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Abstract

Detailed molecular understanding of surface chemistry under realistic non-equilibrium
working conditions is pivotal for the rational design of efficient electrocatalytic energy
conversion devices or effective measures against surface corrosion. Operando monitoring
of reacting species with high surface-molecular sensitivity and chemical specificity under
reaction conditions, ideally with nanometer spatial resolution, can provide the necessary
molecular insights to understand the underlying surface electrochemistry. However, de-
tection of reaction intermediates is challenging; in particular assessing simultaneously
nano-structure surface topography and local chemical information on the nanoscale.

In this thesis, we investigate one of the most important model electrodes in funda-
mental electrochemistry: polycrystalline and single crystal Au surfaces in sulfuric acid
electrolytes. We show how new molecular and unprecedented nanoscale insight into the
electrochemical Au oxidation and Au oxide (AuOx) reduction can be obtained using elec-
trochemical surface-enhanced Raman and infrared (EC-SERS/EC-SEIRAS) as well as
tip-enhanced Raman spectroscopy (EC-TERS).

We use potential-jumps to the AuOx electro-reduction onset combined with EC-SERS
to monitor the evolution of short-lived reaction intermediates. Our results confirm that
Au-OH intermediates are formed also in acidic media and give spectral evidence of Au
atoms in a 4-fold coordination with oxygen resembling the bulk AuyO3 coordination. The
EC-SER spectra further attest the adsorption of (bi)sulfate ions during surface reduction.
For sulfate adsorption on Au(111), we show how the potential-dependent vibrational
Stark effect and coverage-dependent contributions to the observed EC-SEIRA signal can
be disentangled. Using EC-SEIRAS potential-jump experiments combined with a model
equation that can describe the potential-induced peak shift of the sulfate stretch vibra-
tional mode, we quantify the coverage-dependent contribution to be 15.6 4+ 1.2 cm™! /050
and the Stark effect to be 75.6 &+ 2.7 cm™!/V.

Importantly, we demonstrate how near-field optical nanoscopy, EC-TERS, offers a
unique approach for corrosion and electrocatalysis to map nanoscale defect reactivity
under electrocatalytic reaction conditions with a chemical spatial sensitivity of ~10 nm.
We find that the electro-oxidation reactivity of Au nanodefects is directly correlated to
their surface topography and is limited to an oxide depth of ~3 nm. The local Raman
fingerprint indicates the presence of at least two spatially separated AuOx species, namely
Auy03 and AuyO, on the nanodefects. Finally, we discuss the implications of all presented
results for future EC-TERS studies to identify potential-dependent reaction pathways and
their active sites at the sub-10 nm level, which will aid to push our understanding of defect

reactivity to the molecular or atomistic level.






Zusammenfassung

Ein detailiertes molekulares Verstédndnis der Oberflaichenchemie unter realistischen Op-
erationsbedingungen ist ausschlaggebend fiir das rationale Design effizienter elektrokat-
alytischer Energiekonvertierungsgeréte oder effektiver Mafinahmen gegen Oberflachenkor-
rosion. Die Beobachtung reaktiver Spezies mit hoher oberflaichen-molekularer Sensitivitat
und chemischer Spezifizitat unter Reaktionsbedingungen, idealerweise mit raumlicher Au-
flosung im Nanometerbereich, kann die notwendigen molekularen Einblicke liefern, um die
zugrundeliegende Oberflachenelektrochemie zu verstehen. Jedoch ist die Detektion von
Reaktionszwischenprodukten herausfordernd, besonders das gleichzeitige Untersuchen der
nanostrukturierten Oberflichentopographie und lokaler chemischer Informationen auf der
Nanoskala.

In der vorliegenden Doktorarbeit wird eine der wichtigsten Modellelektroden im Bere-
ich der grundlegenden Elektrochemie untersucht: poly- und einkristalline Goldoberflaichen
in Schwefelsaure. Es wird gezeigt, wie neue molekulare und nanoskalige Einblicke in die
elektrochemische Goldoxidation und Goldoxidreduktion mittels elektrochemischer ober-
flichenverstéarkter Raman- und Infrarot- (EC-SERS/EC-SEIRAS), als auch spitzenver-
starkter Raman-Spektroskopie (EC-TERS) erhalten werden konnen.

Potentialspriinge zum Einsetzen der Goldoxidreduktion werden mit EC-SERS kom-
biniert, um die Entwicklung kurzlebiger Reaktionszwischenprodukte zu verfolgen. Die
Ergebnisse bestatigen, dass Au-OH Zwischenprodukte auch in saurer Umgebung entstehen
und geben spektrale Hinweise auf Au Atome in einer 4-fach Koordination mit Sauerstoff,
welche der Auy,O3 Bulk-Koordination dhnelt. Die EC-SER, Spektren belegen die Adsorp-
tion von (Bi)Sulfationen wéhrend der Oberflichenreduktion. Fiir die Sulfatadsorption
auf Au(111) wird aufgezeigt, wie der potentialabhédngige Stark-Effekt und bedeckungsab-
héangige Beitrage des beobachteten EC-SEIRA Signals unterschieden werden kénnen. Mit-
tels EC-SEIRAS Potentialsprungexperimenten in Kombination mit einer Modellgleichung,
welche die potential-induzierte Peakverschiebung der Sulfatstreckschwingung beschreibt,
werden die bedeckungsabhingigen Beitriage auf 15.6 + 1.2 cm™! /050 und der Stark-Effekt
auf 75.6 + 2.7 cm ™! /V quantifiziert.

Zudem wird aufgezeigt, wie optische Nahfeld-Nanoskopie, EC-TERS, einen einzigarti-
gen Ansatz auf dem Gebiet der Korrosion und Elektrokatalyse bietet, um Defektreaktiv-
itat unter elektrokatalytischer Reaktionsbedingungen mit einer chemisch-raumlichen Sen-
sitivitdt von ca. 10 nm aufzuldsen. Die Elektrooxidationsreaktivitdt von Au Nanodefekten
korreliert direkt mit ihrer Oberflichentopographie und ist begrenzt auf eine Oxiddicke von
etwa 3 nm. Der lokale Raman-Fingerabdruck zeigt das Auftreten von mindestens zwei

rdaumlich getrennten Oxidspezies auf den Nanodefekten an und zwar Au,Oz and Au,O.



Abschlielend werden die Implikationen der vorgestellten Ergebnisse fiir zukiinftige EC-
TERS Studien zur Identifikation potentialabhéngiger Reaktionspfade und ihrer aktiven
Zentren im sub-10 nm Bereich diskutiert, welche unser Verstdndnis reaktiver Defekte auf

molekularer bzw. atomarer Ebene vorantreiben wird.
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Chapter 1
Introduction

The continuously growing world population and the rise of living-standards worldwide
has been leading to a continuous increase in energy consumption, usage of fossil fuels,
toxic chemicals and other resources over the past decades. The limited availability of the
world’s resources, further projected growth of energy demands, and environmental as-
pects, such as climate change, urge the global transition to a sustainable 'green’ economy
[Chul2]. Part of a solution concept, known as the "hydrogen economy’, is based on the
idea of using carbon-free molecular hydrogen produced from renewable energy sources as
energy carrier and was suggested by John Bockris and John Appleby in 1972 [Bocl3].
Within this concept, intermittant renewable energies can be stored in the chemical bonds
of molecular hydrogen (that is produced by water splitting, i.e. 2 HoO — 2 Hy + O5) and
later, at a desired point in time, be transformed back from chemical energy into electricity

by fuel cell devices.

The field of electrochemistry plays a critical role for this electrochemical energy conver-
sion scheme, as it is the electrochemical electrolyzers (the devices that transform electrical
into chemical energy by water splitting) and fuel cell devices that form the centerpiece
of this electrochemical energy conversion scheme. In both electrolyzer and fuel cell, elec-
trocatalytic materials (electrocatalysts) speed up the electrochemical reaction by offering
an alternative reaction pathway to thus decrease the reaction activation energy barrier
and increase device efficiency. Current research seeks to develop electrocatalysts that are
highly active but cheap, selective towards a desired reaction and at the same time stable
for many hours of operation under the harsh environments of aqueous solutions or vapors
[Debl12l [Youl§]. The development of such energy materials is a challenging task [Shel7],
because most often it is far from straightforward to experimentally identify which defect

sites, such as nanoscale protrusions or step edges, are most active and which defects are
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bound to degradation and corrosion phenomena.

The knowledge of site-specific reaction pathways and nanostructure-activity relations
can be used to establish rational design principles to accordingly modify the electrode’s
nanoscale surface structure and/or material composition to enhance activity, selectivity
and/or stability of the electrode toward a given electrochemical reaction [Mis16]. To elab-
orate such rational design principles for efficient energy conversion devices, novel electro-
chemical synthesis protocols or effective measures against material corrosion, elucidation
of reaction mechanisms by operando monitoring and identification of surface reaction in-
termediates are required [Banl4l, Meil8| [Donl9|, ideally on the atomic level. However,
detection and reliable identification of reaction intermediates with nanoscale spatial pre-
cision during electrochemical reactions are challenging: the inherently limited number of
available surface sites [Van69] require high sensitivity to detect and characterize few reac-
tive molecules at the catalyst surface. Low residence times of the reaction intermediates
at the surface [Houl4, Benl€] warrant additional high surface-molecular sensitivity to
allow sufficiently low acquisition times in the order of ps to s. Highly surface-molecular
sensitive experimental tools are required that provide chemical specificity under realistic

working conditions with nanoscale spatial chemical and topographic resolution.

Operando surface-enhanced Raman and infrared (IR) spectroscopy (EC-SERS/EC-SEIRAS)
provide the surface molecular-sensitivity and chemical specificity under reaction con-
ditions [Wu08), [Sam05]. In particular, IR and Raman vibrational spectroscopies offer
molecular chemical fingerprints sensitive to the nature and the chemical environment of
the molecules under investigation. The high surface molecular sensitivity is achieved by
metal surface nanostructures that amplify the IR and Raman signals. However, EC-
SERS/SEIRAS provide an average response of the catalyst surface and molecular species
in few nanometer proximity to the amplifying nanostructures present within the focus
spot. Ideally, one could perform EC-SERS/SEIRAS measurements with nanometer spa-
tial resolution at a single location. Electrochemical tip-enhanced Raman spectroscopy
(EC-TERS) offers nanoscale chemical resolution of electrified solid-liquid interfaces by
utilizing a single plasmonic hotspot that can be strategically moved across the sample
surface to probe different surface locations. While the TERS technique under ambient
conditions was introduced almost 20 years ago, the in-situ electrochemical TERS analog
was only recently pioneered independently by the Ren [Zenl5], Van Duyne [Kurl5] and
Domke groups [Marl7b]. These first works have demonstrated astonishing capabilities to

address the molecular behavior of few molecules in situ. However, for the field of elec-
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trocatalysis, corrosion or other solid-liquid interface-related disciplines, one key ability
has yet to be demonstrated: the operando nanoscale chemical reactivity mapping and
direct correlation between local chemistry and surface topography under electrochemical

reaction conditions.

