangular boxes indicate an identical region in both images, in which the (44)
pattern changes to the type of structure visible below the box. (c-e) Sections of the STM
image in b, showing (4 4) structures with di erent appearance in more detail.
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Figure S4.4. In situ STM image of the stripe-like Fi 6p 2)R45 structure in the
double layer regioB [ b(,_image high-pass Itered for better visibility), illustrating

the coexistence of (2 6 2)R45 domains with di erent appearance. Speci cally, the
appearance along the stripes change from a double row feature to a more prominent single
row (marked by black arrow) near a vertical running step in the center of the image.

Figure S4.5: Sequence oh situ STM images of Cu(100) in 0.1 M KHCQ at 0:14 V. All
images show the same area on the sample and demonstrate equilibrium uctuations in
the (4 4) structure as well as the coexistence of an ordered and an apparent disordered
phase. For better visibility of the adlayer structure, the image are high-pass Itered. The
Cu steps that terminate the terrace in the center (bright features at the top and bottom
edge of the images) serve as markers for identifying identical areas on the sample.
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Figure S4.6: In situ STM images of Cu(100) in 0.1 M KHCQ in the double layer
range. (a) Ordered domains WiH’l_a robaiion of about 45with respect to each other,
corresponding to the stripe-like ( 2 6 2)R45 and square (4 4) structure, coexist
with a disordered phase (4 V, image high-pass Iterﬁg for Be_tter visibility). (b) High-
resolution STM image of coexisting domains of the (2 6 2)R45 and the (4 4)
structure (0:14 V).

Figure S4.7: Potential-induced order-disorder transition of the E)i 6p 2)R45 struc-
ture. (a-c) Sequential STM images recorded (a) at:03 V and (b) during step-wise
decrease of the potential (dashed lines) until the ordnge_d stwgture disappears a0:02
V. (c) Upon changing the potential back to 013 V, the ( 2 6 2)R45 structure slowly
starts to form again on the electrode surface.
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S4.3 Supplementary DFT Data

S4.3.1 Computational details

The simulations were run using ASE'® Withbtwo ngi erent metal fcc (100) slabs, a
regular (4 4 3) supercell and a 45rotated (6 2 2 3) supercell. In both cases all
the Cu layers were xed to allow a faster force convergence. We test a series of surface
compositions (pure CQ coverages as well as mixed coverages of O@ith HCO3, OH,
and/or H,0) and several di erent starting con guration within each composition (see
Table S4.1, S4.2). Note that in several cases di erent starting con gurations converged
into identical adlayer structures during the simulations (e.g., ID=2 and ID=11 in Figure
S4.10). The binding energies were calculated, using gas-phase CO2, H20 and H2, in the
following way (illustrated for pure CO; as an example):

E aps = E cos Ecozqg En2o( * Enzg (1)

The electronic calculations were carried out at the generalized gradient approximation-
density functional theory (GGA-DFT) level of theory, with the projector augmented
wave method together with the BEEF-vdW functionall**?! as implemented in the GPAW
software[**! A k-point sampling relevant for the speci ¢ structure, a grid spacing of A8
A, and a vacuum of 10Awere applied, and all of the structures were relaxed to a force
below Q05 eV/A. This means that the binding energies were simulated in vacuum.

To estimate the e ect of water solvation we utilize a Continuum Solvent Model (CSM)
method as implemented in GPAWI'®?l with standard parameters for water. Further, to
simulate the observed STM images, we utilize the ASE and GPAW STM package.

Structures with total energies, ensembles, and the plotting method are available on the
webpage!, including the script to plot the data.

We note that because of the high coverage of the adlayer structures, the adsorbate po-
sitions can only relax to a limited amount during the structure relaxation. Hence, the
structures will be biased by our initial %lgsseﬁ,l/vhich we chose on the basis of the experi-
mental observed STM images. Forthe (2 6 2)R45 structures our initial guesses are
more similar to each other than for the (4 4) structures, resulting in lower energy dif-
ferences. Speci cally, we nd for the 4 CQ + 4 H,0O con guration (Figure S11) 3 major
energetic groups (Group 1: @ eV, Group 2: 0.8 eV, and Group 3: 1.61 €V) and within
each group multiple con gurations. Group 1 corresponds to almost square arrangements
of the adsorbates, Group 2 corresponds to row-like arrangements of carbonate and of
hydrogen bonded water, and Group 3 corresponds to row-like arrangements in which no
hydrogen bonds between the water exist.

thttps://nano.ku.dk/english/research/theoretical-electrocatalysis/katladb/structure-of-the-
bicarbonate-adlayer-on-cu100-electrodes/
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S4.3.2 Screening coverages

In this section data from the screening approach is shown.

Cu (100), (pé 6ID 2)R45 structure, unit cell

6 2 3)

Lowest energy i, Proton-electron | Number of

Database name Coverage / composition
structure transfers structures

R452C032C032H20.db ID # 10 4 CO3 + 2 H20 8 12
R452C032C0320H.2H20.db | ID # 13 4 CO3+20H+2H20 | 10 18
R452C032C0320H.db ID#2 4 CO3 + 2 OH 10 10
R452C032C034H20.db ID # 15 4 CO3 + 4 H20 8 30
R452C032C0340H.db ID#6 4 CO3 +4 OH 12 14
R452C032C03.db ID#1 4 CO3 8 2
R454C0O32HCO3.db ID # 13 4 CO3 + 2 HCO3 10 31
R452C034HCO03.db ID#9 2 CO3 + 4 HCO3 12 22
R456C03.db ID # 2 6 CO3 12 2

Table S4.1: Cu(lOO)-(p 2 6p 2)R45 structure databases, the coverage and number of
structures.

Cu (100), (4 4) structure, unitcell (4 4 3)

Lowest energy . Proton-electron | Number of

Database name Coverage / composition
structure transfers structures

Cu4x4x34C0O34HCO3.db | ID # 8 4 CO3 + 4 HCO3 12 18
Cu4x4x36C0O32HCO3.db | ID # 9 6 CO3 + 2 HCO3 14 12
Cu4x4x34C0O34H20.db | ID#5 4 CO3 + 4 H20 8 18
Cu4x4x38C03.db ID#3 8 CO3 16 3

Table S4.2: Cu(100)-(4 4) structure databases, the coverage and number of structures.

Figure S4.8: Energetic comparison of all coverages. A general observation is that struc-
tures with CO3 and H,O are the most stable for both Cu structures.
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Figure S4.9: Comparison of F 2 6p 2)R45 structures. Plotted with the energy versus
the ID number in the database, and database name written in the plot.

Figure S4.10: Comparison of (4 4) structures. Plotted with the energy versus the ID
number in the database, and database name written in the plot.
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Figure S4.11: Structural models of lowest energy Cu(100)-(4 4) phases, corresponding
toa4 CO; +4 H,0 coverage structures with a visual (2 2 1) repetition. The structures
are sorted with the minimum energy structure rst. The data base ID and energy is

written in the top box for each structure.

Figure S4.12: Structural models of lowest energy Cu(lOO)%?_ p_E)R45 phases,
consisting of a4 CQ + 2 H,O coverage structures with avisual' (2 3 2 1) repetition.
The structures are sorted with the minimum energy structure rst. The data base ID

and energy is written in the top box for each structure.
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S4.3.3 E ect of the employed functional, of Cu substrate
relaxation, and of water solvation

Figure S4.13: E ect of the relaxation of Cu surface atoms for (a,c) the? 2 6IO 2)R45
structure with R45 CO; + 2 H,O composition and (b,d) the (4 4) structure with 4 4

4 COs + 4 H,0 composition. (a,b) show the energy di erences between structures with
relaxed and with xed Cu atoms in the topmost Cu layer, (c,d) show the absolute energies.
For the 4 CO; + 4 H,O composition we only observe an almost constant lowering of the
energy by about 0:1to 0:15 eV for all con gurations, which is expected when further
relaxing a structure. However, for the 4 C@+ 2 H,O composition we nd for a couple of
con gurations a larger drop in energy. This is caused by a recon guration of carbonates
from on-top/on-top arrangement of the binding oxygen atoms to a more hollow/hollow
position. Considering that the nal con gurations in the main manuscript only have
hollow/hollow binding, this seems not problematic.
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Figure S4.14: Comparison of simulations employing PBE and BEEF-vdW functionals
for three adlayer structures.

Figure S4.15: Comparison of simulations of selected adlayer structures in vacuum with
those by the Continuum Solvent Method (CSM).
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S4.3.4 Pourbaix analysis

In Figure S14 a schematic energy diagram used for the Pourbaix analysis is displayed.
The purpose of this approach is to avoid calculating relevant species, such as HGDd
COs, in solution and instead employ a reference schei&¥! From this energy diagram
the Gibbs free energy of adsorption of carbonate from carbonate species in solution is
given by:

Gs= Gi+ G,+n( WF 230%T pH) (2

Here, n is the number of proton-electron transfers, is Trassati's value for the absolute
electrode potential of 4:4 V vs. SHEKg is the Boltzmann constant,T the temperature,
pH is the pH, and WF is the work function of the adlayer structure obtained in the
simulation. Note that in these vacuum simulations there is only one work function per
adlayer structure. In the Pourbaix diagram we are plotting Gz as a function of the
work function, which represents the electrode potential. This is similar to assuming the
adlayer energies are not a ected by the electrode potential.

Using the equilibrium constants:

— 4:4 10 7 — 4:69 10 11
[HCO3] ~ [H+4:4 10 7° [CO3] = [H]+4:69 10 17 (3)

we can now derive the free energy of carbonate species in solution by four dierent
equations as a function of pH:

G(H,CO3) = G(H,CO3)+ KT log(l [HCO3)); (4a)
GY(HCO3+ H) = G(HCO3) + KpT  log([HCO3]) + KT log(H]); (4b)
G23(HCO3+ H)= G(HCO3)+ K,T log(1 [COs))+ KT log([H]); (40

G(CO3+2H) = G(CO3) + KT log([COs])+2 KT  log(H]); (4d)

G, is now given as a minimum of the four above and the thermodynamic values from
Table S3:

Gy =min[ G(H,COs5); Gl(HC03+ H); GZ(HC03+ H); G(CO3;+2H)]
G(COz) G(H20), (5)

We now simulated the thermodynamic values of our coverage structure to geiG,:
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Supporting Information

Figure S4.16: Energy diagram to calculate the stability of adsorbed carbonate COs)
as a function of potential and pH.

Species CQ H,O H,CO3 HCOs; COs
Gibbs free energy [kJ/mol] -385.98 -228.57 -623.08 -586.77 -527.81

Table S4.3: The used Gibbs free energy values at 1 M and pH 0.

Gz =E ADS E +ZPE ADS TS ADS (Emolecules +ZP Emolecules TSmoIecuIes),
(6)

from which we obtain the Gibbs free energy of adsorption G; via eq. (2).
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Atomic-Scale Surface Restructuring of
Copper Electrodes Under CO2RR
Electroreduction Conditions

This chapter is based on an articl€® published in Nature Catalysis. Reprinted with
permission from Reihaneh Amirbeigiarab, Antonia Herzog, Jing Tian, Canrong Qiu, Arno
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Surface enhanced Raman spectroscopy and X-ray di raction experiments were carried out
in collaboration with Dr. A. Herzog, Dr. A. Bergmann and Prof. Dr. B. Rolcan Cuenya
from Fritz Haber Institute in Berlin. The X-ray studies have been performed at Deutsches
Elektronen-Synchrotron (DESY) in Hamburg. The contribution of the author of this the-
sis to this publication includes planning, preparing samples, conducting, and analyzing in
situ STM experiments. She also contributed in the planning and execution of the in situ
SXRD experiments at DESY. Additionally, the author wrote the publication under the
supervision of Prof. Dr. Olaf M. Magnussen and in collaboration with J. Tian, Dr. A.
Herzog, Dr. A. Bergmann and Prof. Dr. B. Rolcdan Cuenya.

5.1 Synopsis

After examining the Cu(100)/carbonate interface in the double layer range in the previous
chapter, this study now progresses to the next stage, focusing on the characteristics of
the interface under CQ reduction condition. The studies were performed on Cu(100) in
CO,-saturated 0.1 M KHCO;.

A combination of in situ STM, in situ SXRD andin situ surface enhanced Raman spec-
troscopy (SERS) provide the appropriate methodology to obtain an atomistic picture of
the interface under initial reaction condition. Whilein situ SXRD andin situ SERS can

be employed under CGRR reaction conditions with substantial gas evolution (resulting
from the HER), performing high-resolution STM measurements under these conditions
encounter a signi cant challenge. This is primarily due to the instability of the scanning
tip in such conditions. Nevertheless, this chapter successfully presents the nst situ
atomic observations on atomic/molecular scale under an earlier stage of the reaction.
Upon initiation of CO, reduction, the surface undergoes dynamic restructuring as nan-
oclusters form, providing low-coordinated Cu surface sites. These active species deter-
mine predominantly the selectivity of CQRR toward favorable multi-carbon products.
Our observations reveal that the Cu self-activation process is triggered by CO, an early
intermediate in the reaction, emphasizing the role of adsorbed species in electrode sur-
face reactivity. Furthermore, attempts to reverse the restructuring of the copper surface
through pre-reduction conditions are only partially successful, as some nanoclusters re-
main as adatoms and stabilize intermediates on the electrode. These ndings could be
particularly valuable for optimizing potentiodynamic protocols to (re)generate active sites
for CO,RR.
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D Check for updates

Potentiodynamic methods that induce structural changes in Cu catalysts
for the electrochemical reduction of CO , (CO,RR) have been identi ed

as a promising strategy for steering the catalyst selectivity towards the
generation of multi-carbon products. In current approaches, active species
are created via a sequential Cu oxidation—reduction process. Here we
show by in situ scanning tunnelling microscopy, surface X-ray di raction
and Raman spectroscopy measurements that low-coordinated Cu surface
species form spontaneously near the onset of CO , electrocatalytic
reduction. This process starts by CO-induced Cu nanocluster formation in
the initial stages of the reaction, leading to irreversible surface restructuring
that persists over a wide potential range. On subsequent potential increase,
the nanoclusters disperse into Cu adatoms, which stabilize reaction
intermediates on the surface. The observed self-induced formation of
undercoordinated sites on the CO ,-converting Cu catalyst surface can

account for its reactivity and may be exploited to (re)generate active CO

,RR

sites by potentiodynamic protocols.