The overarching goal of this thesis is to answer the question how EC-TERS chemical
imaging of the local defect chemistry and the identification of active nanoscale defects
under reaction conditions is achievable. For this purpose, we map the electro-oxidation
of nanoscale defects at Au(111) single crystal surfaces in contact with sulfuric acid and
correlate surface topography and chemical reactivity. In the process, we further show how
quasi-atomistic insight can be gained by complementary EC-SERS/EC-SEIRAS potential-
jump experiments to identify (hydr)oxide intermediates or to study sulfate adsorption
paving the way for the current but also future EC-TERS studies. In this way, elec-
trochemical plasmon-enhanced vibrational spectroscopy will ultimately contribute to the
necessary nanoscale mechanistic understanding to aid the rational design of highly effi-

cient and stable electrocatalysts in the future.

The content of this thesis is partly adapted/reproduced from published [Pfil8], [Pfil9¢] or
about to be published work [Pfi19al, [Pfi19b]. This chapter is (partly) reproduced/adapted
from "Jonas H. K. Pfisterer and Katrin F. Domke, “Unfolding the versatile potential of
EC-TERS for electrocatalysis”, Current Opinion in Electrochemistry, 2018, 8, 96-102’,
published by Elsevier in 2018 [Pfi18].

1.1 Identifying active sites and local defect chemistry

Two of the key challenges in electrocatalysis as well as in corrosion science are (i) to
determine the atomic composition of catalytically active surface sites that possess opti-
mal adsorption properties and (ii) to identify molecular species and reaction pathways
at specific surface sites as a function of applied (over)potential [O’M14, [Bel03|, [Jar07].
The inhomogeneous reactivity distribution at catalytically active electrodes was already
pointed out in 1925 by Hugh Stott Taylor [Tay25]. According to Taylor, it is not the com-
plete catalyst surface that is catalytically active, but only specific surface sites. Ensemble
studies indicate that these ’active sites’ are often defects with adjusted coordination num-
bers, e.g. step edges or protrusions, that are responsible for most of the overall surface
activity [Misl6]. For example, the oxygen reduction reaction (ORR) in alkaline media

shows higher efficiency on the Au(100) single crystal surface than on Au(111) due to ad-
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justed adsorption properties of the reaction intermediates [Her(07]. In analogy, corrosion
phenomena typically initiate at particular surface nanodefects and progress stepwise into
the material [Luol8]. Step edge defects on Au(111) surfaces are, for example, electro-
oxidized to gold oxide (AuOx) at about 10 to 20 mV lower overpotentials compared to
the (111) terrace sites [Kol00, [Zhul3]. These results indicate that, in general, differ-
ent atomic arrangements favour different mechanistic pathways. To rationally engineer
nanoparticles with specific atomic arrangements or defects enhancing surface reactivity
and /or stability, detailed molecular understanding at the nanoscale or even atomic level is
therefore required. The correlation between nanoscale surface atomic arrangements such
as step edges or adatoms and reactivity or the site-specific reaction pathways, however,
are still not fully understood — due to the lack of operando methodologies with chemical

nanoscale resolving capabilities.

Model experiments under ultra high vacuum (UHV) conditions and computer simula-
tions have remarkably contributed to our current understanding of the relation between
defect reactivity and surface structure [Thol4]. However, atomistic insights from UHV
studies or computer simulations are often difficult to translate to more complex reaction
environments. Scanning electrochemical microscopy (SECM [Benl9]) has been used, for
example, to study the electrochemical response of molybdenum disulfide nanosheet edges
with <20 nm spatial resolution [Sunl9)] or to resolve the reactivity of single Au nanoparti-
cles of 10 nm size [Sunl4]. Electrochemical scanning tunneling microscopy (EC-STM) has
recently been utilized to identify active surface sites by the comparison of local current
fluctuations of the tunneling barrier above reactive and non-reactive nanoscale surface
sites [Pfil7]. However, as for SECM, EC-STM in general lacks chemical specificity that

would be required to obtain local chemical information about the reacting species.

The challenge of acquiring nanoscale chemical information of reacting molecules can be
overcome by employing EC-TERS, as is demonstrated in this thesis. EC-TERS smartly
comprises EC-scanning probe microscopy (EC-SPM) and label-free near-field Raman spec-
troscopy - introducing chemical specificity to EC-SPM setups. The SPM-tip is utilized
as a nano-antenna that amplifies the otherwise weak Raman signals of few molecular ad-
sorbates, where the Raman enhancement originates from surface plasmons that create a
strong localized near-field at the SPM-tip apex providing intense TER scattering. The
SPM-tip, or EC-TERS probe, can be strategically positioned on the electrode surface
to locally investigate and compare the desired reaction/adsorption sites. The comprised

SPM setup allows simultaneous imaging of the surface topography. TERS under UHV
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conditions has demonstrated stunning chemical spatial resolution of down to the sub-
nm level [Zhal3al [Leel9]. Under ambient conditions, chemical spatial resolution of few
nanometers has been achieved [Zhol7, [Sul§|. Although EC-TERS has only recently been
introduced to the electrochemists’ tool box, the pioneering and very recent EC-TERS
works hold great promise for future implementation of the EC-TERS approach in elec-
trocatalytic research. In the following, we shortly review the current status of TERS in
air to study catalytic reactions and the to date available liquid- and EC-TERS literature

and their implications for electrocatalysis.

1.1.1 Catalytic studies with TERS in air

It has been repeatedly demonstrated that TERS in air offers direct experimental in-
sight into nanoscale surface chemistry relevant for catalytic research questions, such as
molecular orientation [Zhal(), [Toc16], chemical interactions [Dom09, [Jial5] or charge-
transfer properties [Liulll [Kral7], achieving even picosecond time resolution in spe-
cialized setups [Klil4]. The first TERS studies of a catalytic chemical conversion pro-
cess, the dimerization reaction of 4-nitrothiophenol (NTP) to form dimercaptoazoben-
zene (DMAB), were published in 2012. Van Schrojenstein Lantman et al. followed the
photo-catalyzed dimerization reaction with TERS under ambient conditions [vanI2]. Xu
and co-workers quantified the chemical conversion as a function of laser intensity with
UHV-TERS [Suni2 [Zhal3b]. Another remarkable study underlining the potential of
TERS to monitor catalytic conversion was published by Chaunchaiyakul et al. who re-
cently observed the formation of C=C triple bonds due to dehydrogenation of (M)-2,13-
bis(hydroxymethyl)(7)thiaheterohelicene on Au(111) [Chal7].

Making use of the nanoscale mapping ability of TERS, in 2015, Kumar et al. monitored
the photocatalytic induced dimerization of p-mercaptoaniline (pMA) on Ag nanoparticles
under ambient conditions and resolved the catalytically active nanoparticles with around
20 nm chemical spatial resolution [Kuml15]. Correlated TERS maps and topography im-
ages revealed that the reaction occurred only on the Ag nanoparticles. Employing phenyl
isocyanide as probe molecules, Zhong et al. investigated the site-specific catalytic proper-
ties of a bimetallic Pd-submonolayer on Au(111) model catalyst with a TERS resolution
of 3 nm [Zhol7]. The combined TERS and theory work allowed quantification of the
molecule—surface site interaction energies at the Pd-Au step edge compared to the mono-
metallic terrace sites due to the distinct electronic properties of the step edge. In a similar

more recent work, the same group reported a chemical spatial resolution of even 2.5 nm

[Suls].
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While these examples highlight the molecular insights and chemical spatial resolution
that is currently achievable with TERS in air measurements, TERS setup implementa-
tion in liquid electrolytes poses additional technical challenges to the TERS optics due to
light aberrations at the air-glass-liquid interface |[Gjo12].

1.1.2 Moving into liquid

Solid-liquid TERS was first demonstrated by Schmid et al. [Sch09]. Since then, only a
handful of studies have been conducted in liquids without potential control [Nak13|, Mar16,
Toul®, [Piel6, Marl7a, [Kumi8, [Bhal9b, Kum19, [Bhal9a]. The growing number of recent
TERS studies have concentrated on bottom excitation-collection atomic force microscopy
(AFM)-TERS, in which the transparent substrate is immersed to a small drop of liquid.
For example, Kumar et al. imaged single-wall carbon nanotubes on a glass substrate under
a drop of water and achieved a chemical spatial resolution of about 28 nm using Cr-Au-
Ag tips [Kuml8]. However, direct correlation between simultaneously recorded SPM and
liquid-TERS maps was yet missing. In another study, Kumar et al. developed a new
zirconia-protected TERS probe with increased lifetime, with which the authors studied
the plasmon-assisted oxidation or dimerization reaction of p-aminothiophenol (pATP) on
a Ag nano-structured substrate immersed in a water droplet [Kum19]. The heterogeneous
Ag substrate revealed structure-dependent variations in reactivity revealing an average
apparent size of the reaction hotspots of about 14 nm. This liquid-TERS study can be con-
sidered the extension of the earlier presented TERS work in air by Kumar et al. in 2015
[Kum15]. Similarly, Bhattarai and El-Khoury recently studied also a plasmon-assisted
dimerization reaction of a self-assembled NTP monolayer on Au microplates on a glass
support in the liquid phase [Bhal9a]. The authors moved a Au-coated AFM-TERS-tip
in water across the Au-glass boundary region composed as a ~30 nm high Au edge and
mapped the DMAB dimer product and the characteristic NTP resonance, respectively.
The authors visualized the inhomogeneous distribution of reactant and product across
the Au platelet edge region and attributed these inhomogeneities to steric or molecu-
lar crowding effects. Based on theory calculations and their recorded TER spectra, the
authors further observed both cis- as well as trans-DMAB product molecules formed at
the surface. In a prior study, the same group had shown that it is the edges of thiol-
functionalized Au triangular platelets that reveal highest TERS intensities for the nitrile
stretch at 2222 cm~! and inferred enhanced local fields at the ~40 nm high Au edges,

obtaining a chemical spatial resolution of around 15 nm [Bhal9b].
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While these liquid-drop TERS approaches give valuable insight into solid-liquid inter-
faces, EC-TERS poses additional experimental challenges, such as potential control of
the substrate, the necessity of well-engineered sample cells that accommodate bulk liquid
electrolytes and high cleanliness of all electrochemical cell components. The advantage
of a bulk electrolyte lies in the increased available space to accommodate counter and
reference electrodes, the reduced risk of rapid solvent evaporation and possible concomi-
tant pH changes. Moreover, the potential-control allows insertion of the electrolyte into
the sample cell under well-defined conditions, if that is required, and can prevent de-
tachment of molecules from the surface. Most importantly, triggering of electrochemical
processes and the simultaneously obtainable current-potential response characterizing the

macroscopic electrode state are promising assets.

1.1.3 Electrifying TERS in liquid

In 2015, Ren and co-workers studied 4-PBT ((4-(pyridin-4-yl)biphenyl-4-yl)methanethiol)
on Au(111) with EC-TERS and observed molecule configurational changes as a function of
applied potential due to protonation and deprotonation of the adsorbed molecules [Zen15].
By means of density functional theory (DFT) calculations and comparison of EC-SERS
and EC-TERS spectra acquired in different pH electrolytes, the authors found the nitro-
gen end of the 4-PBT to be protonated at negative potentials or deprotonated at positive
potentials. Interestingly, the cyclic voltammogram (CV) was almost featureless within the
exploited potential limits as the 4-PBT monolayer passivated the Au(111), leaving only
the EC-TERS signal for analysis of the local protonation/deprotonation. Very recently,
the Ren group successfully implemented a water immersion objective to the EC-TERS
setup that led to a remarkable 5-fold sensitivity increase and allowed the authors to study

the electrochemical redox processes of anthraquinone molecules on Au(111) [Hual9).

In 2015, Van Duyne and co-workers investigated the redox reaction of Nile Blue (NB) dye
molecules on polycrystalline indium tin oxide (ITO) [Kurl5]. They correlated the EC-
TER scattering intensity with the charges of the faradaic current in the simultaneously
acquired CV. Surprisingly, a potential difference for the onset of NB oxidation/reduction
to more negative potential values by >100 mV was observed for the nanoscale TERS
response compared to the macroscale CV response. This difference between nano- and
macro-scale observables was ascribed to the local disturbance of the electrochemical dou-

ble layer by the TERS-tip in nanometer proximity to the electrode.

In a follow-up study, Van Duyne and co-workers extracted the apparent formal potential



8 CHAPTER 1. INTRODUCTION

(Ey) from TERS-intensity vs. potential curves (TERS-CVs) for different surface coverages,
giving evidence of single-molecule electrochemistry [Matl6]. The extracted E, varied as
a function of electrode surface location and the occurrence of two-step TERS-CVs at low
surface coverages supported a preferential adsorption at specific surface sites. The authors
statistically analyzed the extracted cathodic and anodic EB. Plotting the occurrence of
specific B, values returned an ensemble TERS-CV comparable to a conventional CV. The
authors found the anodic Ej distribution to be narrower than the cathodic Ej, which indi-
cates that reduced NB is less sensitive to the local electrochemical environment. Recently,
the Van Duyne group studied the same NB redox system as well as cobalt phtalocyanine
(CoPc) also on opaque Au(111) electrodes further correlating EC-TERS with macroscopic
CV features and studying the potential-triggered order/disorder phase transition for the
CoPc case [Chel8b| [Jial9]. For the CoPc/Au(111) system, the authors did not observe
any EC-TERS features related to the ORR, for example the CoPc-Oy complex.

The Domke group recorded the potential-dependent vibrational fingerprint of less than 100
small, non-resonant adenine molecules self-assembled on Au(111) [Marl7b]. Combining
EC-TERS, CV and density functional theory (DFT) calculations, the authors proposed
a potential-dependent reversible adsorption/reaction model for the adenine/Au(111) sys-
tem: below 0.3 V vs. Ag/AgCl, adenine weakly physisorbs in a tilted geometry in its
neutral state. When ramping to higher potentials, adenine adapts an upright adsorption
geometry around the potential of zero charge. Above 0.6 V vs. Ag/AgCl, adenine is de-
protonated and adsorbs flat at the Au(111) surface, interacting strongly via Au-N bonds.
Such metal-X (with X typically N, O, S) vibrational modes at low wavenumbers <400
cm™! can be easily observed with EC-TERS. They are of particular interest in electro-
chemical surface science as they give direct insight into adsorbate—electrode interactions,
important for the chemical characterization of, for example, oxidized (electro)catalyst
surfaces. Furthermore, site-specific understanding of molecular orientation is of pivotal
importance as reactant geometry likely induces local changes in the electric double layer

and determines macroscopic device performance [Kim00].

Yokota et al. suggested self-assembled monolayers (SAMs) of benzenethiol (PhS) on
Au(111) as a standard sample for EC-TERS measurements in 0.1 M HCIO, and stud-
ied the oxidative removel of the SAMs upon surface oxidation [Yok19]. Interestingly,
according to presented EC-STM images before and after Au surface oxidation, protru-
sions that are formed during the PhS assembly on Au(111) disappear - in contrast to the
typically observed surface-roughening after Au(111) oxidation [Sch97]. Further chemical
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insight on the nanoscale is required to understand such corrosion prohibiting effects or

surface restructuring and demands combined EC-STM and EC-TERS nanoscale mapping.

Very recently, the Van Duyne group achieved the in-situ mapping of spatially hetero-
geneous surface potential distribution on ITO grains with 40 nm resolution [Kanl9).
Employing EC-AFM-TERS, the authors mapped the extracted E; from TERS-CVs of
NB molecules adsorbed to electrodes composed of well-defined Au(111) nanoplates on
polycrystalline ITO substrates. Correlating AFM-topography with Ez) maps across the
boundary region of Au(111) and ITO visualized surface-location-dependent variations of
the formal potential. While the E, distribution on Au(111) followed a single Gaussian
distribution, on I'TO, a bimodal Gaussian behavior was observed, attributed to the poly-
crystallinity of the ITO surface, revealing an overall E, difference of about 4 mV between
Au and ITO. In addition, comparison between an AFM-friction image and the EE) map
revealed certain I'TO grains with more negative Ez), which the authors proposed to be re-
lated to a more negative surface charge. One of the prime goals has thus been achieved -
simultaneous EC-TERS and EC-STM imaging of molecules adsorbed on electrode surfaces
under electrochemical conditions to directly correlate nanoscale electrochemical parame-

ters, such as the apparent formal potential, and topography in situ.

For the application of EC-TERS in electrocatalysis, the crucial next step is to show that
potential-dependent adsorption/desorption processes on pristine electrocatalyst surfaces

without a pre-assembled monolayer can be followed under reaction conditions.

1.2 Gold(oxide) - a model system

Au was the first reported electrode material used for water splitting [Tro89]. As elec-
trocatalytic material, Au has remained attractive to tune catalytic electrode properties
[Rod14l, [Kod16] or as an important model system to study, for example, the reactivity of
nanoparticles [Her(7, [Suni4]. In general, Au electrodes can be considered as one of the
most important model electrodes in fundamental electrochemistry, for example to study
ion adsorption [Ata9§], metal island deposition [Fes18|, electrocatalytic reactions [Rod14],
biosensors [Barl3] or SAMs [Mar17h].

During the initial steps of anodic water splitting, pristine Au is transformed into AuOx
(see Section for reaction equation) that decisively changes the electrode’s catalytic

properties and provides a source of the element of oxygen for Oy evolution [Con95]. For
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example, based on online electrochemical mass spectrometry and oxygen isotope exchange
experiments, Koper and co-workers showed that at low overpotentials the evolved molecu-
lar oxygen originates purely from the oxide surface, while at higher potentials, the evolved
oxygen is a combination from the oxide lattice and oxygen atoms from the water [DM13].
The AuOx electro-reduction mimics the processes occuring during the oxygen evolution
reaction (OER) at anodic potentials or during the oxidation of small organic molecules
both in the absence of the actual oxidation reaction. The AuOx formed during Au surface
electro-oxidation at anodic potentials still below the OER and the formation of a surface-
limited oxide thin film are already the product of water splitting. From macroscopic cyclic
voltammetry (CV) experiments on Au single crystal electrodes, Zhumaev et al. revealed
that it is the surface defects that electro-oxidize first, i.e. at lower potentials, compared to
well-defined atomically smooth terrace sites that oxidize only at higher potentials [Zhul3].
Such defect oxidation can be considered as a model corrosion phenomenon as well as the

initial active sites for water splitting.

Despite the significance of Au(Ox) as a versatile model system for electrocatalysis and
metal corrosion, the exact nature of the oxidized Au - the starting point for further water
splitting or AuOx reduction - is not resolved. Weaver and co-workers hypothesized that

! originates from more than a single AuOx

a broad vibrational feature around 580 cm™
species [Des86] and various (hydr)oxide species, such as Au(OH)s, hydrated or anhydrous
Auy03, OAuOH or AuyO have been suggested in the literature [Peu84l [Shi07]. Possibly,
the chemical oxide composition of active nanodefect sites locally varies, making it chal-
lenging to disentangle from macroscopic ensemble measurements, and thus determines
the local electro-oxidation reactivity. However, assessing the local oxide chemistry on
the nanoscale level has to date not been possible. Moreover, it is typically assumed that
Au-OH intermediates are formed as reaction intermediates during Au oxidation/AuOx re-
duction in acidic environment [AK86]. However, the spectroscopic detection and reliable
identification of OH-intermediates during the AuOx reduction in acidic media has, to the

best of our knowledge, not been confirmed experimentally.

1.3 Thesis outline

This thesis aims at providing the proof-of-principle that near-field optical nanoscopy, EC-
TERS, offers a unique approach for corrosion and electrocatalysis research to study active
(defect) site chemistry at the nanoscale under electrocatalytic reaction conditions. We

pave the way for the present EC-TERS study by providing complementary EC-SERS and
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EC-SEIRAS investigations elucidating the oxide reduction and sulfate adsorption at Au

surfaces.

Chapter [2 introduces some of the important concepts in electrochemistry relevant for un-
derstanding CV, the basic idea of defects in electrocatalysis and the oxidation/reduction
of Au(Ox). Further, the STM methodology is presented before explaining Raman scat-
tering and the, for this study, crucial spectroscopic methods: EC-SERS, EC-TERS and
EC-SEIRAS.

Chapter[3|further sets the scene for our nanoscale chemical imaging experiments by provid-
ing evidence that EC-SERS on simple electrochemically roughened polycrystalline Au sur-
faces offers sufficient SERS enhancement to detect various reaction products/intermediates
under reaction conditions. We perform EC-SERS potential-jump experiments to monitor
and identify short-lived reaction intermediates during the electro-reduction of AuOx in
sulfuric acid. We jump to the AuOx reduction onset potential to monitor the dynami-
cally evolving reaction intermediates as a function of time over several tens of seconds.
We observe a peak splitting of the broad AuOx spectral feature around 594 cm™! into
two bands, which we identify as Au-OH and Au in a 4-fold coordination with oxygen
resembling the bulk AusO3 coordination. Further, the EC-SER spectra provide evidence
for the adsorption of (bi)sulfate ions during the surface reduction process. The presented
potential-jump experiments linked with advanced DF'T simulations performed by our col-
laborator confirm the formation of Au-OH intermediates in acidic media during surface

reduction.

Chapter {4 highlights the role of sulfate ions that can adsorb onto Au(111) electrodes and
discusses how the potential-dependent vibrational Stark effect and coverage-dependent
contributions to the observed EC-SEIRA signal can be disentangled. Using EC-SEIRAS
potential-jump experiments combined with a simple linear model equation that can de-
scribe the potential-induced peak shift of the sulfate stretch vibrational mode, we quantify
the coverage dependence contribution to be 15.6 + 1.2 cm ™! /fso and the Stark effect to
amount to 75.6 + 2.7 cm™!/V. Potential-jump EC-SEIRAS experiments offer a new route
to better understand and interpret adsorbate interactions at electrified solid-liquid inter-

faces.