The electrochemical reduction of carbon dioxide (CO ,RR) is a subject
of great economic and social relevance as it represents a promising
solution for the storage of renewable energy in the form of valuable
chemical compounds and fuels *2 The reactivity and selectivity of the
CO,RR depend on the catalyst material as well as on the surface and
interfacial structure/composition and the nanoscale morphology

of the catalyst ®. Copper and copper alloys have attracted particular
attention because of their unique ability to reduce carbon dioxide to
multi-carbon products “=°. However, the energy efficiency and selectiv -
ity of the CO,RR on Cu are still far from those required for large-scale
industrial applications. Thus, optimization of both the catalyst and the
reaction conditions is urgently needed. For a knowledge-based catalyst
design and a fundamental understanding of the reaction pathways, the
role of intermediates and the impact of each parameter, it is essential
to clarify the nanoscale morphological properties of copper catalysts,

in particular under the relevant reaction conditions.

Recently, the control of the reactivity and selectivity of the CO
catalyst through potentiodynamic operation conditions has become
a topic of great interest °. It has been shown that pulsed operation
between CO,RR and Cu oxidation regimes can create active states on
the catalyst that allow the reaction to be steered towards desirable
products, including valuable multi-carbon compounds. In p  ractice,
this mode of operation requires periodic reversing of the electrode
polarity from cathodic to anodic conditions, which may not be trivial
for large-scale electrolysers. Whether similar gains in selectivity can be
gained by potential pulses that are restricted to the cathodic regime
is not clear at present.

From a fundamental point of view, the success of potentiody -
namic operation modes is based on the highly dynamic behaviour
of Cu electrode surfaces. Copper shows high surface mobility at
room temperature and is known to undergo surface restructuring
under different conditions *°. Under hydrogen evolution conditions,

,RR
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hydrogen-induced surface reconstruction of Cu(100) and Cu(111) in
acidic media at pH < 3 was observed by in situ scanning tunnelling
microscopy (STM) 2 and the resulting structure could be explained by
ab initio calculations *3 Auer et al. showed that Cu(111) starts to recon
struct in alkaline media at the potential of zero free charge and under -
goes full reconstruction at higher potentials **. Moreover, substantial
restructuring of polycrystalline Cu, resulting in a preferential exposure

of (100) facets, was observed by Kim and co-workers 3¢, Eren et al.
studied the surface morphology of Cu by STM and X-ray photoelectron
spectroscopy in the presence of CO gas at a pressure of 0.1-100 torr
(refs. 1718). In the case of Cu(111), triangular- and hexagonal-shaped
nanoclusters with diameters of around 0.5 and 1.5 nm, respectively,
were observed. Cu(100) started to break up already at a CO pressure
of 0.25 mbar to square-shaped nanoclusters consisting of five Cu
atoms stabilized by four CO molecules. At 20 mbar, the clusters had
changed to three-atom-wide one-dimensional nanoclusters oriented
along the [001] direction. More recently, Auer et al. revealed a similar
dynamic restructuring of Cu(111) in CO-saturated alkaline electrolyte
at 0.32 V versus the reversible hydrogen electrode (RHE), where CO
electro-oxidation occurs *°. They reported that cluster formation in
the presence of CO is largely reversible and showed by first-principles
microkinetic modelling that the formed low-coordinated Cu surface
species play a vital role in the CO oxidation process. All these stud -
ies indicated a high tendency of the Cu surface to undergo dyna mic
restructuring on the nanoscale, albeit under different conditions from
those found during CO , electroreduction.

Studies of Cu electrodes under CO,RR conditions, mostly in
CO,-saturated bicarbonate solutions at pH 7, so far have found
only larger-scale changes in surface morphology. Lee et al. verified
by grazing incidence X-ray diffraction that polycrystalline Cu recon -
structs to Cu(100) in CO ,-saturated bicarbonate and showed that
the Cu(100) surface fraction increases as a function of the applied
potential . Phan et al. revealed the restructuring of polycrystalline
copper to Cu nanocuboids under CO ,RR conditions, with the cuboid
size being determined by the polarization potential and time 2, In situ
atomic force microscopy (AFM) investigations by Simon et al. dem -
onstrated the roughening of the Cu(100) surface through oxidation
by immersion in CO ,-saturated bicarbonate electrolyte at the open
circle potential 22, After Cu oxide reduction, round multilayer Cu
islands with atomically flat terraces emerged that transformed into
square islands with [110]-oriented steps and an increased number of
step sites on decreasing the potential to the CO ,RR range. The same
group also observed significant morphology changes in differently
prepared Cu(111) and Cu(100) catalysts under CO,RR conditions in
this electrolyte by ex situ AFM in air 2%, We note that these previous
studies employed experimental conditions in which initial oxidation
of the Cu sample could not be avoided and thus they did not start
with an atomically smooth Cu(100) surface. Indirect evidence for
surface restructuring was also found in in situ vibrational spectros -
copy studies of CO on Cu electrodes??°. In particular, on the basis of
their observations, Gunathunge et al. proposed for CO ,RR in KHCQ
a highly reversible formation of Cu clusters at high coverage of CO
intermediates starting at around 0.6 V versus RHE . Furthermore,
Cu restructuring was also proposed in studies of Cu nanoparticle
agglomeration during the CO ,RR¢**%,

Here we show that atomic-scale dynamic restructuring of copper
electrodes also occurs during CO ,RR in neutral carbonate electrolyte.
We present high-resolution in situ STM, in situ surface X-ra y diffraction
(SXRD), and in situ surface-enhanced Raman spectroscopy (SERS) stud
ies of Cu(100) electrodes in CO,-saturated 0.1 M KHCO; that provide
direct evidence for CO-promoted surface restructuring, with Cunano -
cluster formation in the pre-CO ,RR potential range. Furthermore, we
demonstrate that this restructuring causes the irreversible formation
of low-coordinated Cu species and a disruption of the structure of the
molecular adlayer on the electrode surface.

Results

In situ STM studies of nanoscale surface restructuring

STM studies of Cu(100) electrodes in CO ,-saturated 0.1 M KHCO,, pre-
pared by a procedure that rigorously avoids Cu oxidation (se e Meth-
ods for details), revealed a morphology with atomically flat terraces,
separated by monoatomic steps, in the potential range above about
0.2 V versus RHE (used as a reference potential throughout this work).
On decreasing the potential stepwise, characteristic changes in the
surface structure were observed. As illustrated in Fig. 1a nanosized
clusters started to appear at a potential of 0.22 V. On further decreas -
ing the potential to 0.27 V, the cluster density on the terr  aces increased
significantly (Fig. 1b,c). As shown in Fig.1d, the clusters slowly disap-
peared when the potential was changed back to 0.12 V. Applying higher
potentials of up to 0.13 V led to a completely cluster-free surface in a
few minutes (Supplementary Fig. 1), indicating that cluster formation

is fully reversible. STM experiments in which the potential w as changed
to values as low as 0.5V, that is, in the potential regime where CO ,RR
starts, confirmed the behaviour illustrated in Fig. 1and verified the
presence of clusters at these negative potentials, although the STM
tip became less stable under these conditions (Supplementary Fig. 2).
Also, the clusters formed at these low potentials again completely
disappeared after increasing the potential back to positive values.

Based on previous results for closely related systems ***°, we
attribute the observed clusters to CO-promoted Cu nanocluster and
adatom formation on the surface. Quantitative analysis of the  struc-
tural properties of the clusters (Supplementary Fig. 3) showed that the
majority of the clusters have diameters of 1.5 nm and apparent heights
corresponding to a Cu monolayer. However, a small fraction of larger
clusters with diameters of up to 5 nm and heights of 0.4 nm were also
observed. These values are similar to those observed for CO-induced
clusters formed on Cu(111) during alkaline CO electro-oxidatio nand CO
adsorption from the gas phase, indicating a common origin despite the
very different environment ****, The nanoclusters can be observed close
to existing Cu steps and thus will also be formed on Cu surfaces that
have been roughened by oxidation on exposure to air and/or electro -
lyte without potential control, under which conditions the Cu terraces
are much narrower (Supplementary Fig. 4). Indeed, small clusters are
discernible in some of the in situ AFM images of pre-oxidized Cu(100)
presented by Simon et al. 2. The observed restructuring is therefore
also relevant for more realistic complex Cu catalysts.

Interestingly, the cluster formation process caused no notice -
able changes in the steps on the Cu surface (Supplementary Figs. 1, 2
and 5), indicating that the atoms in the clusters may not necessarily
originate from the edges of the Cu steps. We attribute this behaviour
to the presence of (bi)carbonate and other species, which are adsorbed
over a very wide potential range on Cu electrodes in carbonate solution
(see below), as has also been found in density functional theory (DFT)
studies >**°. These species most likely block the surface diffusion of
Cu adatoms at this moderate overpotential and may also hinder the
detachment of Cu atoms from step edges. A similar blocking of step
sites by adsorbates has been reported in related systems *. If the steps
are not the source of the Cu atoms in the clusters, these atoms have to
come from the Cu terraces, which implies the formation of vacancies
in the Cu surface layer. Evidence for the latter is indeed found in the
STM images, which show the emergence of shallow depressions on the
terraces simultaneously with cluster formation (example marked by
the white arrow in Fig. 1c). The apparent height of these depressions is
around 0.03-0.1 nm, clearly less than that expected for monoatomi -
cally deep holes in the Cu surface layer. On increasing the potential, the
depressions remained on the surface, even after complete dissolution
of the cluster, albeit undergoing slow changes in shape. The presence
of these depressions at potentials above 0 V excludes the possibility
that they are induced by hydrogen, as reported for Cu(100) at pH < 3 in
the potential region of the hydrogen evolution reaction  *% According to
arough estimation by grain analysis methods (similar to those used in
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Fig. 1 | Nanoscale surface restructuring of Cu(100) in 0.1 M KHCO .

a—d, Sequence of in situ STM images recorded during stepwise potential changes
from 0.12to 0.17 and thento 0.22 V ( a), further decrease to 0.27 V ( b), where
the potential is kept in the subsequent image ( c), showing nanocluster formation
(examples marked by white arrows), and final change back to 0.12 V ( d), showing
the slow disappearance of the clusters. Grey arrows indicate scan direction;
regions of constant potential are separated by dashed lines. Images were
recorded at intervals of 84 s. e, In situ SXRD measurements of the experimentally
obtained CTRs (11) and (20I) (circles) at 0, 0.3 and 0.7 V (given vs reciprocal
lattice units, r.l.u.) and the corresponding best fits (solid coloured lines) using the
simple structural model depicted in  h. Each set of data is offset by a factor of ten.
The grey lines show the data for ideal CTRs of a perfectly truncated defect-free
crystal. The full CTR datasets are provided in Supplementary Fig. 10.

~

coe

f.g, Coverage of surface defects comprising adatom—-vacancy pairs ( f) and
vertical expansion of the d,, spacing between the top two Cu layers (g) as a
function of the applied potential, obtained from the CTR fits. The errorsin ~ f

and g correspond to the minima and maxima of all intermediate fits from all fit
generations (1,000 generations and 100 populations of each generation) that
deviate 5% from the optimal figure of merit. h, Cu(100) surface model used

for fitting the CTR data. The model assumes the presence of surface defects
produced by moving atoms from the Cu surface layer (Cu ,) to a lattice position on
top of the surface (adatom—vacancy pairs), as well as relaxations in the spacings
d;, and d,; between surface and second layer (Cu,) and between second layer and
the following layer (Cu ) with bulk properties. i, Potential-dependent scattered
intensity at the reciprocal space positions (2, 0, 1.6) and (1, 1, 1.5) during cyclic
voltammograms (example shown as black line) at a scan rate of 5mV s*.

Supplementary Fig. 3), the depressions (after cluster dissolution) have,
within the precision of the measurement of these nanoscale objects,
a similar or somewhat higher coverage (6%) than the clusters (4%). As
will be shown in more detail below, the depressions on the terraces
most likely result from vacancies in the Cu surface layer created by the
restructuring process.

In situ SXRD studies under CO ,RR conditions
The potential range in which CO ,RR occurs could not be studied fully
by in situ STM because the ongoing gas evolution destabilizes the STM
imaging process. We therefore performed additional in situ  SXRD inves
tigations of this system. We first recorded full sets of crystal truncation
rods (CTRs) at different potentials. In these experiments, the potential
was decreased stepwise from the double layer (0 V) to the CO,RR (1.1V)
regime and then increased stepwise back to 0 V. A detailed overview of
the experimental procedures, the data analysis and the mode Is used
to describe the results are provided in Supplementary Note 1, Sup -
plementary Figs. 9—11 and Supplementary Tables 1-3.

Selected CTRs were measured at 0, 0.3 and 0.7 V during the
potential decrease (Fig. 1leand Supplementary Fig. 10 for the full data -
set). For the freshly prepared Cu electrode before CO , reduction (0 V),

the measured CTR data were only slightly lower than those expected
for a perfectly terminated Cu(100) surface. However, after decreas -
ing the potential to 0.3 V, the CTR intensity between the Bragg
peaks was clearly lower than that observed at 0 V, indicating a struc -
tural change at the surface. In the potential range of the CO ,RR
(0.7 V), further changes in the CTRs, especially the (20 I) rod,
were observed. In particular, the CTRs became asymmetric, with the
intensity minimum shifting to smaller | values. As these non-specular
CTRs are sensitive to surface structural changes that are commen -
surate with the in-plane substrate lattice, they qualitatively indicate

an increase in the roughness and vertical lattice spacings at the
electrode surface.

For a quantitative analysis of the potential-dependent changes,
the CTR data were fitted by the model illustrated in Fig. 1h. In this
model, the roughness was assumed to result from lattice defects in
which Cu atoms in the surface layer moved to lattice positions on top
of the surface, corresponding to Cu adatoms or atoms in clusters. In
addition, vertical expansion of the two top Cu layer spacings ( d,, and
d,3) was included. The inclusion of more weakly scattering adsorbate
species on the surface (for example, CO, CO; and H,0) was also tested,
but did not have a major influence on the results.
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Fig. 2 | Potential-dependent molecular-scale Cu(100) surface structure in
CO,-saturated 0.1 M KHCO 5. a—c, Three-dimensional and top-view (circular
inset) in situ STM images of the freshly prepared surface at 0.1V (a), 0.27 V
(b) and after increasing the potential back to 0.1 V ( c), showing that cluster
formation induces irreversible changes in the structure of the molecular adlayer
on the surface. d, In situ SERS spectra of Cu(100) recorded during stepwise

o« e .

decrease of the potential from 0.25 to 0.58 V and subsequent increase back to
0.25 V (* denotes molecules adsorbed on the Cu surface). The replacement of
the initially adsorbed (bi)carbonate by carboxy species and their subsequent
replacement by adsorbed CO correlates well with the structural changes
observed by in situ STM and SXRD.

The surface density of lattice defects obtained from an analysis of
the full sequence of measured CTRs (Fig. 1f) clearly increased at poten -
tials of 0.2V, in good agreement with the onset of cluster formation
in the STM studies. Also, the change in the surface coverage of these
defects of ~4% is close to that found by STM. Between 0.2 and 1.1V,
the surface defect density remained constant within the precision of
the SXRD measurements, indicating that clusters are present on the
surface under CO,RR conditions and do not further increase in number
after their initial formation. This does not exclude other changes in the
surface morphology, for example, the step faceting observed by Simon
et al.??, to which the SXRD measurements are insensitive. Interestingly,
the density of the lattice defects determined from the CTRs decreased
only slightly after increasing the potential back to 0 V, whent he Cu
clusters disappear according to the STM experiments. This indicates
that the Cu atoms in the clusters remain as adatoms on the surface,
which will be discussed further below.

The vertical expansion of the topmost atomic Cu layer (Fig. 1g)
exhibited a distinctly different potential dependence, indicating that
this effect is not directly related to the cluster formation process.
Specifically, the expansion remained at a constant value of 1% in the
double layer potential range and only started to increase at poten -
tials of 0.4V, up to a value of 2.5% at 0.7 V. However, it dropped
back to 1% at the most negative potential of 1.1 V. This behaviour was
observed to be reversible on gradually increasing the potential again,
where the potential increased again (to 3.4%) and then decreased. We
attribute the potential-dependent expansion to changes in the adsorb -
ate layer on the Cu surface. This is in accordance with in situ SERS and
surface-enhanced infrared absorption spectroscopy studies in car -
bonate electrolyte (see also below), which shows that (bi)carbonate is

gradually replaced by CO and other CO ,RR reaction intermediates at
potentials of 0.5V 2+%5%2 However, the bands of these intermediates
decreased again below 1V, concomitant with a decrease in the Faradaic
efficiency for C , products, indicating that they are rapidly consumed
in the catalytic reaction ®%.

The CTR studies required a recording time of ~1 h per dataset
and thus they represent the steady-state behaviour of the system. To
investigate the potential-dependent changes under more dynamic
conditions, we also measured the X-ray intensity at selected reciprocal
space positions along the CTRs during cyclic voltammetry experiments
(Fig. 1i), which are on a similar timescale as the STM measurements.
These experiments were performed after the CTR measurements
on the same sample. At the reciprocal space position of (1, 1, 1.5), the
intensity decreased smoothly between 0.1 and 0.3V, resembling
the changes in defect density (Fig. 1f). In contrast, the intensity at
(2, 0, 1.6) increased relatively sharply at around 0.4V, the potential
at which the change in the vertical expansion of the surface layer was
observed (Fig. 1g). Both signals remained roughly constant at poten -
tials below 0.4 V until close to the lower potential limit, where a small
increase in the intensity was observed at (1, 1, 1.5) and a small decrease at
(2,0, 1.6). Although an unambiguous correlation of these signals with
specific structural parameters is not possible, they confirm that the
main changes in surface morphology occur in the potential range in
which cluster formation was observed in the STM experiments and
indicate that this transition occurs rather quickly.

Surface structural changes on the molecular scale
The formation of Cu nanoclusters leads to an irreversible modification
of the surface structure on the molecular level. As shown previously,
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freshly prepared Cu(100) electrodes are covered by a well-ordered
adlayer with a complex long-range structure, which can be attributed
to the co-adsorption of carbonate anions and water (Supplementary
Fig. 6a,b)®. Starting from such an ordered carbonate adlayer with a
(Yt x 6y [)R45° structure (Fig. 2a), the potential was decreased from
0.1to 0.27 V, where Cu nanoclusters emerged on the surface (Fig. 2b).
Close inspection of the Cu terraces surrounding these clusters revealed
a highly disordered adlayer in which molecular species are clearly dis -
cernible, that is, they are sufficiently immobile to be imaged by STM,
but vary strongly in their apparent height and intermolecular spacing.
Changing the potential back to 0.1 V resulted in the disappearance of
the clusters from the surface; however, the ordered carbonate adlayer
structure did not reappear (Fig. 2c). Instead, an adlayer with only
short-range order was observed. This disordered adlayer phase was
rather stable, although some slow changes in the lateral arrangement
of the species were observed on a timescale of minutes (Supplementary
Fig. 7). Nevertheless, the ordered carbonate adlayer on the Cu surface
could not be recovered even after applying a potential of ~0.1 V for
more than 1 h. This surface phase behaviour strongly differs from that
observed in in situ STM experiments in which the potential was kept
positive of the range of cluster formation. In these experiments, the
ordered carbonate adlayer underwent a highly reversible surface phase
transition to a disordered, mobile adlayer phase at 0 V, which reordered
after increasing the potential again above 0V (ref. 33). Thus, the irre-
versible modification of the molecular adlayer structure is directly
linked to the formation of Cu clusters.

For insight into the origin of the irreversible changes, we analysed
the structure of the disordered adlayer in more detail. Assignin g the
maxima in the STM images to individual adsorbate species, we obtained
their characteristic lateral distances using the autocorrelation func -
tion, which yielded a distance of about 1.1 + 0.1 nm between neighbour -
ing adsorbates on the disordered adlayer at 0.1 V (Supplementary
Fig. 6h). This is similar to the characteristic distances between the most
pronounced maxima within the ordered (Y tx 6y k)R45° and (4 x 4)
carbonate adlayer structures, although in those cases additional
weaker maxima could be observed between the main maxima *.
Furthermore, the vertical modulation of the disordered adlayer is much
higher than that of the ordered carbonate adlayer phases.
Cross-sections of the STM images show an average height variation of
~0.05 nm among the disordered maxima, whereas the variation in the
initial ( Y £ x 6y P)R45° layer is only ~0.03 nm (Supplementary Fig. 6).
In addition, isolated maxima with an even greater apparent height of
up to 0.16 nm and small pits with depths of up to 0.13 nm were
found on the surface of the disordered phase. All these observations
indicate that Cu cluster formation induces an irreversible roughening
of the surface on the molecular scale, in good agreement with the
SXRD results.

We accordingly attribute the irreversible changes in the ad layer
structure to the presence of Cu adatoms and surface vacancies that
remain on the electrode after dissolution of the nanoclusters. The
presence of such surface defects is supported by the CTR analysis and
the persisting depressions observed in the nanoscale STM images after
a potential excursion to values below 0.2 V. These defects are trapped
in the carbonate adlayer formed above 0 V and disrupt the adlayer's
structure, preventing its long-range ordering.

Potential-dependent composition of the adlayer on Cu

To identify the chemical nature of the adsorbate species on the Cu
surface under the conditions used in the in situ STM and SXRD studies,
we conducted complementary in situ SERS experiments on Cu(100) in
CO,-saturated 0.1 M KHCO; solution. The copper electrodes were pre -
treated by oxidation—reduction cycles (see Supplementary Fig. 12 and
Methods for details), kept at 0.25 V until the Cu oxide was fully reduced
and then studied during a stepwise cathodic potential cycle. The char -
acteristic SERS bands in the Cu(100) spectra are displayed in Fig.2d

(full spectra are given in Supplementary Fig. 13). The spectra show a
potential-dependent behaviour. In the double layer range, the bands
at 360 and 1,540 cm* and at 1,050 and 1,072 cnt are dominant. These
have been assigned to bidentate carbonates (*O ,CO) and (bi)carbonate
anions (HCO, and CO? ) on or near the surface, respectively >, Also,
the weak band that emerges at ~1,000 cm* in the positive potential
sweep has been attributed to either dissolved bicarbonate or adsorb -
ate species related to formate or formic acid ***. In some studies, the
bands at 360 and 1,540 cm* have also been linked to the reduction of
oxide species such as CuCQ(refs. 26,32). These bands disappear at
potentials below 0.05 V, and at the same potential the (bi)carbonate
bands also decrease significantly, so that at potentials around 0.51 V
only peaks of very low intensity remain. However, the (bi)carbonate
bands do not disappear completely, even at higher overpotentials,
in line with the literature 2°32**, On scanning back to potentials up to
0.25 V, the carbonate band at 1,090 cm * maintains its low intensity and
the band at 360 cm * only reappears with low intensity. This behaviour
strongly resembles the irreversible changes in the molecular adlayer
structure observed by STM. Specifically, the initial strong bands at 360,
1,070 and 1,540 cm® seem to be associated with carbonate bound to the
initial defect-free Cu(100) terraces and are not restored in the back scan.

Parallel to the decrease in the bidentate carbonate bands at 360
and 1,540 cm*, new bands at 1,390 and 1,610 cmi emerge at 0.05 V that
disappear again at potentials below 0.33 V. These bands stem from
the symmetric and asymmetric vibrations of adsorbed carboxylate
or carboxy groups, respectively, which can be attributed to the first
reduction intermediates of CO ,(ref. 39). In the reverse potential scan
back to more positive values, these bands reappear at 0.33 V and
then maintain a roughly constant intensity up to 0.25 V. Again, this
resembles the irreversible behaviour observed in the STM studies and
indicates that once these intermediates are formed, they remain on the
Cu surface even at positive potentials.

In the negative potential regime, the carboxylate intermediate is
reduced to adsorbed CO on the surface starting from 0.24 V. This is
evidenced by the emergence of the characteristic Cu—CO rotation and
stretching bands at 280 and 360 cm *, respectively, and the concomi -
tant formation of broad bands in the range 1,900-2,100 cm *. These
broad CO Raman peaks appear in the same potential range as the Cu
nanocluster, indicating that the formation of the CO intermediate pro -
motes this type of copper restructuring in the carbonate electrolyte,
and are known to be stable at higher overpotentials of around 1.0V %4,
Furthermore, a detailed analysis of the CO bands in the high and
low Raman shift region (Supplementary Note 2 and Supplementary
Figs. 14-16) indicates a reversible process in which a low coverage of
bridge-bound CO at low overpotentials is converted at higher over -
potentials into a CO ,RR-active atop configuration with a higher CO
coverage. Only at 0.24 V CO,,, already shows a higher coverage than
COyriqqe COVerage in the cathodic scan. This might be related to the domi -
nant bonding of CO to the Cu nanocluster at these low overpotentials.

Finally, a broad band at 2,900 cm * emerges at potentials below
0.04 V during the potential decrease, concomitant with carboxylate
formation, and does not disappear during the subsequent potential
sweep in the positive direction (Supplementary Fig. 13). This is in very
good agreement with the SERS studies of Jian et al., who reported
a similar Raman peak in this area and assigned it to a variety of spe-
cies containing C—H bonds (for example, carboxylate, formate and
ethylene) with different adsorption modes . This observation again
strongly indicates that some intermediates are formed irreversibly on
the surface. Thus, the disordered layer observed in our STM experi -
ments is composed of several molecular species.

Mechanisms of Cu surface restructuring under CO
conditions

Our in situ STM, SXRD and SERS results demonstrate unambiguausly a
dynamic restructuring of planar Cu(100) electrodes in CO ,-saturated

,RR
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carbonate solution. The observed formation of nanoscale clusters can
be attributed to the formation of CO intermediates. A similar restruc -
turing process was postulated previously by Gunathunge et a |. based
on in situ vibrational spectroscopy studies of CO on polycrystalline Cu
electrodes, who assigned the high-frequency band to CO adsorbed on
Cu clusters®. On the basis of that assignment, Cu restructuring was
proposed to start at around 0.6 V and to be highly reversible. While
our SERS data are in agreement with the results of Gunathunge et al., our
STM studies show that cluster formation already occurs at potentials
that are about 400 mV more positive than this. Thus, the high-frequency
CO band is either related to another process, for example, th e large-scale
Cu restructuring reported by Kim and co-workers for polycrystalline
Cu™*, or indicates a change in the CO adsorption geometry.

According to our results, Cu nanocluster formation commences
at the very onset of CO formation. This seems reasonable taking into
account that cluster formation was observed at CO partial pressures
as low as 0.1 mbar in gas-phase studies™®*!, The clusters form within
less than 1 min and then reach a saturation density on the surface. For
longer times at potentials below 0.2 V, both STM (Supplementary
Figs. 2 and 5) and SXRD (FidlLf) measurements indicate that there is
no major change in the surface density of the clusters. In particular, the
total coverage of Cu atoms that are extracted from the surface layer
and form clusters remains a small percentage of a monolayer, even
after maintaining the Cu electrode in the negative potentia | regime for
hours. This behaviour is surprising considering the substantial increase
in CO surface coverage found by SERS in this potential range (Supple-
mentary Figs. 15 and 16). Apparently, further adsorption of CO occurs
on the planar Cu(100) terraces rather than inducing the formation of
low-coordinated Cu adatoms and nanoclusters. This is also supported
by the pronounced vertical expansion of the Cu surface layer spacing
d,, observed below 0.3V in the SXRD studies (Fig. 1g), which can be
attributed to CO chemisorption on top of this surface layer.

To explain why the nanocluster density remains low, we first note
that considerably more extensive restructuring was observed in a CO
gas atmosphere "8, Thus, the low density is not related to an intrinsic
limitation of CO-induced restructuring of Cu surfaces. Furthermore, we
recall that in KHCO 4 solution, Cu nanoclusters seem to be formed only
in a narrow potential window, but then are stable on the surface even
at much more negative potentials. This indicates that the low cluster
density is due to kinetic limitations, most likely concerning Cu extrac -
tion from the surface via the formation of Cu adatom—vacancy pairs.