In Chapter [, we provide the proof-of-concept that EC-TERS is capable to assess to-

pographic and chemical information simultaneously on the nanoscale level under electro-
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chemical reaction conditions. We have mapped the electro-oxidation of nanoscale defects
at Au(111) single crystal surfaces in aqueous sulfuric acid and correlate heterogeneous sur-
face topography and electrochemical reactivity under reaction conditions with a chemical
spatial sensitivity of about 10 nm. Correlation of the EC-TERS AuOx signal intensity
and EC-STM height profiles allows us to estimate the local defect oxide layer thickness
to be 3 nm. The observation of AuOx peak shifts as a function of EC-TERS probe po-
sition indicates the spatial distribution of at least two different AuOx species, namely
Au,03 and Au,O, locally present on the defective nano-structures. Delivering such nano-
chemistry and nano-defect reactivity information during surface oxidation demonstrates
the unprecedented insights that are now within reach to identify potential-dependent re-

action pathways and their active sites at the sub-10 nm level.

Chapter [6] concludes by summarizing the overall findings of this thesis, followed by a
short description of current research efforts and pointing out possible future research

directions.



Chapter 2
Fundamentals and techniques

Electrochemical plasmon-enhanced vibrational spectroscopies are interdisciplinary exper-
imental methods by their very nature that require detailed understanding of electro-
chemistry, near-field optics, surface science and solid-state chemistry or physics. EC-
TERS is the combination of three experimental techniques. SPM, electrochemistry and
Raman spectroscopy are joint together to create a versatile and powerful experimen-
tal methodolgy, capable to address the local electrochemistry on the nanoscale. In this
chapter, the basic theoretical concepts, necessary to familiarize the reader with the em-
ployed experimental techniques and their working principles are discussed. In addition,
the experimental setups utilized within this thesis are specified. First, some of the ba-
sic considerations in the field of electrochemistry and the most standard electrochemical
method, CV, are discussed to provide a broad basis to understand the origins of potential-
dependent current flow through a sample electrode. Afterwards, some of the basic ideas
of electrocatalysis, such as the Sabatier principle and the concept of active (defect) sites,
are presented. Furthermore, the chemical and electrocatalytic properties of Au are dis-
cussed, together with the current understanding of the general Au oxidation/reduction
mechanisms. Moreover, the technique of STM is discussed. IR and Raman spectroscopy,
plasmonic field-enhancement and the enhanced vibrational spectroscopies, EC-SERS, EC-
TERS and EC-SEIRAS, employed in this work are elaborated.

2.1 Electrochemistry

The field of electrochemistry is the branch of chemistry that deals with the relation be-
tween measurable electric currents, i.e. flowing electric charges, and chemical changes. An
external voltage applied between two electron conducting electrodes connected through

an ionic conductor (electrolyte) can induce chemical changes at the electrode, e.g. redox

13
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reactions spatially separated at the two electrodes or molecular adsorption processes, and
trigger charge transfer across the electrochemical inferface. Vice versa, externally driven
chemical changes, e.g. by supplying an excess of chemical species to the electrodes, can
result in measurable current flow. Precise control of the applied electrode potential (i.e.
controlling the electrode’s Fermi level) allows the fine tuning of the chemical processes
occuring at the solid-liquid interface, for example, to trigger or stop a desired chemical
reaction. The concomitant flowing electric charges can be measured and provide insight
into the underlying electrochemical processes. Different electrochemical processes, such
as ion adsorption or electrocatalytic reactivity, often depend on the surface nanostructure
and the electrolyte environment and it can be challenging to ascribe the measured macro-
scopic electric currents unambiguously to specific electrochemical processes or molecular
configurations. Plasmon-enhanced vibrational spectro-electrochemistry can provide the
necessary molecular specificity complementing the electrochemistry approach. Electro-
chemical plasmon-enhanced vibrational spectroscopy presents a powerful experimental
methodology to study surface electrocatalytic reactivity, as shown throughout this thesis
(Chapter , , . In the following, some of the most important fundamental concepts of
electrochemistry (based on Bard and Faulkner [BarO1]) are discussed that help to grasp
the essence of electrochemical techniques, such as CV, the basic electrochemical charac-

terization technique to study the electrode-electrolyte interface.

2.1.1 Electrochemical double layer

When an electrode, for example a piece of metal, is immersed into an electrolyte solution,
an electrochemical double layer (EDL) is formed at the solid-liquid interface. The ions
and solvent molecules of the electrolyte arrange close to the solid metal electrode to
establish an electrostatic equilibrium between the charges in the electrode and the ions
and polarized species in the electrolyte. Figure shows schematically such an EDL
structure with the specifically and non-specifically adsorbed as well as solvated ions. The
double layer structure refers to the metal electrode (first layer, Figure gray color)
and the solution side (second layer, Figure blue color). The electrolyte configuration
is additionally structured in a compact layer close to the electrode-electrolyte interface
(Figure[2.1lup to z.) and a diffuse layer of solvated ions (Figure[2.1]from z.). The EDL is of
great importance, since adsorbed ions can have a profound influence on electrochemical
processes at the solid-liquid interface [Coll6]. For instance, chemisorbed solvent ions
can block surface sites and hinder the adsorption of reactants or reaction intermediates
[Che07]. In Chapter [3, we discuss how adsorbed (bi)sulfate ions play an important role
during the reduction of AuOx. It is noteworthy that the schematic of Figure[2.T]illustrates
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the ideal case of an atomically flat metal electrode. The presence of surface defects locally
changes the distribution/configuration of the EDL as well as the local surface electric
fields.

%. @ solvent molecule

Figure 2.1. Schematic of the EDL. ¢,, is the surface electric field at the metal electrode surface
that is directly related to the applied electrode potential. The distance from the electrode surface
to z. defines the compact layer. Image adapted from Ref. [Bar(l)].

2.1.2 Nernst equation (Thermodynamics)

The electrochemical equilibrium that is established upon immersion of a metal electrode
into an electrolyte and the thereby established open circuit potential (OCP) is quanti-
tatively described by thermodynamics. The electrochemical potential, fi, can be written

as:
f =g+ RT -In(a) + nFy. (2.1)

Here, po represents the standard chemical potential, R is the gas constant, 7' is the
temperature, a is the activity, n specifies the number of moles and F' and ¢ are the Faraday
constant and the electrostatic potential, respectively. The electrochemical potential is
composed of the chemical potential term, pu = po + RT - In(a), that originates from
the chemical interactions between molecular species, and an electrostatic potential term,
nFy, which stems from the additional electrostatic interactions between the (charged)

species. At electrochemical equilibrium, no electrochemical potential gradient is present
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across the electrode-electrolyte interface and the electrochemical potentials at the solid,

iq
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T interface are equal to one another, i.e. i{% = fi;;. According to this

Hint » and hqulda /lf
electrochemical equilibrium condition, one can derive the famous Nernst equation that
correlates the equilibrium electrode potential, E.,,, with the concentrations of the species

present, and can be written in the general form as [Bar(01]:

Eequ = E) + A (TT ()™ - (2.2)

nkt’'

Here, E() represents the formal potential that incorporates the activity coefficients, to
address species concentrations, C;, rather than activities that are often unknown. wv;
are the stoichiometric coefficients of the electrode reaction. According to the Nernst
equation, a change in concentration of species at the electrode or variations in the system’s
temperature induce a potential change. Conversely, applying a different potential to the
electrode shifts the equilibrium concentration of species at the interface and induces the
flow of electrical charges until a new equilibrium is established. The theoretically available
Gibbs-free energy of an electrochemical system, AG, is linked to the equilibrium potential
as follows [Bar(1]:

AG = —nFE., . (2.3)

In the following, we consider the non-equilibrium case when, for example, an electrocat-

alytic reaction occurs at the electrode surface.

2.1.3 Butler-Volmer equation (Kinetics)

Let us consider the case when the electrochemical system is at non-equilibrium and electri-
cal charges flow due to, for example, an electrochemical reaction. Such an electrochemical
reaction typically involves a number of steps, as schematically shown in Figure [2.2] for
example, the mass transport to and from the electrode surface, the adsorption/desorption
of chemical species and the actual charge transfer across the electrode-electrolyte interface
that can involve a number of reaction intermediates and different reaction pathways. The
slowest of these intermediate steps is called the rate-determining step and determines the

overall turnover frequency (i.e. number of chemical transitions per time unit).

For a single step one-electron reaction of the form X + e~ S Y, where X is being reduced
n}Z?A :
Here, 7 is the current, n is the stoichiometric numbelﬂ F is the Faraday constant and A

and Y is being oxidized, the net rate, r, of an electrode reaction is given as r =

INote that n can describe either the number of electrons passed per reactant molecule or the number
of moles of electrons per mole of reactant [Bar01].
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electrolyte

Figure 2.2. Illustration of different steps affecting electrochemical reaction kinetics. Image

adapted from Ref. [Bar(1).

is the electrode surface area [Bar(1]. By measuring the current per unit area, one can de-
termine the reaction rate that is potential-dependent. Considering the empirically found
Arrhenius equation for the potential-dependent forward and backward rate constants,

one can derive the famous Butler-Volmer equation as a function of applied overpotentiaﬂ,

n=E — E,,, [Ba0l]:

i = i OX(()?t) exp —aFU i CY(Ovt) X (1 — CV)Fn

2.4
C%, RT cy OPTT R | (24)

where C% and C5 denote bulk concentrations. Cx(0,t) and Cy(0,t) are the respective
time-dependent surface concentrations. iy denotes the exchange current and « is the
transfer coefficient that characterizes the symmetry of the energy barrier between reac-
tant and product. Figure illustrates the current trends as a function of overpotential
according to the (Butler-Volmer) current-overpotential equation. While for small over-
potentials an exponential increase in current is registered, for large overpotentials, the
current saturates since mass transport plays the critical role as the rate-determining step.
Considering no mass transport limitations, the influence of the pure rate constants can

be extracted and visualized as in Figure [2.3[B. Larger standard rate constants are ad-

2The overpotential, 7, is the potential difference between the applied electrode potential, £, and the
thermodynamic equilibrium potential, E.q., required to drive an electrochemical reaction.
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vantages, as they require lower overpotentials to reach equivalent current densities. For
example, the ORR suffers from slow reaction kinetics revealed by low standard rate con-
stants. Electrocatalytic research aims to understand how surface nanostructure/material
composition and activity, i.e. increased rate constants, are related to rationally design

improved electrocatalysts in the future.

(A) (B) So0,2

So0,1
as® 4/ >

Figure 2.3. (A) Current, i, plotted as a function of overpotential, n, according to the Butler-
Volmer current-overpotential equation . (B) Excluding mass transportation as the limiting
factor, the influence of different standard rate constants, sy, on the i(n) curve is visualized.
Image adapted from Ref. [Bar01)].

2.1.4 Cyclic voltammetry

Cyclic voltammetry (CV) correlates flowing electric charges, i.e. number of electrons that
pass through the electrode per unit time, as a function of applied potential. The measured
current provides an 'averaged’ response from the electrode surface. During CV measure-
ments, the applied electrode potential is linearly ramped up and down as a function of
time in a sawtooth pattern (Figure[2.4A) and the current is recorded as a function of the
applied potential. In the case of a redox couple in solution, a typical CV shows oxidation
and reduction peaksﬂ as shown in Figure . Scanning from E_ toward more positive
potentials, non-faradaic currents can be detected due to double layer charging, followed
by an exponentially increasing (faradaic) anodic current due to the oxidation of redox
species at the electrode surface and concomitant charge transfer across the interface. As
the near-surface region is depleted of reactants, diffusion processes become the limiting

factor for the oxidation of redox species and the current peak maximum is reached at

3Note that there are different current sign and CV plotting conventions for US and TUPAC [Elg1§].
Here, we use the IUPAC convention, where oxidative currents are positive and the applied potential is
plotted from negative to positive values (from left to right).
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E,. Further potential up-scan increases the depletion region at the surface slowing down
mass transport further, which manifests itself in a decreasing current. After changing the
sweep direction at E ., the oxidized redox species at the electrode surface is reduced and

a cathodic (reduction) peak is seen.

E)T (A)
E feesesssnpransnnsnnsnnnnnnns

+

Figure 2.4. (A) Applied linear potential sawtooth curves during up- and down-scans during
CV. The slope defines the scan rate in mV/s. E_ and Ey denote lower and upper potential
boundaries, respectively. (B) CV of a redox couple in solution (for one up- and down-scan, i.e.
single cycle). E. and E, are the cathodic and anodic peak positions, respectively. (C) Schematic
of a three-electrode setup in a glass-cell configuration. WE, RE and CE account for the working,
reference and counter electrode, respectively.

The standard experimental setup to perform electrochemical measurements and record
CVs is a three-electrode setup as schematically depicted in Figure 2.4C. The working
electrode (WE) is the electrode interface under investigation. A second electrode, the
reference electrode (RE), is required to set the applied potentials at the WE with respect
to this stable RE interface. The RE should be stable, non-polarizable, have a constant
reference potential and exhibit high impedance. The high impedance is required to mini-
mize possible current flow across the RE (cf. Equation in order to maintain a constant
potential. Therefore, a third electrode is introduced as a current collector and is referred
to as counter electrode (CE). At the CE, electrochemical reactions or processes occur,
which is why the CE should be chemically stable and be positioned such as to minimize
possible interference of the emerging reaction products (at the CE) with the WE. The RE
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should be located close to the WE to minimize the potential iR drop between WE and
RE. There are numerous different RE available and their usage depends on the particular
electrochemical system under investigation. The standard hydrogen electrode (SHE) is
defined as a Pt electrode in contact with an acidic solution, unity of hydrogen ion activity
and hydrogen gas of 1 bar pressure bubbling around the Pt electrode [Bar(1]. The abso-
lute SHE potential at room temperature of 298.15 K amounts to -4.44 eV vs. vacuum level
[Tra86]. In this work, the reversible hydrogen electrode (RHE) and the Pd-H electrode
are used as REs. The potential conversion scale is illustrated in Figure 2.5 For the RHE,
the proton concentration does not equal to 1 (as for SHE) and the RHE scale depends on
the pH of the electrolyte according to RHE = SHE - 59 mV * pH. The Pd-H electrode
consists of a Pd-wire that is filled with hydrogen. In an electrolyte of pH = 1, the Pd-H
electrode approximately equals SHE. For example, 0.941 V vs. Pd-H corresponds to 1 V

vs. RHE (Figure [2.5)).

. 0.941V vs. Pd-H

1V vs. RHE
=Pd-H (pH = 1)

59 mV ¢

——E/V
RHE (pH = 1) SHE (1 M H*/ 1 bar H,)

RHE = SHE — 59 mV * pH

Figure 2.5. Relation between the standard SHE reference electrode potential (equilibrium point
of Hy/H" ) and the RHE and Pd-H reference electrodes employed in this work. A conversion
example from RHE (pH = 1) to Pd-H (pH = 1) is given for 1 V vs. RHE.

The applied potential of the WE is set with respect to the RE by a potentiostat [Hic42).
This device retains the designated WE potential relative to the RE by regulating the
current flow between the WE and CE via an internal control loop that applies a bias
voltage between WE and CE.
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The CV methodology allows, in general - wherever charges can be counted, the detec-
tion and characterization of different electrochemical processes, such as surface oxida-
tion/reduction (Chapter [3|), molecular adsorption/desorption (Chapter @), redox reac-
tions of species in solution (Figure or reorientation and reorganisation of adsorbed
ions (Chapter [4). However, additional chemical specificity and/or nanoscale chemical un-
derstanding is often desired and, as we will see throughout this thesis, can be provided

by advanced spectro-electrochemical approaches.

2.2 Electrocatalysis

In catalysis, chemical reactions are accelerated by catalytic materials that offer alterna-
tive reaction pathways with reduced activation energy barriers and that are not consumed
during the reaction. Electrocatalysis deals with catalytic materials, i.e. electrocatalysts,
that participate in and accelerate electrochemical reactions. Figure [2.0] illustrates such
energy barriers for an (electro)chemical reaction via an intermediate reaction step. First,
the reactant, A, has to overcome the first energy barrier to form the reaction intermedi-
ate, B, that subsequently has to pass the second energy barrier to transfer to the product

state, C. Catalysts can lower either one or both energy barriers, possibly in an asym-

1st activation barrier

Energy

w/ catalyst
w/o catalyst

v

Reaction paths

Figure 2.6. [llustration of the chemical reaction pathways with (red) and without (elec-
tro)catalyst (green), where a reactant, A, is transformed to a reaction intermediate, B, before
being transformed further to the final product, C. In this example, two activation energy barriers
have to be overcome.
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metric way, for specific reaction pathways depending on the electronic properties of the
catalyst [Thol4]. The electronic surface structure determines the adsorption/desorption
properties for the reaction intermediates. The Sabatier principle, applied in the field of
(electro)catalysis, states that the adsorption energies of the reaction intermediates should
neither be too strong nor too weak. If too strong, the catalyst is poisoned by the ad-
sorbate, as for example in the case of CO adsorption on Pt [Got98]. If too weak, the
intermediate cannot efficiently attach to the catalytic surface. The Sabatier principle is
often visualized in Volcano plots. In Figure[2.7], an example volcano plot for the hydrogen
evolution reaction (HER) is shown, in which the exchange current density is plotted as
a function of the hydrogen adsorption energy (as the descriptor) for different transition
metals [Tym16]. While Pt, for example, binds the hydrogen atom slightly too strongly
compared to the volcano maximum by around 0.1 eV, Au binds the hydrogen atom so
weakly that the exchange current density is significantly lower compared to the theoretical

determined volcano maximum.
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Figure 2.7. Example of a volcano plot for the HER: Fxchange current densities, i.e. exchange
current, iy, per area, A, for different transition metals plotted as a function of hydrogen, *H,

chemisorption energies. Note the difference between area and ampere unit. Image adapted from
Ref. [Tym16).

It is not only the material that determines the catalytic activity of an electrode, but
also its nanoscale surface structure. Already in 1925, Hugh Stott Taylor suggested that it
is not the complete surface that is catalytically active [Tay25], but only certain spots on
the surface, the active sites. Such active sites are often surface defects, as for example step
edges or kink sites with specific coordination numbers, i.e. a specifc number of nearest
neighbors [O’M14]. Electrocatalysts can have a complex nano- and/or atomic-structure
that provides the optimal binding sites for the reactants and reaction intermediates. The

local atomic surface composition and atomic arrangement defines the electronic structure
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of the surface sites with optimal binding energies for the reaction intermediates (accord-
ing to the Sabatier principle). One can differentiate, in addition to the surface geometry
[CV15], between the ligand, ensemble and lattice strain effects. The ligand effect describes
the effect of introducing (possibly different) atoms ('ligands’) to the atomic active site or
changing the number of nearest neighbors (and thus changing the number of ’ligands’)
[BIi07]. For example, Stephens et al. introduced a subsurface Cu submonolayer to Pt(111)
tuning the OH binding energy for the ORR [Stell]. The ensemble effect describes the
grouping of surface (ad)atoms in ensembles and thus changing the number of neighbor-
ing atoms, which effects the electronic surface site configuration [MarO1]. For instance,
Maroun et al. showed that Pd monomers on Au(111) are sufficient for CO oxidation, while
Pd dimers are required for hydrogen adsorption [Mar(1]. Lattice strain can also influence
the electronic surface properties and thus the adsorption energies of reaction intermedi-
ates. For example, Escudero-Escribano et al. studied Pt-lanthanide electrodes, in which
the contraction of lanthanide leads to strain in the Pt overlayer and thus to a change in
ORR activity [EE16]. It is important to note that the different effects typically overlap
and are not independent from each other. For example, in the case of CO adsorption on
Pt overlayers on Ru, Schlapka et al. showed that the electronic influence of the substrate
dominates for up to 3 layers, while strain effects influence CO adsorption energies even
for thicker Pt overlayers [Sch03]. It is the electronic structure of the surface site that
determines the active (defect) site adsorption properties and therefore the reactivity. To
enhance material performance, maximizing the available number of active sites is often
sought after [Shel7], for example, on electrocatalyst nanoparticles. The establishment of
rational design principles for such active nanoparticles requires (i) identification of the
most active surface structures and (ii) understanding of the local reaction mechanisms,

i.e. of the nanoscale chemistry.

2.3 Gold electro-oxidation and gold oxide reduction

2.3.1 Gold - a noble metal

Gold (Au) is a transition metal located in the 11** group of the periodic table, together
with the other coinage metals silver (Ag) and copper (Cu). The orbital structure accounts
to [Xe] 4f* 5d'° 6s!. The melting point of Au lies at around 1337 K, the diameter of the
Au atom is 2.884 A and the lattice constant is 4.0786 A [Kib03]. Au is a soft and shiny
yellow metal. Its shininess is due to the good light reflectivity, as electrons in the Au can
be approximated as a free electron gas that can follow easily the incoming visible light

(electromagnetic waves). The yellow color originates from a relatively small bandgap
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between the 6s- and 5d-orbitals that allow (complementary) blue light to be absorbed
[Sch05].