The limited Cu cluster formation in KHCO 4 solution can be attrib -
uted to the presence of molecular co-adsorbates and electric fields
at the interface, both of which can affect CO-induced cluster forma -
tion. Relevant molecular adsorbate species are (bi)carbonate and
carboxylates, which are co-adsorbed with CO in the potential range
of 0.24to 0.44V and are gradually replaced by it. These species
provide a chemical environment that is distinctly different from the
case of pure CO and may influence the CO-induced formation of Cu
adatoms and clusters. Specifically, the molecular co-adsorbates may
bind to these low-coordinated Cu atoms as well as to the surrounding
Cu substrate, which will affect the CO—Cu interactions. Our observa -
tion that carboxylates are found in the disordered adlayer phase up to
potentials of 0.25 V provides support for a mutual stabiliz  ation of these
species and Cu adatoms. The influence of electric fields on th e free
energy of adatom formation has been addressed in DFT calculations
by Milller and Ibach . For Cu atoms on Cu(100), a strong increase in
the energy of formation with decreasing potential was found, which
would qualitatively account for the termination of cluster formation
at high overpotentials. Similar potential effects may be expected for
CO-induced Cu adatom formation, but these have not been addressed
in ab initio theory studies up to now.

On subsequently increasing the potential, the clusters become
unstable above 0.2 V. However, the adatoms that formed the clusters
remain on the Cu surface. Again, this can be explained by the molecular
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Fig. 3 | Schematic of the proposed mechanism for the formation of
low-coordinated Cu species. a—c, Starting from a planar Cu surface with an
ordered carbonate adlayer ( a), decreasing the potential ( U) leads to a reversible
transition to a disordered (bi)carbonate/carboxylate adlayer ( b), followed by
CO-induced formation of Cu nanoclusters and vacancy islands ( c).d, Increasing
the potential back to the double layer regime, the Cu clusters disperse into
isolated Cu adatoms, resulting in a disordered adlayer of mutually stabilizing
carbonate/carboxylate adsorbates and Cu surface defects.

adlayer on the surface, which strongly hinders the surface mobility of
the adatoms and the recombination of adatoms with vacancies. On
decreasing the potential, the presence of Cu adatoms and vacancies will
lead to local configurations that strongly bind the molecular species
and thus prevent their reordering into the two-dimensional adlayer
phases observed on atomically smooth Cu(100) above 0 V. Indeed,
high-resolution STM images (Fig. 2c) indicate that the adlayer is a
disordered assembly of different adsorbate species, Cu adatoms and
vacancies and show a very low surface mobility in this phase.

In total, the results of our study indicate a microscopic scenario of
molecular-scale structural changes on Cu electrodes in CO ,-saturated
KHCO;, solution, as illustrated in Fig. 3. In the double layer range, the Cu
surface is covered by an ordered adlayer of carbonate and co-ads orbed
water molecules (Fig. 3a), as described previously *. Decreasing the
potential below 0 V results in adlayer disordering and the formation
of the first reaction intermediates, such as carboxylates (Fig. 3b).
This order—disorder transition in the adlayer is highly reversible at
potentials above 0.2 V. Below 0.2V, the carboxylate intermediates
are reduced to adsorbed CO, which induces the extraction of C u atoms
out of the surface layer, leading to the formation of Cu adatoms and
surface vacancies (Fig. 3c). These coalesce to form nanoscale adatom
clusters and vacancy islands, similar to those found on Cu surfaces
that are directly exposed to dissolved or gaseous CO. The Cu extrac -
tion process is limited to much lower cluster surface densities than is
expected on the basis of the data for CO-induced cluster formation
in the gas phase, which most probably is a result of the presence of
other molecular co-adsorbates. At more negative potentials, the cre -
ated adatoms and nanoclusters remain on the surface downto 1.1V.
On subsequently increasing the potential, the Cu nanoclusters decay
above 0.2V to form isolated Cu adatoms that remain on the surface
(Fig. 3d). The recombination of Cu adatoms and vacancies is strongly
kinetically hindered because the adatoms and CO ,RR reaction inter -
mediates are mutually stabilizing each other, resulting in a highly
disordered mixed adlayer of these species. It might be expected that
the presence of such defects on the surface would assist the formation
of Cu clusters if the potential were lowered again below 0.2 'V, because
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clusters can now form not only by the extraction of atoms from the
Cu surface layer, but also by the re-aggregation of Cu adatoms that
are already present on the surface and are highly mobile. This was
indeed observed in an STM experiment in which a significantly higher
cluster surface density was observed in a second potential cycle (Sup -
plementary Fig. 8).

The irreversible formation of low-coordinated Cu surface atoms
by these restructuring processes is expected to be of significant rel -
evance for the CO,RR, as such surface species may provide preferred
binding sites for CO ,RR intermediates. Consequently, their presence
on the surface should affect the CO ,RR activity and selectivity of the
Cu surface. This is supported by recent ab initio ¢ alculations by Lopez
and co-workers ****, Here, it was found that four- and six-fold coor -
dinated copper adatoms can tether CO , more strongly than planar
single-crystal Cu surfaces and thus activate it for the CO ,RR. Further-
more, DFT studies by Bagger et al*® and previous experimental work by
our group and others found that undercoordinated sites are favourable
for the formation of ethylene and other hydrocarbons, while highly
disordered surfaces encompassing metallic and cationic Cu species
favour oxygenates such as ethanol “*%, As the observed restructuring
is a highly local process that occurs on length scales on the order of
1 nm, itis also expected to occur at the facets of more complex CO ,RR
electrocatalysts, such as polycrystalline Cu and Cu catalyst particles.
Indeed, studies of such systems also indicated Cu restructuring dur -
ing the CO,RR, which was explained by atomic-scale processes on the
surface 2?24~ Here, we have presented mechanistic insights into these
atomic-scale processes.

Conclusions

The in situ STM, SXRD and SERS data collected in this study indicate
that the onset of CO formation in bicarbonate solution induces the
formation of Cu nanoclusters on the surface of Cu electrodes. This
process is kinetically limited, proceeds in a narrow potential range and
leads to the spontaneous irreversible formation of low-coordinated Cu
species on the electrode surface. The latter process corresponds to an
additional Cu surface restructuring mechanism on the near-atomic
scale that complements the long-range structural transformations

of the morphology of Cu surfaces reported in previous studies using
alternative in situ methods 2. The Cu surface restructuring reported
here occurs at potentials at which the reduction current is very low and
usually deemed to be technologically irrelevant. Nevertheless, it may
still significantly affect the CO ,RR reactivity in the potential regime
relevant for the formation of multi-carbon products as it creates Cu
adatoms and nanoclusters, resulting in the formation of undercoor -
dinated Cu atoms on atomically smooth terraces. According to the
SXRD results, these undercoordinated Cu atoms are present on the
surface over the entire potential range of the CO ,RR and their pres-
ence thus has to be taken into account in mechanistic studies of this
reaction. Specifically, they provide low-coordinated sites that may
be relevant and unavoidable for specific CO ,RR reaction pathways,
resulting in the self-activation of the catalyst. Furthermore, our data
indicate that the formation of clusters and their surface density are
governed by kinetic effects. Thus, pulses into the potential range of
cluster formation or related protocols may further increase or regener -
ate the cluster density. This might allow Cu electrodes to be activated
under potentiodynamic conditions that are restricted toth e CORR
regime, which may contribute to a better understanding of the active
sites as well as providing a route to activating the Cu cathode without
intermediate anodic polarization.

Methods

Sample preparation

All experiments were performed in 0.1 M KHCO ; (Sigma-Aldrich),
pretreated with Chelex 100 resin (Bio-Rad) to purify the elect rolyte of
trace metal ion impurities *°*. Before use, the as-received Chelex resin

was pretreated by stirring in 1 M HCI for 12 h and subsequent rinsing
with 5 | ultrapure water (18.2 M ). In the next step, the Chelex resin
was stirred in 1 M KOH for 24 h at about 70 °C and then rinsed with 81
ultrapure water.

STM and SXRD experiments were performed on Cu(100) single
crystals (MaTecK) prepared via at least three electropolishing cycles
in 65—70% orthophosphoric acid (Merck) at potentials between 1.8 and
2.8 V versus a Pt wire counter electrode. In each electropolishing cycle,
the sample was electropolished for ~10 s and then rinsed with ultrapure
water. After the last cycle, the copper electrode was protected with
a droplet of water or 0.1 M H,S0O,, prepared from ultrapure sulfuric
acid (Merck), and mounted in the electrochemical STM or SXRD cell,
respectively.

For the SERS measurements, roughened Cu(100) served as the
working electrode to achieve sufficient surface-enhancement of the
Raman signal. The electrodes were prepared by electropolishing in
concentrated H ;PO, (85% for analysis, PanReac Applichem) against a
titanium mesh. The Cu(100) sample was first electropolished for 3 min
at 2.8 V, followed by three cycles at 3V (each cycle 10 s). After each
cycle, the electrode was rinsed with ultrapure water.

STM imaging
All STM experiments were performed in an electrochemical environ -
ment using a PicoPlus 5500 scanning probe microscope (Agilent) in
constant current mode. Two platinum wires were used as the counter
and pseudo-reference electrodes. The pseudo-reference electrode
was calibrated by measurements versus a standard calomel electrode
and cyclic voltammetry after the experiments. It should be noted
that the immersion of Cu(100) in KHCO ; solution at the open circuit
potential leads to pronounced roughening of the surface. To avoid this,
the Cu(100) sample was first immersed in 0.1 M H,SO,, a potential in
the range of 0.05 to 0.15 V was applied and finally the electrolyte was
exchanged under potential control to 0.1 M KHCO .

The electrolyte volume within the electrochemical cell was about
100 pl and the thickness of the electrolyte above the Cu(100) elec -
trode was about 1-2 mm. The electrochemical cell was kept under CO ,
atmosphere throughout the STM experiments, which were performed
using tunnelling currents of 0.05 to 0.7 nA and bias voltages of 0.09 to
0.7 V. The data were analysed using the SPIP fttps:/www.imagemet.
com/ ) and Gwyddion *? software as well as Python scripts. High-pass
filtering was applied to some of the images to increase the contrast
of the Cu terraces.

SXRD experiments

The in situ SXRD measurements were carried out at the P23 beamline
of the PETRA Il synchrotron at Deutsches Elektronen-Synchrotron
(DESY) using an X-ray energy of 22.5 keV. For all datasets, a constant
angle of incidence of 2° was used. Hat-shape Cu(100) crystals with an
orientation accuracy of £0.1° (MaTeck) were used. The crystals were
mounted in a home-built electrochemical flow cell ** made from PEEK
and containing a Pt wire counter electrode and an Ag/AgCl reference
electrode (eDAQ ET072-1) in the electrolyte outlet and inlet, respec -
tively. Potentials were applied and the corresponding curr  ents were
recorded using a Biologic SP-300 potentiostat. The CO ,-saturated
0.1 M KHCO, electrolyte was continuously exchanged using syringe
pumps (Hamilton) at a rate of 5 ul s * to minimize radiolysis by the
X-ray beam and the effects of bubble formation. However, the latter
could not be eliminated completely and fluctuations in X-ray inten -
sity of up to 15% were observed during the measurements, which we
attribute to the release of bubbles. CTRs were collected in the double
layer region at 0.0, 0.1, 0.2 and 0.3V, and in the CO ,RR region at
0.4, 0.7and 1.1V. The (111), (20l), (22) and (31) CTRs were acquired
at each potential. The CTR data were quantitatively fitted using the
SuPerRod program within the DaFy software package . This model
refinement program uses the differential evolution algorithm fitting
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engine derived from GenX; the errors were estimated by varying each 6. Huang, Y., Handoko, A. D., Hirunsit, P. & Yeo, B. S. Electrochemical

model parameter until a 5% variation of the optimal figure of merit reduction of CO , using copper single-crystal surfaces: e ects of

was achieved®. CO* coverage on the selective formation of ethylene. ~ ACS Catal.
7,1749-1756 (2017).

Raman measurements 7. Aran-Ais, R. M., Scholten, F., Kunze, S., Rizo, R. & Roldan

In situ SERS experiments were conducted with a Raman spectrom- Cuenya, B. The role of in situ generated morphological motifs

eter (Renishaw, InVia Reflex) coupled to an optical microscope (Leica and Cu(l) species in C ,, product selectivity during CO , pulsed

Microsystems, DM2500M) and a motorized stage (Renishaw, MS300 electroreduction. Nat. Energy 5, 317-325 (2020).

encoded stage). The system was calibrated using a Si(100) wafer 8. Timoshenko, J. et al. Steering the structure and selectivity of

(520.5 cm ). A HeNe laser (Renishaw, RL633, wavelength = 633 nm, CO, electroreduction catalysts by potential pulses. Nat. Catal. 5,

maximum power = 17 mW, grating = 1,800 lines mm ) served as the 259-267 (2022).

excitation source. The laser was focused on the top of the sample sur - 9. Jeon, H. S. et al. Selectivity control of Cu nanocrystals in a gas-fed

face and Raman scattering signals were collected with a water immer - low cell through CO , pulsed electroreduction. ~ J. Am. Chem. Soc.

sion objective (Leica microsystems, x63, numerical aperture = 0.9), 143, 7578-7587 (2021).

which was protected from the electrolyte by a Teflon film (fluorinated 10. Auer, A. & Kunze-Liebhéauser, J. In Reference Module in Chemistry,

ethylene propylene, GoodFellow, film thickness = 0.0125 mm). The Molecular Sciences and Chemical Engineering  (Elsevier, 2023).

electrochemical SERS measurements were conducted in a home-built 11, Matsushima, H., Taranovskyy, A., Haak, C., Grinder, Y. & Magnussen,

spectroelectrochemical single-compartment cell and controlled using O. M. Reconstruction of Cu(100) electrode surfaces during

a Biologic SP240 potentiostat *2. The cell was equipped with a leak-free hydrogen volution.  J. Am. Chem. Soc. 131, 10362-10363 (2009).