Au crystallizes in a face-centered cubic (fec) structure (Figure [2.8A). The low-index
Au single crystal surfaces, Au(111), Au(100) and Au(110) reconstruct at room tempera-
ture [Bar90]. The single crystalline Au surfaces and their potential-dependent lifting of
the reconstruction have been extensively studied, for example by Hamelin and Martins
[Ham96a), [Ham96b]. The atomic structure of the Au(111) single crystal surface, relevant
to this work, is illustrated in Figure . The Au(111) surface is prepared according
to Clavilier and co-workers by flame-annealing under a stream of inert Ar gas [Cla79].
Figure shows a glowing Au(111) single crystal during flame-annealing, as prepared

in this work, placed on a glass ceramic plate and in a stream of Ar. Au in general is

(A) (C)

N\

(B)

Figure 2.8. (A) Face-centered cubic (fec) single crystal structure. (B) Cutting the fcc single
crystal along the plane defined by the (111) normal vector returns the Au(111) surface structure
with threefold symmetry. (C) Photo taken during flame-annealing of a Au(111) single crystal in
a butane flame in preparation for EC-TERS measurements.

chemically inert, i.e. Au is resistant to most acids and does not corrode under ambient
conditions at room temperature as Au is not oxidized by oxygen in the air (and therefore
retains its shiny goldish color). However, at sufficient positive applied potentials, Au can

be electrochemically oxidized by splitting water, as discussed in the following.
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2.3.2 Metal oxidation/reduction mechanisms

The electro-oxidation mechanims of metals can in general be classified into five categories

according to Conway [Con95]:

Metal dissolution and precipitation The metal is dissolved into the electrolyte and
the metal cation is solvated by the solvent electrolyte. Metal dissolution is followed
by the hydrolysis of the solvated metal cation and subsequent precipitation of the
metal (hydr)oxide on the surface, forming a weakly adherent oxide or hydroxide
film.

Nucleation and growth The oxide film is formed directly at the surface without prior
dissolution of the metal as solvated cation. The oxide film grows after initial nucle-

ation at energetically favored surface sites.

Sub-monolayer adsorption and place-exchange After initial formation of a (sub)
monolayer of surface-adsorbed OH- or O-species, further growth involves the inter-
change between surface metal atoms and O/OH-species to form a full 2D oxide film.
The electric field-dependent interchange between metal atoms and O/OH-species
that exchange sites during surface oxidation and vice versa during electro-reduction

is called place-exchange mechanism.

Mott-Cabrera mechanism Due to a high electric field across the insulating oxide film,
further oxide growth can either occur by metal ion migration from the bulk metal
to the electrolyte or by migration of O/OH-species from the electrolyte through the
oxide film to the underlying metal. Accordingly, the oxide film grows in thickness
either at the AuOx/electrolyte interface or at the bulk Au electrode/AuOx film

interface.

Combination of mechanisms For Pt or Au, for example, place-exchange and Mott-

Cabrera mechanisms are combined as discussed in the following.

Figure [2.9[ shows the CV of a Au(111) bead single crystal in 0.1 M sulfuric acid (HySOy).
At low potentials around 0.4 to 1.0 V vs. RHE, sulfate anions are adsorbed at the Au
surface [Shi94]. The sharp peaks at around 1.1 V vs. RHE correspond to the transition
from a disordered sulfate adlayer to an ordered sulfate layer, likely incorporating also
hydronium ions or water molecules at the (111) terraces [Mag92, [Cue00]. At around 1.3
V vs. RHE, the Au oxidation commences, which can, in acidic media, be described with

the following reaction equation:

v -Au+y- - HOS Au,O,H, + 2y —2)- H  + 2y — 2) - e, (2.5)
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where water is split to form a gold oxide (AuOx = Au,O,H,) and protons are released
into the electrolyte. The Au oxidation between 1.3 and 1.5 V vs. RHE corresponds to the
oxidation of surface defects [Kol00, [Zhul3], such as step edges, kinks or larger nanoscale
defective structures. The peak at around 1.6 V vs. RHE is assigned to the oxidation of
Au(111) terraces [Zhul3]. During the cathodic scan, the reverse AuOx electro-reduction
starts at around 1.25 V vs. RHE and exhibits a single cathodic peak. The integrated
charges for oxidation and reduction are approximately the same [Zhul3|. Slight discrep-
ancies between oxidation and reduction charges in the order of 5 to 30 pC em~2 presumably
originate from the surface roughening resulting from the place-exchange between Au and
O/OH-species (cf. Figure 2.13A,B) [Sch97] and concomitant Au dissolution [Chel3].
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Figure 2.9. CVs of a bead Au(111) single crystal electrode in 0.1 M HySOy (scan rate = 50

mV/s) to 1.2 (black) and to 1.7 V vs. RHE (red). The black CV is increased in y by a factor of
20.

For Au surfaces in general, there are a number of potential-dependent steps with increas-
ing positive applied potentials toward thick oxide film growth that have to be considered

for the oxidation and reverse reduction processes [Con95|:

o Adsorption of water or other solvent molecules at the electrode surface that modify
the electronic structure of the available surface sites for the following anion adsorp-

tion step.

» Adsorption of anions, e.g. (bi)sulfate ions, at the surface and formation of an or-
dered adlayer (in HySO, electrolyte) possibly including also HyO or H3O™ molecules
[Mag92| [CueO(]. For the chemisorption of anions, charge-transfer between anion

and metal surface occurs. The anion adsorption strength can delay the onset of
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surface oxidation due to surface site blocking [Con95]. Sulfate ions adsorb strongest
on Au(111), due to geometrical matching of the tetrahedral ions and the trigonal
symmetry of the (111) surface plane [AKS86, [AKST7].

« OH- or O-species are deposited at the metal surface forming a (sub)monolayer.
Thereby, OH- and O-species compete with the previously adsorbed anions for avail-

able surface sites.

e« A 2D oxide film is then formed by the place-exchange mechanism, where metal
surface atoms and O/OH-species are interexchanged, i.e. Au atoms are pulled out
of the surface while O/OH-species are incorporated into the first few layers. The
place-exchange between Au atoms and O/OH-species is apparently energetically
more favorable than maintaining a plain submonolayer of O /OH-adsorbates. During

this surface rearrangement the remaining anions at the surface are desorbed.

e The 2D oxide growth then transitions into a 3D growth of thick oxide films according
to the Mott-Cabrera mechanism, where the high electric field gradient (in the order
of 10® to 10 V m™! [TF05]) across the insulating oxide film enable ion migration

across the growing oxide layer.

During bulk oxidation above ca. 1.95 V vs. RHE, the OER is initiated. Koper and co-
workers found that the oxygen atoms from the surface oxide decisively contribute to the
OER [DM13]: At low OER overpotentials, Oq is formed from oxygen originating from
the oxide structure, while at higher overpotentials, both oxygen from water and from the
oxide structure compose the evolved O,. The oxygen removal from the oxide surface can
be considered as a surface reduction during water oxidation and concomitant evolution of
molecular oxygen. As a consequence, the surface oxide reduction mechanism, the oxide
composition and the nanoscale structure of the oxidized Au surface have direct implica-
tions on the OER reactivity. However, the exact nature of the oxide species present at
oxidized Au surfaces is not clear [Peu84l [Des86, [Kon07] and both Au surface oxidation
as well as AuOx reduction processes are not yet fully understood [Lil5]. For example,
in acidic solution the partial discharge of water is suggested to result in the formation
of adsorbed OH =9 species, where § is a partial charge, that are subsequently fully dis-
charged accompanied by anion desorption and place-exchange between Au atoms and
O/OH-species [Con95, Rod03b]. However, such adsorbed OH-species have to date not
been observed in acidic media [Zhul3, [Lil5], suggesting different oxidation mechanisms
as a function of pH. The scarce availability of operando spectroscopic evidence of reaction
intermediates during Au electro-oxidation/reduction in acidic media as well as the com-

plex interpretation of broad shape spectroscopic features have hindered a clear judgement
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of the intermediates as well as products [Des86), [Lil5].

All in all, the oxidation of Au can be considered a complex process that depends on
the crystallographic orientation [AK86, [AKS7], pH of the electrolyte [Con95], the type of
adsorbing ions [Con95] and the applied potential-range [TF05]. Before passing on to the
next section, it is noteworthy to emphasize that the Au oxidation and AuOx reduction and
the interpretation thereof is further complicated by the dissolution of Au, as reported by
the Mayrhofer group [Chel3], which inevitably modifies the Au surface. In addition, the
specific local surface geometry including nano-defect structures are expected to contribute
to the complexity of the electrochemical oxidation/reduction process and the formation

of certain AuOx species.

2.4 Scanning tunneling microscopy

Scanning probe microscopy (SPM) techniques utilize a physical probe that is scanned
across the sample surface imaging its surface topography or topography-related properties,
such as the local density of states (LDOS), on the nanometer or even atomic level [Voil5,
Set17]. The fine tuning of surface location with (sub-)nanometer precision is made possible
by piezoelectric actuators. The first SPM technique - the scanning tunneling microscope
(STM) - was invented by Binning and Rohrer at IBM in 1982 [Bin&2al, [Bin82b] who were
shortly afterwards awarded the Noble Prize [Bin87]. An STM uses an atomically sharp
metallic tip that is approached in close vicinity in the order of 1 nm to a conductive (or
semiconductive) surface until quantum mechanical electron tunneling across the vacuum
(air) gap results in a measurable tunneling current. This tunneling current depends
exponentially on the tip-sample distance and can be regulated by a feedback system,
enabling the imaging of the LDOS of the surface probing indirectly the surface topography.
The TERS technique, discussed in Section [2.5] uses STM as an essential part to position
the TERS probe (STM probe) precisely at the desired surface location [Jial6]. In the
following, we discuss STM as well as the underlying quantum mechanical effect of electron

tunneling.

2.4.1 Tunneling effect

The tunneling effect is a quantum mechanical phenomenon that is the basis for STM.
The tunneling effect states that particles such as electrons can pass through an energy
barrier of a certain height even if the particle’s energy is lower than this energy barrier.

From a classical point of view, it is not possible to overcome the energy barrier, since the
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particle’s energy is not sufficient. But quantum mechanics predicts a finite probability to
overcome the energy barrier according to an overlap of wave functions if the tip-sample

distance is small enough (less than or equal to 1 nm).

A full conceptual description of the tunneling process was developed by Bardeen and
later applied by Tersoff and Hamann to describe electrons tunneling between two solid
metals [Bar61l, [Ter83]. Essentially, their conceptual formalism can be simplified to the

following form of the tunneling current, i, [Ourl3]:

it A Psurface * Prip * Ezas - exp (—D “\/Vess - d) ) (2.6)

Here, pgur face and pyy, describe the electronic densities of states for the sample surface and
the STM tip, respectively. FEj;.s is the applied bias voltage between sample and tip. D is
a constant, ¥,y is the effective energy barrier height (that is related to the work function
of sample and tip) and d is the tip-sample distance. The tunneling current depends

exponentially on the gap distance, d, which makes STM very sensitive in z-direction.

2.4.2 STM method

The STM technique is based on the tunneling effect [Sch98]. An atomically sharp metal
tip is brought in close proximity to a conductive or semiconductive sample surface. Ap-
plying a bias voltage, Ejp;qs, between sample and tip shifts the corresponding Fermi level
in such a manner that electrons tunnel from the tip to the sample or vice versa (see
Figure . The resulting tunneling current in the range of pA to nA is controlled by
a feedback system. Figure [2.11] illustrates the STM electronic components important to
understand the basic working principle of this feedback system. In the constant current
mode, the feedback system adjusts the tip-sample distance (in z) with potential-controlled
piezo-elements in such a way that the tunneling current is kept constant at the predefined
current setpoint. Scanning across the sample surface (in x,y) that contains variations in
the LDOS and recording the adjustments of the piezo-electric elements required to main-
tain a constant tunneling current results in an image of the LDOS [Voil5]. High voltage
amplifiers apply the required voltages to the piezo-electric elements to move the tip in x,
y and z. Besides the constant current mode, another often utilized STM operation mode
is the constant height mode, where the tip-sample distance is locked and any further
topography change results in changes of the tunneling current according to Equation [2.6
[Our13].
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Figure 2.10. Energy diagram of a tunneling junction composed of the STM-tip and the sample
surface with a gap distance of d. Wy and Wgmple Tepresent the corresponding work functions
of tip and sample. The vacuum level is denoted as €yac. Vegy is the effective energy barrier that
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€F,sample 0T€ the Fermi levels of the tip and sample, respectively. Image adapted according to

Ref. [Qurl3].
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Figure 2.11. Schematic of the STM feedback system of a tip scanner and the various high volt-
age (HV) amplifiers to position the piezo-electric elements and to read out the pA-nA tunneling

currents with a current-voltage converter.

Nanometer spatial resolution is routinely achieved in STM measurements and even atomic

resolution is possible [FesI7]. The high vertical STM sensitivity in the order of A stems



2.4. SCANNING TUNNELING MICROSCOPY 31

from the exponential current-distance dependency as seen in Equation [2.6 The experi-
mental lateral spatial resolution depends on the tip-apex-dimensions, the precision of the

piezo-elements and the STM-setup stability.

2.4.3 Electrochemical STM

STM conducted in an electrolyte under potential control is referred to as electrochemical
scanning tunneling microscopy (EC-STM). EC-STM was introduced in 1986, demon-
strating that atomic resolution can be achieved in aqueous electrolytes [Liu86, [Son86].
EC-STM is the combination of an STM and a three-electrode electrochemical setup (Fig-
ure . A bipotentiostat regulates the applied potentials to the sample WE as well
as to the STM-tip, which can be considered a second WE. The potentials are referenced
versus a RE and a CE acts as current collector. Importantly, the STM-tip has to be
electronically isolated from the electrolyte to reduce faradaic and non—faradaicﬁ currents
at the STM-tip that are typically much larger (pA to mA) than the tunneling current.
Ideally, only the very end of the tip apex is left free from the coating material, limiting

leakage currents to around 50 pA or less.

EC-STM setup

The EC-STM setup utilized in this work is an essential part of the EC-TERS setup.
The EC-STM device is a Keysight Technologies GmbH STM 5420, former Agilent (STM-
controller model N9610A) equipped with a bipotentiostat. The EC-STM is located on an
x-,y-stage (for laser focusing, Steinmeyer Mechatronik GmbH, 3 nm step precision, max.
range = 10 mm), which in turn is positioned on an optical air table (TMC Technical
Manufactoring Corporation). The STM tip-scanner (model N9700C) has an extended
nose to accommodate relatively long EC-STM tips of 1 to 1.5 cm length required to fit
the stringent EC-TERS space constraints and to provide additional tip stability. The
Au-tips are electrochemically etched (see Section for further details) to form sharp
and well-defined cone-shaped Au-tips that provide TERS enhancement. The Au-tips are
electronically isolated utilizing transparent Zapon wax. Pt or Au wires are used as CEs
and are freshly prepared by flame-annealing and rinsing with MilliQQ water before usage.
For acidic electrolytes, a hydrogen-loaded Pd wire (Pd-H) is employed as RE. The EC-
STM is controlled by PicoView 1.14 software (Keysight Technologies GmbH).

4Faradaic currents are due to electrochemical reactions at the electrode. Non-faradaic currents re-
fer to double layer charging and charge transfer associated with molecular reorientation or adsorp-
tion/desorption processes.



32 CHAPTER 2. FUNDAMENTALS AND TECHNIQUES

-V +V
bipotentiostat |—
J

Kel-F
cell

Au(111)

Figure 2.12. Schematic of the EC-STM setup with the electrochemical Kel-F® cell using a
bipotentiostat to apply the desired potentials with respect to the reference electrode (RE) to both
sample Au(111) electrode and Au EC-STM-tip. CE denotes counter electrode.

Figure shows EC-STM images of a Au(111) single crystal in 0.1 M HySO, recorded
in our (spectro-)electrochemical Kel-F® cell with an electrochemically etched Au-tip. In
Figure , the Au(111) substrate was imaged after sample mounting at a potential
of 1 V vs. Pd-H before surface oxidation/reduction cycles, showing flat and well-ordered
terraces with a step edge of monoatomic height of about 3 A. Figure highlights the
Au(111) surface structure after complete surface oxidation/reduction, portraying prefer-
entially formed monoatomically high valleys and few monoatomically high islands. Our
EC-STM setup provides the means to study nanoscale features even with long Au-tips

required to accommodate the TERS optics.

2.5 Plasmon-enhanced vibrational spectroscopies

The field of optical spectroscopy describes how electromagnetic radiation interacts with
matter. Optical spectroscopy seeks to understand the interaction of light with materials
by comparing the excitation light irradiated onto a sample of interest and the detected
electromagnetic signals after light-matter interaction(s). Three important examples for

optical interaction processes are light absorption, light emission and light scattering.
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Figure 2.13. EC-STM images of a Au(111) single crystal in 0.1 M HySOy4. (A) Recorded at
a potential of 1.0 V vs. Pd-H before surface oxidation (Image size = 500 nm x 500 nm, 512 x
512 pizels, scan speed = 1 Hz, & = 1 nA, Eyp = 0.8 V vs. Pd-H). (B) EC-STM image recorded
at a potential of 0.9 V vs. Pd-H after surface oxidation and subsequent reduction (Image size =
500 nm x 500 nm, 512 x 512 pizels, scan speed = 1.5 Hz, iy = 1 nA, Epas = 100 mV).

During optical absorption, a photon of energy, hw, excites a molecule from an energy
level, Sy, to a higher energy level, S;, if the transition is dipole-allowed, i.e. the pho-
ton can actually couple to the given transition [Le 09]. Electronic absorption, in which
an electron is excited to a higher excited electronic state, is, for example, the basis of
UV /Vis spectroscopy that probes the electronic states of molecules. In contrast, infrared
absorption, in which a molecule is excited to a higher vibrational or rotational level
within an electronic state, is the basis of IR spectroscopy probing the vibrational modes
of molecules. The inverse process to optical absorption is stimulated light emission, where
the incident photon interacts with the excited molecule to stimulate photon emission of
the same frequency, polarization, direction and phase [Le 09]. In comparison, spontaneous
light emission is an intrinsically probabilistic process that is due to vacuum fluctuations
of the electromagnetic field that the excited state can couple to and spontaneously tran-
sit to a lower energy state by photon emission. Typical radiative lifetimes of some dye
molecules are, for example, in the order of 1 to 100 ns [Le 09]. Most relevant for this work
is the third main interaction type: light scattering, which is discussed in detail in the
following paragraphs (based on Le Ru and Etchegoin [Le 09]). Thereafter, SERS, TERS
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and SEIRAS are introduced as experimental approaches to provide signal enhancement

necessary to study electrified solid-liquid interfaces.

2.5.1 Raman scattering

The Raman effect or Raman scattering is the basis for Raman spectroscopy, a certain
type of a Vibrational/rotationaﬂ label-free spectroscopic technique. The Raman effect
was discovered by Chandrasekhara Venkata Raman in 1928, an Indian physicist who was

shortly afterwards awarded the Noble Prize for his discovery [Ram28§].

Light scattering is a simultaneously occuring instantaneous incident photon absorption
and photon emission process. Therefore, compared to IR or fluorescence spectroscopy, no
(individual) photon absorption is required [Le 09]. Figure illustrates the energy dia-
grams for the three different types of scattering processes, in which the incoming photon
transitions the molecule into a virtual state (i.e. no real molecular vibrational or electronic
state) and concomitantly emits a photon. Rayleigh scattering describes the elastic scatter-
ing where incident and scattered photons have the same frequency (energy), but different
direction and/or polarization. Raman scattering describes the inelastic scattering where
the frequencies (energies) of the incident and scattered photons are different from each
other. Depending on whether the scattered photon frequency is lower or higher than that
of the incident photon, the inelastic scattering is referred to as Stokes or anti-Stokes Ra-
man scattering, respectively. From a classical point of view, the instantaneous scattering
process can be considered as the emission (scattered radiation) from an oscillating dipole
that is induced by the incident electromagnetic field. The scattering process can, in prin-
ciple, be fully deduced from quantum mechanics. In the following, however, we stick to
the classical picture and the interested reader is referred to specialized literature for an

in-depth quantum mechanical derivation [Le 09].

An oscillating dipole can be considered as two charges with opposite sign, 4+¢, that oscil-
late with a small amplitude, z(t) = - cos(w-t) along, for example, €, [Le 09]. w denotes
the angular frequency. The oscillating dipole is then p(t) = q-x(t)-€; = q-x¢-cos(w-t)-€;.
The amplitude, ¢ - o in units of [Cm], is called dipole moment. As moving charges create

electromagnetic fields, such oscillating dipoles radiate photons at an energy Aw.

We can describe the induced dipole moment, i, due to the presence of an external electric

SRotational bands are typically found below 150 cm™!. We refer only to vibrational spectroscopy from
here onward, but note that, in general, molecular rotations can also contribute to Raman scattering.
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Figure 2.14. FEnergy diagram visualizing the difference between Rayleigh, Stokes and anti-
Stokes Raman scattering of molecules. weze and wseq denote the excitation and scattered photon
frequency, respectively. AR is the energy difference that characterizes the Raman shift.

field, €, as follows:
u=p-¢€. (2.7)

Here, 3, the proportionality factor, is the polarizability tensor with the general rank of
two. Polarizability describes the extent of which electrons in a molecule respond to the
presence of an external electric field. In general, molecules with a larger number of ’free’
electrons are typically more easily polarizable. Upon molecular vibration, subtle pertur-
bations of the molecular structure are induced and result in small changes in polarizability.
The polarizability tensor, 3, can be expressed according to the Taylor expansion in the
normal mode coordinates (g,, gw, -..), which are associated to the corresponding molecular

vibrational frequencies (wy,wy, -..), as [Le_09]:

5=50+§U:<

R e Crey
"Gyt 5 5. o “Gv - Guw T+ ey (28)
agv 0 2 ’[)72’[1) agv'agw 0
where (3, is the polarizability at equilibrium. Under the assumption of only small polar-
izability perturbations, we can neglect quadratic and higher-order terms of Equation [2.§]
and write for a specific normal mode, [:
op
512504‘(8) gr="Po+ B, (2.9)
91/
where [ is defined as the Raman tensor of the I-normal mode. Let us consider an harmonic

oscillation of the normal mode coordinate, g;, around the equilibrium position in the form
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of gy = g - cos(w; - t) and an external electric field, € = €) - cos(weze - t) With an excitation
frequency of weze. Plugging the expression for g, into Equation [2.9 and further combining
the resulting term together with the electric field, €, in Equation [2.7| returns the following
equation:

U= [60 + 8- g cos(w - t)} - €0 - COS(Wege - T) - (2.10)

Equation [2.10| can be rewritten using trigonometric identities to the following form con-

sisting of the sum of three individual terms [Vanl3|:

U= 60-66-cos(wexc-t)+;-Bl'-g?-e_é-cos [(Weze — wy) - t]+;ﬁl’-glo-€0-cos [(Wege +wy) - 1] .