Ag/AgCl reference electrode (LF-1-63, 1 mm diameter, Innovative Instru - 12. Huynh, T. M. T. & Broekmann, P. From in situ towards in

ments) positioned close to the sample and a Pt counter electrode at operando conditions: scanning tunneling microscopy study of

the side of the cell (volume = 15 ml, electrolyte thickness above the hydrogen intercalation in Cu(111) during hydrogen evolution.

working electrode 2.2 mm). The electrolyte (0.1 M KHCO ;) was con- ChemElectroChem 1, 1271-1274 (2014).

stantly purged with CO , inside the cell. Freshly polished Cu(100) work -  13. Zhang, Z., Wei, Z., Sautet, P. & Alexandrova, A. N. Hydrogen-

ing electrodes were roughened by three cyclic voltammetric scans at induced restructuring of a Cu(100) electrode in electroreduction

10 mV s'. The potential was swept from +0.25 V to +1.69 V and then back conditions. J. Am. Chem. Soc. 144, 19284-19293 (2022).

to +0.25 V in CO,-saturated 0.1 M KHCO; inside the electrochemical 14. Auer, A, Ding, X., Bandarenka, A. S. & Kunze-Liebhauser, J. The

SERS cell. This procedure resulted in a SERS-active Cuample that was potential of zero charge and the electrochemical interface

free of Cu,O (Supplementary Figs. 12 and 13) and thus suitable for com- structure of Cu(111) in alkaline solutions. J. Phys. Chem. C 125,

parison with the STM and SXRD results. Afterwards, the potential was 5020-5028 (2021).

decreased stepwise to 0.58 V and then increased back to +0.25 V. SERS 15. Kim, Y.-G., Baricuatro, J. H. & Soriaga, M. P. Surface reconstruction

spectra were recorded at each potential until a steady state was reached of polycrystalline Cu electrodes in aqueous KHCO , electrolyte at

(typically 5-10 min). The Raman spectra were collected in the extended potentials in the early stages of CO , reduction. Electrocatalysis 9,

mode and the scans were repeated at least once. The collection time 526-530 (2018).

for each spectrum was 10 s. The Raman data were then first processed  16. Kim, Y.-G., Baricuatro, J. H., Javier, A., Gregoire, J. M. & Soriaga,

using the Renishaw WIRE 5.2 software fttps:/www.renishaw.com/en/ M. P. The evolution of the polycrystalline copper surface, irst to

raman-software--9450 ) to normalize the spectra to a mean intensity of Cu(111) and then to Cu(100), at a ixed CO ,RR potential: a study by

0 and variance of 1 (if not stated otherwise) and to remove cosmic rays. operando EC-STM. Langmuir 30, 15053-15056 (2014).

We used Octave scripts to fit the Raman bands corresponding to CO *.  17. Eren, B. et al. Activation of Cu(111) surface by decomposition
into nanoclusters driven by CO adsorption. ~ Science 351,

Data availability 475-478 (2016).

All data that support the findings of this study are available within the 18. Eren, B. et al. One-dimensional nanoclustering of the Cu(100)

article and the Supplementary Information, or from the corresponding surface under CO gas in the mbar pressure range.  Surf. Sci. 651,

author upon reasonable request. 210-214 (2016).

19. Auer, A. et al. Self-activation of copper electrodes during

Code availability CO electro-oxidation in alkaline electrolyte. Nat. Catal. 3,

The customized software package used for structure factor determi- 797-803 (2020).

nation from SXRD data and the CTR data fitting is available at https:/ 20. Lee, S. H. etal. Oxidation state and surface reconstruction
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Atomic-scale surface restructuring of copper electrodes under CO
electroreduction conditions

Supporting Information

Reihaneh Amirbeigiarab, Jing Tian, Antonia Herzog, Canrong Qiu, Arno Bergmann,
Beatriz Rolcan Cuenya, and Olaf M. Magnussen

S5.1 STM Measurements

Figure S5.1: Sequence of consecutive in situ STM images of Cu(100) in 0.1 M
KHCO 3, recorded at room temperature in 84 s intervals. During the experiment,
the potential was step-wise decreased from (a)0:07 V to (b) 0:22 V, and (c,d) 0:27

V, resulting in nanocluster formation on the electrode surface. (e) Once the potential
is changed back to 0:12 V, the clusters start to disappear. (f-i) Upon further imaging
the copper surface (f,g) at 0:02 V, (h) 0:08 V, and (i) 0:13 V, the clusters completely
disappear from the surface within a few minutes. However, the vacancy islands (dark
spots) that emerge on the Cu terraces during cluster formation remain visible.The step
positions during cluster formation (image in (d), red lines) are superimposed on the image
in (b) to show that the changes at steps are negligible.
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Figure S5.2: Consecutive STM images of Cu(100) in 0.1 M KHCO 3, Showing

the surface during and after the restructuring process. (a) The nanoclusters are
formed after a potential step to 0:25 V and increase in population at (b-d) 0:3 V. (e-h)

At even more negative potentials, no signi cant nucleation of further clusters is found.
(i-m) The cluster density decreases after stepping the potential back to more positive
potentials. (n-p) After changing the potential back to values 0:05 V, the clusters
completely disappear and the molecular structure and depressions (dark areas) become
visible on the terraces. In the images in (b-m), the clusters are imaged in duplicate,
because of a double STM tip. Such changes in tip shape are dicult to avoid in the
potential range 0:3 V where the CO2RR commences.
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Figure S5.3: Visualization of the correlation between the equivalent disc di-

ameter and the apparent height of the Cu nanoclusters. The equivalent disc
diameter is de ned as the diameter of a circle with identical area as the cluster. The
distributions of the apparent height and of the equivalent disc diameters are shown on
the respective axes. Most of the clusters are up to5Lnm in diameter and one monolayer
in height. The analysis was performed in Gwyddidi® via applying the grain analysis
tool and thresholding, using a similar method as in the study by Auer et &t4. It shows
the results for all STM images recorded at potentials more negative than0:2 V.
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Figure S5.4: In situ STM image of a Cu(100) surface at  0:12V after immersion
into the electrolyte at open circuit potential. Under these conditions, Cu oxidation
and subsequent reduction occurs, resulting in surface roughening.

Figure S5.5: Evolution of the clusters over time. (a-c) In situ STM images of
Cu(100), taken from a continuous series of images which were recorded in the same surface
area after (a) changing the potential from 0:05 V to the cluster formation regime at 0:2

V and then keeping the potential at 0:2 V. The images in (b) and (c) were obtained
after 7 and 13 min at 0:2 V, respectively. (d-f) Second series of consecutive STM
images of Cu(100) showing the surface (d) during a potential step from0:15to 0:2 V
and (e,f) at a constant potential of 0:2 V. Apparently the number of clusters does not
increase once they are formed on the surface. It should be noted that at potentials in
the cluster formation regime, the STM tip gradually becomes unstable and deteriorates,
resulting in multiple imaging of each cluster (e.g., each of the clusters in (b) is imaged
as a triplet of clusters in (c)). These changes in the tip were found to be unavoidable
in our measurements. The origin of this long-term instability is most likely the onset of
hydrogen evolution in this potential region.
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Figure S5.6: Surface structural properties before and after cluster formation.

(a,b) High reso&uﬁionps_TM images of well-ordered (bi)carbonate-water adlayer at1
Vwitha () (6 2 2 3)R45 and (b) a (4 4) structure. (Reproduced from Ref.
3. Copyright 2022 Wiley-VCH). (c) Height pro les of the molecular structures, taken
along the colored lines in (a,b) and showing an apparent height modulation of 20 and
40 pm for the two structures, respectively. (d,e)n situ STM images recorded at 4 V
(d) before and (e) after nanocluster formation and subsequent dissolution. (f) Height
pro les along colored lines in (d,e) and (g) Height distribution functions () for the STM
images in (d,e), showing a signi cantly higher apparent height variation after cluster
formation/dissolution. (h) Autocorrelation function (ACF) of STM images that show
the disordered adlayer after surface restructuring, indicating nearest-neighbor distances
of 1 nm between the maxima associated with adsorbates on the surface.
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Figure S5.7: STM sequences showing slow structural changes on the Cu(100)

surface at 0:1 V after formation of the disordered adlayer by an excursion

to negative potentials. (a) Subsequent high-resolution STM images recorded at time
intervals of 84 s, showing slow rearrangement of the adsorbed species on the surface
(example marked by circle). (b) Two subsequent large-scale STM images that show
changes in the shape of the depressions on the Cu terraces (examples marked by arrows).
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Figure S5.8: E ect of a second potential cycle between the double layer and

the cluster formation range. STM sequence of the same sample as presented in
Supplementary Figure S5.2, showing the structural changes during a second potential
cycle to values< 0:2 V. (a,b) Consecutive STM images (a) during a potential step
from 0.05Vto 025V and (b)at 0:25V. (c) STM image of the same surface 35
minutes later at 0.2 V, where all clusters have dissolved again, showing the reversibility
of the cluster formation. The image was recorded after rst applying potential values
< 0:2 V and then stepwise increasing the potential to the potentials in the double
layer range. According to this experiment, the cluster density increases upon repeated
potential cycling between the double layer and CO2RR range.
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S5.2 SXRD Experiments

S5.2.1 Supplementary Note 1. Model selection for surface X-ray
di raction data tting

For the quantitative description of the CTR data di erent surface structural models were
employed. First, a simple model was tested, which allows for vertical relaxation of the two
topmost Cu layers and deviations in their Debye-Waller factors (vertical and in-plane)
as well as includes a beta-roughness parameter that represents the surface roughness.
This model can su ciently describe most of the data, but not the lowq, regions (L
1.6) of the (20L) CTR (Supplementary Figure S5.9 and Supplementary Table S5.1).
Improvements to the ts could be obtained by replacing the beta-roughness parameter
with a coverage of Cu adatoms (describing isolated Cu adatoms as well as the Cu atoms
in the clusters) and an equal coverage of vacancies in the Cu surface layer. This surface
defect model provided a somewhat better t of the lowg, region (Supplementary Figure
S5.10 and Supplementary Table S5.2). Finally, also ts by a model were attempted,
in which the presence of adsorbates such as CO and carbonate ions on the Cu(100)
surface were considered (Supplementary Figure S5.11 and Supplementary Table S5.3),
following the results of the spectroscopic studies. Because these adsorbates are mainly
composed of light elements such as carbon, hydrogen, and oxygen, which are weak X-
ray scatterers, their contribution to the scattering signal is small. Correspondingly, no
improvement in the ts was observed that would justify the use of a model with a higher
number of t parameters (adsorbate coverages and positions). We therefore base our
discussion on the results of the surface defect model, which is also in good agreement
with the STM observations. According to our t results, the vertical relaxations of the
two topmost Cu layers and the potential dependence of the parameters describing the
surface roughening (beta-parameter or surface roughness) are almost identical in the three
models. Furthermore, we note that the CTR data is only sensitive to the occupation of
each atomic layer by Cu atoms and to deviations of the atoms from bulk lattice positions,
but not to the in-plane morphology on the nanoscale. Morphological changes in which
only interlayer transport but no Cu transport between di erent atomic layers occurs, as
e.g. changes in the orientations of the Cu steps, will thus not lead to changes in the
CTRs.
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Figure S5.9: Full CTR data based on the simple copper model. (a) Potential-
dependent CTR pro les, tted with a simple Cu(100) surface model employing a rough-
ness parameter. Free t parameters were the interplanar distances of the topmost two
Cu layers, d;»> and dy3, and their Debye-Waller factors as well as a beta factor to model
surface roughness. Experimental data are shown as open circles, gray dashed lines cor-
respond to the CTRs of an ideal truncated crystal, and the best ts by the model are
shown as colored lines. (b) Beta factor and (c) relaxation of the topmost two copper
layers as a function of potential. The errors correspond to the minima and maxima of all
intermediate t results from all t generations (1000 generations and 100 populations of
each generation) that deviate 5% from the gure of merit of the best t. (d) Schematic
illustration of the employed model.
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Potential -factor dio DWF(Cuy) DWF(Cu») dos FOM
Y, A A? A? A
0.0 0.0606%929 1.8320%9%:: 1.0108%1338 0.7896 1.807835%¢ 0.058
-0.1 | 0.0794%5188 1.8330%:9%%% 1.0551%:1279 0.7896 1.8092,933s 0.058
-0.2 | 0.1162%31%  1.8281% %45 1.0226% 118 0.7896 1.809%3535 0.056
-0.3 | 0.1270%952% 1.8293%:9%°%2  1.0536%13%9 0.7896 1.8064,533% 0.057
-0.4 | 0.1048%5298 1.8410%5%28 1.0298% 9328 0.7896 1.7992,933  0.055
-0.7 | 0.1302%5187 1.8624%9%33 1.0003%133° 0.7896 1.794%9332  0.055
-1.1 | 0.12689%31%2  1.8288%5%63 0.9879%1282 0.7896 1.802'0;354°  0.062
-0.7 | 0.15209%5%82 1.8802% 5320 1.0032%138 0.9006%:1%8> 1.7910%3%5: 0.046
-0.4 | 0.1072%51/8 1.8558%:99%2 1.1003%:1182 0.7896 1.797%9%3L  0.055
0.0 0.0974%%373 1.8163% 508 0.7896%35% 0.7896 1.812%3572  0.108

Table S5.1: Detailed tting results of the simple copper model. Potential de-

pendent structural parameters of Cu(100)-electrolyte interface according to the tting
results of the crystal truncation rods by a model employing a roughness parameter. Here
and in all models, the lattice parameter and Debye-Waller factor (DWF) of bulk copper
are 3.615A and 0.7896A2, respectively. The parallel and vertical Debye{Waller factors
of subsurface Cu (Cy) are the same as those in the Cu surface layer (Qu Errors rep-
resent the range of the model parameter in which the gure of merit (FOM) deviated

5% from the optimal value given in the last column®?l For DWF(Cu 1, ) no errors were
given, if the tresulted in the value for the bulk lattice, which was used as a lower limit.
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Figure S5.10: Full CTR data based on the adatom/vacancy pairs model. (@)
Potential-dependent CTR pro les, tted with a Cu(100) surface model that includes
surface defects produced by moving atoms from the Cu surface layer to a lattice position
on top of the surface (adatom/vacancy pairs). Free t parameters were the interplanar
distances of the topmost two Cu layers, their Debye-Waller factors, and an equal coverage
of Cu adatoms and surface vacancies. Experimental data are shown as open circles, gray
dashed lines correspond to the CTRs of an ideal truncated crystal, and the best ts by
the model are shown as coloured lines. (b) Coverage of surface defects and (c) relaxation
of the topmost two copper layers as a function of potential. The errors correspond to
the minima and maxima of all intermediate t results from all t generations (1000
generations and 100 populations of each generation) that deviat&% from the gure of
merit of the best t. (d) Schematic illustration of the employed model.
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Figure S5.11: Full CTR data based on the model with surface adsorbates. (@)
Potential-dependent CTR pro les, tted with a Cu(100) surface model as in Supplemen-
tary Figure S5.9 that in addition includes the presence of adsorbates on the Cu surface.
In the double layer region (00 to 0:3 V), surface adsorbates are bidentate carbonates in
hollow sites and water in atop sites. In the CO2RR region( 0:3 V), surface adsorbates
are atop site CO and water. Free t parameters were the interplanar distances of the
topmost two Cu layers, their Debye-Waller factors, coverage and vertical position of the
adsorbates, and a beta roughness factor. Experimental data are shown as open circles,
gray dashed lines correspond to the CTRs of an ideal truncated crystal, and the best ts
by the model are shown as colored lines. (b) Beta factor and (c) relaxation of the topmost
two copper layers as a function of potential. The errors correspond to the minima and
maxima of all intermediate t results from all t generations (1000 generations and 100
populations of each generation) that deviate 5% from the gure of merit of the best t.

(d) Schematic illustration of the employed model.
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S5.3 Raman Measurements

S5.3.1 Supplementary Note 2. Detailed analysis of the CO bands

We here give a more detailed analysis of the potential dependency of the characteristic
Cu-CO rotation and stretching bands at 280 and 360 cni, respectively, and the broad
bands at high Raman shifts between 1900-2100 ctn Bands in the 1900-2100 cnt range
are already detected at 0:16 V in the forward and back scans. However, we do not
assign those to CO vibrations, because of the absence of the Cu-CO vibration bands at
low Raman shifts. Additionally, Supplementary Figure S5.14 shows that these bands are
more dynamic in terms of band position and intensity than the CO bands at higher over-
potentials. The origin of these dynamic and unstable bands might be related to CuGO
or Hag as suggested in the literaturé®” ' or to intermediates of the carboxylate species,
since the carboxylate bands at 1390/1610 cr are visible in the same potential regime.
The broad CO band at high Raman shifts can be analyzed in more detail by deconvo-
lution into three peaks, which gives information about the adsorption con guration of
CO (Supplementary Figure S5.15). Following the literature, the band contains contri-
butions from inactive CO in bridge sites (CQyigge ) at 2030 cm*® and from active
atop CO species (CQop), Which can be distinguished into the low-frequency band CO
(COrg ) at 2065 cm? and into the high-frequency band CO (CQgrg) at 2085
cm LI992000 At 0:24 V COpyp is rst the dominating species, which might be related
to the dominant CO binding to the clusters at these low overpotentials. However, when
decreasing the potential CQ@,iqge becomes directly the dominating species, while the
contribution of the rst dominating CO giqge Species decreases, while the contribution
of COnp increases, which becomes the dominating species at overpotentials 0:44

V (Supplementary Figure S5.15b,c). Once the potential is increased again this trend is
reversed and never returns to the initial high CQyp, to COgiigge ratio at  0:24 V. Ad-
ditionally, the intensity ratio of the two Cu-CO vibration bands at low Raman shifts can
be linked to the CO coverage on the Cu surfad€’l Supplementary Figure S5.16 show
that the ratio of the stretching band (COsyercn ) @t 360 cm * versus the rotation band
(CO,t) at 280 cm ! increases at higher overpotential correlated to a higher CO cover-
age, while it decreases again in the reverse scan. Taking the obtained results from both
CO regions together, we can conclude that CO is rst bound in the bridge con guration
with a low coverage on Cu at low overpotentials (with exception to the low overpotential
at 0:24 V), whereas at higher overpotentials the bridge con guration converts into the
CO2RR-active atop con guration with a higher CO coverage. This process is partially
reversible.
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Figure S5.12: In situ SERS spectra of Cu(100) in CO ,-saturated 0.1 M
KHCO ; that illustrate the gain in SERS intensity by the pretreatment. The
spectra show the region from 150{3200 crh Raman shift at (i) the OCP after electropol-
ishing (black), (ii) at 0:25 V after electropolishing, where C3O is already reduced (blue)
and at 0:25 V after the CV pretreatment (green).
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Figure S5.13: Full in situ SERS spectra of Cu(100) during a cathodic potential
cycle in CO ,-saturated 0.1 M KHCO ;. The spectra show the region from 150{3200
cm ! Raman shift during the forward and backward scan from:@5 to 0:58 and back

to 0:25 V (from top to bottom).
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Figure S5.14: Temporal stability of in situ SERS spectra of Cu(100) in CO -
saturated 0.1 M KHCO ; in the region 1900-2300 cm ! Raman shift. At each
potential during the forward (a) and backward scans (b) from 25 to 0:58 back to 025
V (from top to bottom) two spectra were recorded at time intervals of 3 to 5 min.
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Figure S5.15: Potential-dependent changes of the C-O vibrations at high Ra-

man shifts of the in situ SERS spectra of Cu(100). (a) Fitting of three peaks with
contributions from bridge CO (COgyigge in Orange) at 2030 cm*, low-frequency band
CO (COrg ingreen) at 2065 cm?, and high-frequency band CO (CQgg in purple)
at 2085 cm?®. (b) Area of the di erent CO con gurations, where COpyp (blue) is the
sum of CQgg and COyrg . (C) Ratio of the area of CQy,, Vversus the area of C@igge -
The error bars represent the error of the t and are typically smaller than the symbol

size.

81



5 Atomic-Scale Surface Restructuring of Cu Electrodes Under GRR

Figure S5.16: Potential-dependent changes of the Cu-CO vibrations at low
Raman shifts of the Cu(100) in situ SERS spectra. (a) Intensity of the Cu-CO
rotation (CO,,) at 280 cm ! and the Cu-CO stretching (CQyecn) bands at 360
cm 1. (b) Ratio of the intensity of COgyecn and COyy; .
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Potential | DWF(adatom,) DWF(adatom,) adatom coverage
\% A2 A2

0.0 0.7896 16.0658 5022 0.0530%51%5
-0.1 0.7896 17.76265:3322 0.0625%517¢
-0.2 0.7896 14.990%4:1354 0.081795181
-0.3 0.7896 14.59667 138 0.0881%:9132
-0.4 0.7896 19.95785:3153 0.0834%5133
-0.7 0.7896 13.16922:39%° 0.0898% 512
-1.1 0.7896 16.9872/,3%%; 0.09449%:9143
-0.7 0.7896 243441823 0.10909%:512¢
-0.4 0.7896 15.3302%.59%% 0.0836%5125
0.0 0.7896 10.8001/ 52233 0.0811%5/8

Potential dis DWF(Cuy) DWF(Cu») dos FOM

Y, A A? A? A
0.0 1.8296%5042  1.0405%:2%3¢ 0.7896 1.8088,3%2%  0.054
-0.1 | 1.8312%:5%97 1.05399:19%8 0.7896 1.8111:9%%2  0.055
-0.2 | 1.8244%9%% 1.0701%95%% 0.8079%19%7 1.8105%3%%° 0.054
-0.3 | 1.8256%:9%5% 1.1264%9%537 0.7896 1.8088,3533  0.055
-0.4 | 1.8367%3%4% 1.04129:98%¢ 0.7896 1.802%,353¢  0.051
-0.7 | 1.8533%:9%3¢ 1.072499543 0.7896 1.800%,3525  0.052
-1.1 | 1.8261%:9598  0.9899%3532  0.8958%:1282  1.8056%3%4 0.060
0.7 | 1.8691%35:° 1.0641%:9%7° 0.9817%1H75 1.8016%33% 0.045
-0.4 | 1.8513%923% 1.0756%1355 0.8883%11%7 1.8018%3935 0.052
0.0 1.8140% 537> 0.8051%:3722 0.7896 1.81283%22 0.102

Table S5.2: Detailed tting results of the adatom/vacancy pairs model.

Po-

tential dependent structural parameters of Cu(100)-electrolyte interface according to the
tting results of the crystal truncation rods by a model that includes surface defects
produced by moving atoms from the Cu surface layer to a lattice position on top of the
surface (adatom/vacancy pairs). The vertical spacing between Cu adatoms and the Cu
layer was xed at the bulk lattice spacing of 1.8075A. The parallel and vertical De-

bye{Waller factors of subsurface copper (&) are the same as those in the Cu surface
layer (Cuy). Errors represent the range of the model parameter in which the gure of
merit (FOM) deviated 5% from the optimal value given in the last column®®® For

DWF(Cu 1, ) and DWF(adatomy) no errors were given, if the t resulted in the value for

the bulk lattice, which was used as a lower limit.
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Potential | DWF(CO3y) DWF(CO3,) COj;coverage DWF(HOy) DWF(H ,0,)
\Y A? A2 A? A?
0.0 10.8488%%:858°  0.7896%:2070  0.37209 1338  12.85207,8%8  5.61860:512°
0.1 | 7.48047535;° 0.7898%30; 0.3288%1588  9.8949%85]  7.2027i
-0.2 | 0.7899%%5" 0.7901Fi05" 0.0428%53)%  7.3587%4%5  42.1490%, %%
-0.3 | 22.77675588%  0.7904%757%6  0.459192928  13.6895%0;3226  11.994527:8030
00 | 423013355 0.7896%5060 0.4330%3%y  5.97774%i;  0.7898%315)
Potential | DWF(COy) DWF(CO,) CO coverage DWF(HO«) DWF(H,0,)
Y A2 A? A? A?
0.4 | 31.8785%583% 29.95373%9%87 0.0000%:59%% 0.7897%:307¢  76.0143%:3210
-0.7 | 35.9313%138 37.2086%%5522 0.00009;522  7.809173:93%8 52.4219%8:4532
1.1 | 719182578,  0.7896%555° 1.0000G9815 46.9668%75%8 49.5853%,%54
-0.7 | 50.3438%32%% 34.1549%,:5311  0.000095257 8.0665%;8225 68.0493%8:513¢
0.4 | 78.9458%1185 114852483285 0.392793852 78.94072.555° 78.93711bia3
Potential -factor dq DWF(Cuy) DWF(Cui,) s FOM
\Y A A2 A2 A
0.0 0.0636%358% 1.8363%3%3% 1.0667%:98% 0.7896 1.8054;3%%  0.050
-0.1 | 0.0800%53:8 1.8393%:9%28 1.1079%:9859 0.7896 1.807£,3%25  0.048
-0.2 | 0.1047%51%8 1.8296%:932° 1.0684%:9832 0.7896 1.8088,3%27  0.055
-0.3 | 0.1141%514 1.8332%:9%33 1.1462%:9722 0.7896 1.8054,3%2%  0.056
-0.4 | 0.0993%5%37 1.8416%:9333 1.0319%:59739 0.7896 1.7998,3%2%  0.054
-0.7 | 0.1282%%512 1.8633%:9%3% 1.0533%:975¢ 0.7896 1.7938,3%25  0.054
-1.1 | 0.1218%8%%2  1.8269%:9%8  1.0076%:9535 0.7896 1.803%,3%%1  0.064
-0.7 | 0.1513%%% 1.8814%3532 1.0200923%2 0.9100%%%%% 1.7916%3%3°% 0.047
-0.4 | 0.1078%31° 1.85549:353% 1.09959:9818 0.7896 1.797:5324  0.056
0.0 0.1086%213¢ 1.82389:3%%¢ 0.78969:2393 0.7896 1.812%:53%  0.096

Table S5.3: Detailed tting results of the model with surface adsorbates.

tential dependent structural parameters of Cu(100)-electrolyte interface according to the
tting results of the crystal truncation rods by a model as in Supplementary Table S5.1
that in addition includes the presence of adsorbates on the Cu surface. In the double
layer region (Q0 to 0:3 V), surface adsorbates are bidentate carbonates in hollow sites
and water in atop sites. In the CO2RR region€ 0:3 V), surface adsorbates are atop
site CO and water. The vertical distances between the adsorbed carbonate, water, and
CO and the Cu surface layer are 1.98, 2.3 A, and 1.98A, respectively. The parallel
and vertical Debye{Waller factors of the subsurface Cu layer (Gl are the same as those
of the Cu surface layer (Cy). Errors represent the range of the model parameter in
which the gure of merit (FOM) deviated
last column!*°¢l For DWF(Cu 1, ) no errors were given, if the t resulted in the value for
the bulk lattice, which was used as a lower limit. The tting results for the CQ and
CO coverages have signi cantly high uncertainties, indicating a low dependence of the

experimental data on such parameters.
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In Situ Scanning Tunneling Microscopy
Studies of Carbonate-Induced

Restructuring of Ag-Decorated Cu(100)
Electrodes

This chapter is based on an articlé”! published in Physical Chemistry Chemical Physics.
Reprinted with permission from Reihaneh Amirbeigiarab and Olaf M. Magnussen

Phys. Chem. Chem. Phys., 2023, 25, 24871{24877.

Reproduced from Ref. 701] with permission from the Royal Society of Chemistry.

6.1 Synopsis

Silver has been highlighted as a popular metal for the creation of copper-based bimetal-
lic catalysts for CO,RR, as it can signi cantly improve selectivity toward multi-carbon
products, see also section 2.3. With this in mind, and considering the importance of a
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6 Carbonate-Induced Restructuring of Ag-Decorated Cu(100) Electrodes

fundamental understanding of the catalyst/carbonate interface, it is of great relevance
to investigate a suitable model catalyst. Therefore, this chapter presents the preparation
and in situ characterization of well-de ned AgCu bimetallic catalysts.

The bimetallic catalyst has been prepared using electrodeposition of submonolayer Ag
on Cu(100) in diluted sulfuric acid at double layer potential range. The coverage of
the deposited silver can be roughly controlled by the concentration of the Ag-containing
solution. The silver appeared as relatively dynamic islands on the Cu(100) terraces, with
a structure close to the Ag(111) surface. Additionally, a long range modulation has been
observed within the Ag island structure due to the mismatch of the lattice parameters
of copper and silver. In the next step, the electrolyte has been exchanged to potassium
bicarbonate, while simultaneously the surface has been imaged ioysitu STM. The
electrolyte exchange leads to a considerable anisotropic restructuring of the Ag islands
and to the appearance of newly formed islands. Furthermore, the entire interface becomes
less mobile in bicarbonate solution.

High-resolution images reveal a disordered adlayer on Cu(100) terraces in the double
layer potential range, contrary to previous observations of the Cu(100)-carbonate inter-
face structure presented in chapter 4. In Ag-free environment, the interface shows ordered
structures consisting of carbonate-water coadsorption. In contrast, as the Ag-free cop-
per surface was reconstructed due to the initial production of CO in CRR, a similar
disordered layer has been observed, which was the result of the presence of Cu adatoms
on the surface (see chapter 5 for more details). This suggests an interaction between
Ag adatoms and adsorbed (bi)carbonate on the surface, which explains the observed
disordered adlayer.
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Supporting Information

In Situ scanning tunneling microscopy studies of carbonate-induced
restructuring of Ag-decorated Cu(100) electrodes

Supporting Information

Reihaneh Amirbeigiarab, and Olaf M. Magnussen

Figure S6.1: Successive STM images of Ag-decorated Cu(100) in 0.1M30, at
0:04 V(time interval 126 s), illustrating the dynamic behavior of Ag islands on the
mesoscale. The grey arrows indicate an area, where a larger island formed by merging
of two Ag islands. The areas marked by white arrows are depressions that appear inside

Ag islands, appear to have a limited mobility within them, and are attributed to holes

within the Ag monolayer.
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6 Carbonate-Induced Restructuring of Ag-Decorated Cu(100) Electrodes

Figure S6.2: A direct comparison of the shapes of Ag islands and Cu steps in the two
STM images in Figure 2d (blue) and f (red), respectively, recorded at a time interval

of 210 s. The steps were determined using a Sobel edge enhancement kernel. Images
recorded in the same scan direction were chosen to avoid artifacts due to thermal drift.
While the Cu step edges show only minor smoothing, the Ag islands change signi cantly

in shape and size. Examples where increases in the size of the islands are clearly visible
are marked by black arrows.
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Supporting Information

Figure S6.3: Subsequently recordedn situ STM images (time interval 84 s), taken at

0:01 V and about 100 min. after electrolyte exchange to 0.1M KHC{) that show
moderate changes in the Ag island morphology on the Cu(100) surface. Occasionally,
small anisotropic islands emerge on the Cu(100) terraces and restructure or disappear
again (black and white arrows). In addition, some rearrangement at the edges of the Ag
islands is observed (grey arrows).
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Non-Monotonic Variation of

Potential-Dependent Surface Di usion

at Electrochemical Interfaces in the
Presence of Coadsorbates

This chapter is based on a manuscript outline, which is in preparation for submission.
This work includes joint experimental and theoretical contributions. However, only the
experimental part is presented and discussed here, as the theoretical results together with
the nalization of the interpretation are still ongoing and will be published elsewhere.
The contribution of the author of the present thesis to the future publication consists in
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7 Non-Monotonic Potential-Dependent Surface Di usion at Electrochemical Interfaces

planning, executing and analyzing in situ video-STM experiments of i) bromide covered
Ag(100) in the negative potential range at room temperature, ii) iodine covered surface
at 4 C ' and writing the draft of the experimental results of the manuscript under the
supervision of Prof. Dr. Olaf M. Magnussen. The extension of the data set in i) (i.e.
Br-covered Ag(100)) to4 C has been performed by Dr. Chaolong Yang in our group. The
theoretical calculations have been performed by Senke Buttenschen under the supervison of
Prof. Dr. Eckhard Pehlke, Institut far Theoretische Physik und Astrophysik, Universitat
Kiel.

7.1 Introduction

Surface di usion is an important elemental step in many interface processes. While the
di usion of adsorbates on clean surfaces is well understdéd, much less is known about

di usion on surfaces that are crowded by a high coverage of another adsorbate species.
Naively, one might assume that such coadsorbates block lattice sites and thus hinder
the adsorbate's motion. However, recent studies of oxygen di usion on#2 2)-CO
covered Ru(0001) surface by Hen et al. revealed that the & di usion rates were only
marginally lower than in the absence of the CO adlayéf®? The unexpectedly high Qg
surface mobility was explained by a door-opening mechanism, where the local density
uctuation in the co-adsorbed layer promotes the di usion of the O atoms.

We here investigate the role of coadsorbates on di usion at solid-liquid interfaces, where
the presence of a high-density coadsorbate adlayer is an inherent system property. These
interfaces are of great current interest in electrochemical energy science as well as in wet-
chemical growth, corrosion, and self-assembly processes. The presence of chemisorbed
species, in particular halides, and the applied electrode potential are known to strongly

a ect the surface mobility in these systems?>83l

This was shown most directly in studies byin situ high-speed scanning tunnelling mi-
croscopy (video-STM) by our group, where we quantitatively determined from observa-
tions of individual adsorbate site hopping events the tracer di usion rates of sulfur ¢g),
methyl thiolate (CH3S,q), and lead (Phyy) on Ag(100) and Cu(100) electrode surfaces
that were fully covered by orderedc(2 2) adlayers of chloride or bromidé!8203(20°l

In all cases, a strong linear change of the di usion barrier Ewith the potential was
found. It can be rationalized by an electrostatic energy contribution, resulting from the
interaction of the adsorbate with the interfacial eld and depending on the change in the
surface dipole moment  along the diusion pathway to a neighboring sitel*>*¢% In
combination with density functional theory (DFT) calculations, these studies revealed a
very pronounced contribution of the surrounding halide coadsorbates to the barriers and
dipole moment changes, which in extreme cases could even result in an inverted potential
dependencé’’

In this work, we focus on surface di usion in the presence of a coadsorbate adlayer of

1The investigation of the iodine covered Ag(100) was initiated in my master's thesis and is presented
here for completeness.
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variable coverage, using sulfur di usion on bromide or iodide covered Ag(100) as an ex-
ample. In these systems, the halide anions initially adsorb in form of a highly mobile
lattice gas. With increasing potential, the halide coverage increases until it undergoes
a two-dimensional Ising disorder-order transition to ac(2 2) phase above a critical
potential.[*3353] This type of adsorption behavior is prototypical for halides on fcc(100)
surfaces and found in many system$? In the following, we present experimental video-
STM results of Sy di usion over a wide potential range, including the lattice gas region,
which has not been studied before for any adsorbate system. For both Br and | coadsor-
bates, we nd a strongly nhon-monotonic di usion behavior.

7.2 Experimental

A home-built electrochemical Video-STM with a high temporal resolution (in the range of
0.1 s) has been used to carry out the in situ experiments, which allows a direct observation
of the dynamic processes at the interfadé®>83l An Ag/AgCl reference electrode and a
platinum wire served to determine the cell potential. The experiments were carried
out at 4 C and under room temperature condition. Ag(100) single crystals (MaTeck)
were prepared by a chemical polishing procedure as described in Ret1(, followed
by inductive annealing at 750 C under argon atmosphere. The following electrolytes
have been used: 1 mM HCIQ+ 1 mM KBr, 1ImM NaClO 4, + 1ImM KBr, 1 mM KBr,

1 mM HCIO4 + 1 mM KI and 1 mM NaClO,4 + 1 mM KI. All electrolytes have been
prepared from high-purity HCIO, (Merck, suprapure), KBr (Merck, p.a.), Kl (Merck,
p.a.), NaClO, (Sigma Aldrich) and ultrapure water (18.2 M cm). The samples were
immersed in bromide/iodide free solutions to avoid AgBr/Agl bulk formation. After
establishing the potential control in the electrochemical cell, the electrolyte was exchanged
at the double layer potential region by bromide/iodide containing solution. Subsequently,
2t010 lofa5to10 M Na,S (Alfa Aesa, p.a.) were added to the cell and left to incubate
for about 45 minutes.

7.3 Quantitative Data Analysis

The quantitative determination of the hopping rates of the § on Ag(100) in the bromide

and iodide containing electrolytes was performed using a home-built image recognition
software as used in previous studies of our groli3>?*!! The software generates a binary
map for each frame of the video sequence marking thg, osition on the detected lattice.

This allows to determine the motion of the individual adsorbates for each frame of the
video. Figure 7.1 shows three successive STM images (a) and the corresponding generated
binary maps (b) to illustrate the method used for identifying the & positions (cyan and
purple dots in Figure 7.1) and quantifying its hopping rates.

After marking the adsorbate positions for each image in a video sequence, a distribution
function is generated for the jump rates of &, which only considers adsorbates with a
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7 Non-Monotonic Potential-Dependent Surface Di usion at Electrochemical Interfaces

Figure 7.1: Representative example of the method used for the determination of the
S.q¢ hopping rate. (a) STM images of /c(2 2)-Br-Ag(100) at 0:17 V, recorded with

a time resolution of 0.1 s. The bright maxima represent the tracer adsorbate. (b) The
respective binary map of the bromide lattice. Cyan and purple dots marked the positions
of adatoms on the respective and previous frame, respectively. The red circle shows the
minimum Sy4-S,¢ distance, for which the jump of each adsorbate can be considered as an
independent event.

Figure 7.2: Experimentally determined hopping rate distribution of Sy in bromide
containing electrolyte at (a) 1:04 and (b) 0:85 V (cyan) and the best t by a 2D
random walk model (purple) for the experimental data.

minimum distance of four lattice spacing to all neighboring adsorbates. Based on a de-
tailed analysis of the §4-S,q interaction in a comparable system (&/c(2 2)-CI-Cu(100)),

it is known that the S;4-S,4 interaction has only a negligible e ect on the hopping rates at
this distance!'83?11 Several previous studies already con rmed that a 2D random walk
model?*? can reasonably describe the di usion behavior of various tracer adsorbates on
c(2 2)-halide-covered di erent transition metal surface$!®320%2062081 Therefore a 2D
random walk model was then tted to the experimental distribution function obtained
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7.4 Result and Discussion

from the STM images. It should be noted that here it is assumed that the jumps in the
(3 1) potential range can be described just as well with a 2D random walk model as
in the case of the jumps in the potential range(2 2)-halide-covered electrode surface.
Figure 7.2 shows the measured distribution function of ;g (cyan) and the best t by a
2D random walk model (purple) at 1:04 (Figure 7.2a) and 0:85 V (Figure 7.2b) for
S.q di usion in bromide containing electrolyte. The Sy mobility of (0:2 0:05) s ! and,

at 1:04 V is lower than the determined hopping rate of (6 0:6)s 'at 0:85 V.

7.4 Result and Discussion

The video-STM experiments were performed in electrolytes containing 1 mM bromide
and iodide at room temperature (RT, 20C) as well as at 4C. Similar as in our
previous video-STM studiek®329%2%9  small amounts of NaS were introduced to the
electrochemical cell, resulting in & coverages of 1 to 10 %. Details of the experiments
are provided in the section 7.2. All potentials are given with respect to the saturated
calomel electrode (SCE).

Figure 7.3 shows characteristic video-STM sequences @Qf 8i usion in the potential
range of the lattice gas and of thex(2  2) covered surface. In the rst case, the J
di use via hopping between sites of the Ag(100)-(1 1) lattice. In the images, only a
rather uniform (1 1) lattice and the S4 are visible, indicating that the halide surface
mobility in the lattice gas is too high to allow direct imaging by STM & 10* s 1). In the
potential range of thec(2 2) phase, the & substitute halides in the ordered adlayer and
di use on the superlattice, as previously reported for g di usion on Cl and Br covered
Ag(100) %]

Results of a quantitative analysis of the tracer di usion of isolated g, obtained via tting

of experimentally measured jump distribution functiong®! (see section 7.3 for details),
are given in Figure 7.4 a. To enable comparison of the diusion on (11) andc(2 2)-
covered Ag(100), the di usion coe cients D = % 4@ were calculated from the hopping
rates (with jump lengths a of 2.89 and 4.09A, respectively) for all studied systems.
As noted befor&%l, the STM tip in uences S,y di usion on the halide-covered surface
more strongly on Ag(100) than on Cu(100), resulting in some scatter in the di usion
rates. Nevertheless, clear trends are discernible. In tl§2 2) potential regime, the
S,¢ mobility on an I-covered and Br-covered Ag(100) at 42 decreases towards positive
potentials, in accordance with our previous data for diusion onc(2 2)-Br covered
Ag(100) at room temperaturel’®’! However, S4 di usion on the (1 1) lattice exhibits
the opposite potential dependence, i.e. an increase of the jump rates with potential.

In the intermediate potential range, individual Sy are still visible in the video-STM
images, indicating residence times 0.1 s, but their surface mobility is too high for
a quantitative analysis. In addition, the observed lattice exhibits dynamic uctuations
between a (1 1) and ac(2 2) symmetry. This is expected in the range of an Ising
disorder-order transition, but makes quantitative determination of the di usion rates
problematic. To increase the experimentally accessible range, STM studies aCAwvere
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7 Non-Monotonic Potential-Dependent Surface Di usion at Electrochemical Interfaces

Figure 7.3: Representativein situ video-STM sequences, showing,§Sdi usion in the

presence of the (1 1) lattice gas and thec(2 2) adlayer of bromide and iodide, respec-

tively. The images were recorded (from left to right) in 1 mM KBr + 1 mM NaClQ, at
0:96 and 0:09 V and in 1 mM Kl + ImM NaClO,4 and 1 mM KI + 1mM HCIO 4 at
1:38 and 0:22 V at time intervals of 01 s. Di usion events are indicated by arrows.

carried out, which results in signi cantly lower jump rates. For experiments in iodide-
containing solutions, where the mobility is even higher than in Br-containing solution,
guantitative data were only obtainable at these low temperatures. Although the di usion
rates could not be obtained over the entire double layer potential range, the obtained data
clearly indicate that the mobility of the S,q adsorbates goes through a maximum in the
intermediate range. The results for the Br-covered surface at@, where the inaccessible
region is only 200 mV wide, imply that this maximum is close to the disorder-order
transition of the halide adlayer.

Inboth (1 1) andc(2 2) regions an approximately exponential potential dependence
of the S¢ mobility was observed, indicating a linear relation between the potential and
di usion barrier E 4(). The latter was calculated from = o exp( Ekds(% ), assuming
the same attempt frequency o = 2:35 10" s ! reported by Tansel et al. in a detailed
temperature-dependent study of § di usion on ¢(2 2)-Cl covered Cu(100):8 Table 7.1
summarizes the obtained potential-dependent barrier changes for the Br- and I- covered
Ag(100). It is important to note that the values given in the present work for the barrier
changes are intended more for a qualitative interpretation, as various reasons lead to
uncertainties in the determination of the barrier change, e.g. the scattering of the data
points due to tip e ects, low statistical events for some potentials and the fact that errors
are very large at very low jump rates.
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Coadsorbate Temperature 9Ed/ &

Br 20 C 0:68206]
c2 2) Br 4 C 040 0O:11
I 4 C 0:69 0:30

Br 20 C 0:44 0:15
@ 1 Br 4 C 0:59 0:.04
I 4 C 0:16 0:.06

Table 7.1: Diusion barrier dE 4/d of S 54 on a Ag(100) in Br/l-containing electrolyte
as obtained from a linear regression to the data presented in Fig. 7.4.

The potential-dependence in the(2 2) regime is in accordance with most other studied
adsorbate/coadsorbate systenh$>20%2%%l and might be rationalized by a rotation di u-
sion mechanism, in which the lattice positions of § and three neighboring halide coadsor-
bates rotate around a common centdf®l However, the surprising increase in the surface
mobility with potential in the (1 1) regime is not clear yet. According to combined sur-
face X-ray scattering and chronocoulometric studies of Ag(100) in 1 mM Br-containing
electrolyte at room temperature, the Br coverage monotonically increases in the potential
range L1to 0:6 V (see Figure 7.4b}3*1 Thus, the Sy mobility increases in par-
allel to the halide coverage, implying that the coadsorbates substantially accelerate the
surface di usion (up to several orders of magnitude). Although halide-induced increases
in surface mobility have been reported before, these were restricted to metal adatoms
and could be explained by the formation of metal-halide surface complex&st?*l In
contrast to the latter case, adsorbed sul de and halides interact repulsively and a strong
enhancement of & di usion by coadsorbed halides is not expected.

The experimentally observed behavior cannot be explained clearly at this point. There-
fore, di erent discussions are ongoing with our collaboration partners from the theory
department. At this moment, no nal conclusion is gained regarding the di usion mech-
anism. However, based on the literature regarding similar systerti§’?%¢ the following
argumentations could be derived:

Di usion via an exchange mechanism Following equation 2.7, the inversion of the
sign of the curve in Figure 7.4 is directly connected to a sign change of the dipole mo-
ment along the di usion path. A similar behavior has also been observed in Re2(9,
where the authors observed an inverted slope of the mobility for&Br-covered Cu(100)

as compared to §/Cl-covered Cu(100). In their work, dierent di usion paths were
considered to cause this behavior: a di usion mechanism of thesSthrough a surface
metal atom as compared to a rotational di usion mechanism on the surface.

It may be speculated that in the here observed case a similar issue arises: 1)ad#-
fusion with a concerted rotation mechanism on the fully covered surface, and 2) g S
subsurface di usion (i.e. including a metal-surface atom) in the region of lower coverages.
An alternative mechanism to 2) that may yield the same dipole moment change might
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7 Non-Monotonic Potential-Dependent Surface Di usion at Electrochemical Interfaces

Figure 7.4: (a) Potential-dependent di usion coe cients calculated from experimentally
determined hopping rates of § on thec(2 2) (squares) and (1 1) (circles) lattice in
electrolytes containing 1 mM bromide (blue) or iodide (red) (data for & di usion on
Ag(100)<c(2 2)-Br at RT are taken from Ref. p0q). (b) Comparison of the Sq di usion
coe cients on (1  1)-Br with the Br 54 coverage obtained from chronocoulometric data
by Wandlowski et al. (data taken from Ref. B3J)).

be a direct jump of the §q into a neighboring vacancy in the adlayer. If the correct
potential dependency can be derived for this di usion mechanism could be obtained from
DFT calculations.

Diusion via an Ag vacancy A second possible di usion mechanism can be derived
from Ref. [207. The authors observed two types of ;3 diusion behaviors for the
c(2 2)-Br covered Ag(100). The rst type exhibited a di usion behavior similar to
other comparable systems, such @2 2)-Cl Ag(100)?°°!, while the second type involved
subsurface di usion of §q facilitated by a vacancy in the Ag-substrate. While the rst

di usion behavior can be described by a 2D random walk model, allowing only single
jumps, for the later case both single and long jumps have been observed in their stlidy/.
Moreover, it was shown that vacancy-mediated mechanism led to an enhancement of
the S,q surface mobility by orders of magnitude orc(2 2)-Br covered Ag(100). It is
important to note that the vacancy-mediated events have been observed occasionally and
in parallel to the typical concerted rotation mechanism. Their study implies that the

di usion behavior in the presence of bromide might be rather complex. Considering the
system observed here where the Ag(100) is not completely covered by tf2 2)-Br
adlayer, new di usion paths that have not been studied in previous publications may
be possible or even coexisting as well. Therefore, for our experiments, the di usion
mechanism via an Ag vacancy may also be an option.

The experimentally observed behavior cannot be explained without further calculation at
this point and a nal conclusion about the di usion mechanism is not yet found. It may
be possible, that theoretical simulations unveil a di erent di usion path or mechanism.
Nevertheless, these data demonstrate the central impact of coadsorbates and in particular
halides on surface dynamics.
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Summary and Perspectives

The main objective of this thesis was to improve our understanding of electrochemical
interfacial structures, focusing on the e ects of adsorbates on surface reactivity and dy-
namics. Chapters 4-6 concentrated on the investigation of fundamental topics related to
copper/bicarbonate interfaces in the context of the electrochemical carbon dioxide reduc-
tion, as an important area of research on the road to sustainability. Chapter 7 addressed
the in uence of coadsorbates, in particular halides, on surface mobility. The systematic
investigation of the interaction between adsorbates and the electrode surface is expected
to contribute to a broader scienti ¢ understanding of electrochemical interfaces and their
role in shaping the reactivity and dynamics of electrochemical processes.

Copper/bicarbonate interface beyond any catalytic reaction  We started our scien-
tic journey with the investigation of Cu(100) electrodes in chapter 4, in one of the
most popular electrolytes for CQRR, 0.1 M KHCO3, and in thepd_oublff) layer potential
window. Two rather complex ordered structures, a stripe-like (2 6 2)R45 and a
square (4 4) structure, were observed above 0 V. Both structures contained maxima
with di erent appearances in high-resolutionin situ STM images, indicating the pres-
ence of di erent chemical species coadsorbing on the substrate. Furthermore, the adlayer
exhibits dynamic behavior: While the stripe-like structure shows only a weak dynamic
uctuation, the square structure undergoes pronounced structural uctuations on the
in situ STM images. This has been assigned to the positional uctuation and/or the
uctuation boundaries between di erent rotating domains of this phase. Moreover, a re-
versible potential-dependent order-disorder transition has been identi ed for this adlayer
around 0 V. To clarify the chemical nature of this complex adsorbed layer, calculations
have been performed considering di erent adsorbates such as carbonate (L ®@icarbon-

ate (HCOs3), water (H,0) and hydroxyl (OH) with di erent coverages and compositions.
Based on 192 structures considered in terms of their energy and stability, coadsorbed
carbonate and water molecules have been identi ed as chemical components of the ad-
layer. Furthermore, the prominent role of the adjacent water in the stabilization of the
observed structures was determined.
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Copper/bicarbonate interface under CO , reaction condition Following the charac-
terization of the Cu(100)/bicarbonate interface beyond any reaction (chapter 4), we con-
tinued our journey in chapter 5 towards the initial stage of CGRR on Cu(100) in CO;-
saturated 0.1 M KHCO;. High-resolutionin situ STM images revealed that the copper
with atomically at terraces undergoes a drastic CO-promoted restructuring at poten-
tials below 0:2 V in the form of nanocluster formation. A quantitative analysis of the
cluster characteristics revealed a diameter of 1.5 nm and an apparent height equivalent

to a Cu monolayer for the majority of the clusters. The terraces were suggested as the
source of Cu atoms in the formation of the cluster, as the steps were likely blocked by
anion adsorption. This was supported by the observed evidence of vacancy formation on
the STM images (appearance of depressed areas), which occurred simultaneously with
cluster formation. A rough estimation using grain analysis methods has shown that the
depressions (after disappearance of the cluster) have a similar or slightly higher coverage
(6 %) than the clusters (4 %). Changing the potential back to higher potentials of up to
0:13 V resulted in a completely cluster-free surface within a few minutes, suggesting the
clustering process to be completely reversible.

The in situ SXRD experiments provided consistent results. They demonstrated signi -
cant deviations in the CTR signals of the double layer potential region at 0 V compared

to the reconstruction potential region at 0:3 V, which evidenced structural changes on
the surface. Moreover, further changes in the signal towards a more negative potential
region were observed. The potential-dependent changes in the CTR data were described
by a model that assumes roughness resulting from lattice defects, in which Cu atoms
in the surface layer migrate to lattice positions on the surface. These correspond to Cu
adatoms or atoms in clusters. In addition, a vertical expansion of the two upper Cu
layer spacings was considered. Based on this model, the full sequence of CTRs have been
analyzed and displayed a signi cant increase in the surface defect density at a potential
below 0:2V, re ecting the observed onset potential of the cluster formation in the STM
experiments. In addition, the surface coverage change of these defects had a close value
(4 %) to that found with in situ STM. Moreover, the SXRD ndings suggest the presence

of these spontaneously formed low-coordinated sites over the entire potential range of the
COzRR.

Chapter 5 also highlighted an irreversible structural change on the molecular scale that
occurs as a result of nanocluster formation and persists over a wide potential window
after the cluster dissolution. In contrast to the expected ordered structure in the dou-
ble layer potential range (as it was presented in chapter 4), only short-range order has
been observed on then situ STM images of the remained structure after the surface
has undergone the clustering process. These irreversible changes have been attributed to
the presence of Cu adatoms and surface vacancies, which remain on the electrode surface
after dissolution of the clusters. This was explained by the molecular adlayer on the
surface, that prevents the surface mobility of adatoms and the recombination of adatoms
with vacancies.

Additionally, complementary SERS experiments were performed to con rm the potential-
dependent chemical composition of the adsorbates and complete the microscopic scenario
of molecular-scale structural changes on Cu electrodes. These studies have con rmed the
promoting role of key intermediate CO in the nanocluster formation and suggested the
formation of the rst reaction intermediates, such as carboxylates, already at 0 V.
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8 Summary and Perspectives

These ndings show a process that activates the catalyst and provides low-coordinated
sites to the reaction that need to be considered in mechanistic studies of the ZRR. It
was also suggested to review the current protocols for catalyst activation by sequential
Cu oxidation-reduction processes and to explore alternative methods for catalyst activa-
tion/regeneration, e.g. by pulses in the potential area of clustering or related protocols.

Modi ed copper/bicarbonate interface via Ag-electrodeposition After the copper/bi-
carbonate interface was studied at C&RR condition in chapter 5, the journey continued

in chapter 6 with a modi cation of the Cu(100) surface with one of the preferred partners
for a bimetallic catalyst systems, namely silver. The aim was to prepare and characterize
this system as a model catalyst for fundamental studies of GAR on bimetallics. First,

a silver containing electrolyte has been used for submonolayer electrodeposition of Ag on
Cu(100) in diluted sulfuric acid (0.1 M HSGQ,). Silver formed monolayer islands with

a hexagonal quasi-Ag(111) atomic lattice on Cu(100). High-resolutian situ STM im-
ages of the Ag islands showed a characteristic uniaxial modulation parallel to the [011]
direction of the copper substrate, which was assigned to the lattice mismatch between
Cu and Ag. Furthermore, it was demonstrated that both, Cu and Ag islands exhibit
the well-known characteristic frizziness behavior in sulfuric acid. The next step involved
replacing the diluted sulfuric acid by 0.1 M KHCQ using a remote-controlled pump
system. The electrolyte exchange led to a pronounced restructuring of the Ag islands
toward anisotropic shapes. In addition, nucleation and growth of new islands have been
observed together with an overall decrease in the surface mobility. The high-resolution
STM images showed a disordered adsorbed layer after electrolyte exchange in the dou-
ble layer potential range, which is in contrast to the presented data in chapter 4, where
highly ordered structures of coadsorbed carbonate and water had been presented for this
potential range above 0 V. The disordered adlayer has been rationalized by the presence
of mobile Ag and Cu adatoms on the surface. Similar disordered adlayer was also found
after the CO-induced nanoclustering of the surface, as presented in chapter 5. These
data emphasize the importance of performing fundamental investigations on the path to
mechanistic understanding of CGRR.

Surface dynamics in halide containing electrolyte  The subject of the nal chapter 7 of
our journey moved away from studying Cu-based model catalysts of GRR and focused

on surface diusion of sulfur on Ag(100) in the presence of halides, such as bromide
or iodide. Quantitative in situ STM studies of §4 on c(2 2) iodine covered Ag(100)
revealed a strong linear change of the di usion barrieE4 with the potential , as it was
previously reported for Cl- and Bre(2  2) covered Ag(100¥2°°! In these cases, the §
substitutes halides in thec(2 2) structure and di uses on the superlattice. Unexpectedly,

at potentials more negative than the Ising disorder-order transition, the ;8 mobility
showed a reverse potential dependency. The origin of this behavior remained unsolved,
as the theoretical calculations as well as a required further experimental investigation is
beyond the time frame of this thesis. Nevertheless, this study emphasizes once again the
role of fundamental understanding in the electrochemistry, as apparently "simple" and
well-de ned systems can be rather complex.
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8 Summary and Perspectives

Perspectives The scienti ¢ work conducted in this thesis provided an improved picture

of the Cu/bicarbonate interface on the molecular-scale and showed the e ect of adsor-
bates on the characteristics of this important interface. It also provided insights that
need to be incorporated into the practical catalyst design and/or on the way of funda-
mental understanding and theoretical calculations of carbon dioxide electroreduction on
copper based materials. Moreover, the strong in uence of halides on surface mobility was
presented as an example of a well-de ned and at the same time unexpectedly complex
system.

To enhance our understanding of interfacial electrochemical processes, integrating multi-
ple in situ and/or operandomethods would be highly bene cial. For instance, combining
STM with a chemical-sensitive technique like chromatography in the context of GBR
could be bene cial to identify the products at each reaction step and correlate them with
the morphological data, leading to a more comprehensive step by step understanding. As
demonstrated in chapter 5, the cathodic potential for STM studies is constrained by the
tip's sensitivity, particularly due to signi cant gas evolution during CO,RR. This limi-
tation could be mitigated by developing an appropriate cell design in combination with
continuous electrolyte exchange, allowing access to potentials beyond the initial phase of
CO;RR for STM studies. Furthermore, complementary investigations of the bimetallic
AgCu model systems presented in chapter 6 in terms of their catalytic performance would
be a topic of interest. Likewise, high-speed STM investigations of the surface dynamics
similar to those in chapter 7 in direct relation to CQRR could be of great value, as recent
theoretical studies have demonstrated the unambiguous role of surface di usion on the
CO,RR.[*I
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