(2.11)
Equation describes the molecular dipole moment that is induced due to the perturba-
tions of an external electric field. The first term describes the elastic Rayleigh scattering
at the same frequency as the monochromatic laser excitation, we,.. The second term is
the (inelastic) Raman Stokes scattering at a frequency, wgokes, Smaller than the incom-
ing laser excitation, i.e. Wsiokes = (Weze — W) < Wege- The second term is the (inelastic)
Raman anti-Stokes scattering at a frequency, wWansi—siores, larger than the incoming laser
excitation, i.e. Wanti—stokes = (Wewe + W) > Wege- 1f the Raman tensor, [/, turns out to
be zero, both Stokes and anti-Stokes scattering terms vanish and the vibrational mode is
Raman inactive. In other words, a change in polarizability, i.e. 5] # 0, is necessary for a
Raman mode to be active. It is important to note that this classical description does not
include all relevant aspects that are comprised in a full quantum mechanical treatment.
For instance, in the case of g = 0, no Raman scattering would be expected within the
presented derivation, however, quantum mechanics introduces a zero-point energy and
oscillations even in the vibrational ground state. Nevertheless, the classical description
illustrates the essence of the scattering process and for further insights, the interested

reader is referred to specialized literature [Le 09, [Sie08].

Raman spectroscopy is element specific and provides a chemical fingerprint of the probed
molecules, as the difference in energy between the incoming and scattered photons (see
Figure 2.14), AR, is characteristic for a vibrational level of a molecule [VanI3]. In this
regard, also changes in the chemical environment of the molecule or its orientation can
affect the chemical signature. As the molecule experiences a change in binding config-
uration with neighboring molecules, the electron density within the molecule is altered,
which affects the bond strength, and, as a consequence, the associated Raman band shifts.
Raman spectra are typically presented as the intensity of the inelastically scattered light

as a function of the Raman shift, A7, in wavenumbers (cm™!). The Raman shift, A7, is
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defined from the energy difference, AR, as [Vanl13]:

1 1
Air = ( - A) , (2.12)
where \... is the wavelength of the incoming photon and A, is the wavelength of the
scattered photon. A peak in a Raman spectrum relates to a specific molecular vibration,
and its peak position is specific to the molecule’s chemical environment. In order to
understand trends in Raman spectra, the analogy to a simple harmonic oscillator can be
very useful. Let us consider a mass, m, that is connected via a spring with spring constant,
K, to e.g. the rigid room ceiling that can be considered as the infinite mass counterpart.
This mass experiences a force, m - ‘227‘2” = —kx. This differential equation can be solved by
a sine function of the form Z - sin(w - t + ), where Z is the amplitude and ¢ is a phase

factor, which results in the following term for the angular frequency, w [Vanl3]:

w = \/Z (2.13)

Accordingly, for higher masses, the Raman peaks are expected toward lower wavenumbers.
For stronger bonds such as double or triple bonds, i.e. higher s, the Raman peaks are
expected at higher wavenumbers. The full width at half maximum (FWHM) of a peak
can, for example, additionally be a measure for the degree of crystallinity, i.e. narrow
peaks referring to more crystalline substances [Vanl3]. In general, Raman scattering
cross—sectionsﬂ are very low in the order of 1072 to 1073 cm? [Le 09) [Pet05], which is
several orders of magnitude lower compared to fluorescence (107% cm?) [Osa01]. If during
the scattering process the virtual state coincides with an electronic state, the Raman cross-
section can be significantly higher. This specific case is referred to as resonance Raman
scattering. However, in general, the drawback of Raman spectroscopy is the low Raman
scattering cross-section that requires large amounts of analyte molecules for examination.
The low Raman scattering cross-section represents a major challenge for the detection of
molecules adsorbed onto surfaces with a limited number of adsorption sites. However,
surface- and tip-enhanced Raman spectroscopy can eligantly circumvent this challenge by
enhancing the otherwise weak Raman signals by localized surface plasmon interactions at

metal surfaces, as explained in the following sections.

5The total Raman scattering cross-section, o, is defined as the scattered intensity integrated over

int

all scattering angles and polarization directions per incoming intensity of the incident light: o = %“a
[Osa01]. -
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2.5.2 Surface-enhanced Raman spectroscopy

In 1974, Fleischmann et al. discovered that, despite the inherently low Raman cross-
section, pyridine molecules adsorbed onto rough Ag electrodes could, surprisingly, give
sufficient Raman signal intensity to be detected [Fle74]. Later, Jeanmaire and Van Duyne
confirmed that the enhanced Raman sensitivity does not originate from the increased num-
ber of surface-bound species due to the increase in surface area, but that the roughened
surface geometry plays the pivotal role [Jea77]. At roughened nanostructured coinage
metal (such as Cu, Ag, Au) surfaces, localized surface plasmons can strongly amplify
the incident electromagnetic fields in close proximity to the metal surface and thus en-
hance the otherwise weak Raman signals of few molecules adsorbed to the metal surface.
This enhancement in Raman sensitivity due to localized surface plasmons, as discussed
in the following, is the basis for SERS. SERS is a powerful surface-sensitive label-free
spectroscopic technique, which lies at the cross-roads of several disciplines, such as nan-

otechnology, surface chemistry, optics and plasmonics [Sch14].

A plasmon is a quasi-particle that describes the quantized collective electron oscillations
of the free electron gas within a metal (that can be considered a 'plasma’) [Sarl0]. A
surface plasmon is a certain type of longitudinal plasmon that is confined to the interface
between two materials with dielectric functions of opposite sign [Le (9], for example a
metal and a dielectric such as glass. The excitation of surface plasmons requires both
energy and momentum conservation. However, the dispersion curves for the incident
electromagnetic wave in free space (¢ = 1) and the surface plasmon of atomically smooth
surfaces do not intersect, as shown in Figure [2.15] and the necessary matching of momen-
tum cannot be achieved for single crystal surfaces. For rough surfaces, however, at some
designated spots, the surface corrugation can broaden the available momentum space and
the incident light can couple to the ’localized’ surface plasmons fullfilling momentum (and
energy) conservation. These designated surface sites with specific surface geometry are
called "hotspots’ and can also be viewed as nano-antennas enhancing the otherwise weak
Raman signal. Within the laser focus spot of ca. 1 ym?, only very few ’hotspots’ are re-
sponsible for the Raman enhancement [Sha98| [Fan08]. Around the "hotspot’, the created
near-field is localized in lateral spatial dimensions of only a few nanometers and decays ex-

ponentially in vertical direction [Canll]. SERS is therefore a surface-sensitive technique.

Raman enhancement factors can be in the order of 107 to 10 [Le 07] depending on the
particular system under investigation and even single molecule detection has been demon-

strated [Kne97]. Great efforts have been undertaken to determine the surface nanostruc-
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Figure 2.15. Dispersion curve of a surface plasmon, hkg, (black), and an electromagnetic wave
traveling in different dielectric media (blue, red). ki, is the wave vector component parallel to
the interface. ¥ and € denote the incident angle and the dielectric constant, respectively. The
case for e > 1 (red) is discussed in Subsection . Image adapted from Ref. [Dom06).

tures that show optimal Raman enhancement as well as signal stability [Ban0§]. This
task is delicate, as the plasmon resonance frequency depends on the size and shape of the
nanostructure, on the utilized material and on the dielectric function of the surrounding
medium. For a single molecule, the electromagnetic field enhancement, G, in SERS can
be considered as a two-step process [Kne06, Dinl6]. In the first step, the local electromag-
netic field, €., is enhanced at the incident frequency, w;,., as the far-field is transferred to
the near-field by the hotspot according to Gipe(Wine) = % In the second step, the
local electromagnetic field, .., is enhanced at the Raman scattered frequency, wg.,, again
due to the coupling between the electromagnetic field and the localized surface plasmon
_ |Goc(wsea)|?

resonance according to Geq(Wsea) = P
mnc

far-field. In a first approximation, Gipe(wine) roughly equals Gy, (wseq), which leads to

, and the near-field is transferred to the

the following approximation:

| 4

G = Ginc(winc) : Gsca (wsca) ~ |€lOC

~ |€inc’4

(2.14)

Accordingly, the electromagnetic enhancement, G, depends on the electric field to the
power of four. In addition, the overall SERS enhancement is influenced by chemical en-
hancement effects that originate from intermediate charge-transfer states [Ott92, Van13].
For the purpose of this study, we stick to the simplified picture of electromagnetic en-

hancement by nano-antennas.
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One nanostructure that provides particularly strong enhancement are two nanoparticles
separated by a distance of a few nanometers that create a strongly enhanced electric field
at the junction between them [Dinl6]. However, even rough Au surfaces can provide suf-
ficient enhancement to detect few adsorbed molecules and provide valuable insight into

the chemistry at polycrystalline surfaces (see Figure [2.16)).

[ 250 counts

©o00
(OS NN (e))
<<

OOO
W=
<<<

EC-SERS intensity / a.u.

sample

0 200 400 600 800 1000 1200 1400 1600
Raman shift / cm™

Figure 2.16. SER spectra of a self-assembled monolayer of adenine on a rough polycrystalline
Au substrate in 0.01 M HySOy4 under potential control (vs. Pt pseudo-RE). Pt wires were used
for CE and RE, respectively. Fach spectrum is an average of 6 to 8 individual spectra with an
acquisition time of 5 s (laser power = ca. 1 mW determined in air). The abbreviation ’a.u.’
denotes arbitrary units.

Electrochemical SERS

SERS investigations are not limited to in air or under vacuum studies, but can be per-
formed in aqueous electrolytes under potential control, referred to as EC-SERS. In fact,
the early pioneering works of SERS were conducted under electrochemical conditions
[Fle74) [Jea77]. The SERS-active surface is the working electrode of a three-electrode
setup as described earlier in Subsection[2.1.4] Figure[2.16 shows example EC-SER spectra,
of a SAM of adenine molecules adsorbed to an electrochemically roughened Au electrode
portraying potential-dependent EC-SERS signatures of adenine [Dom07, Thal5, (Wenl0,
Mar17h]. At 0.5 to 0.6 V vs. Pt, the Au surface is oxidized and the adenine molecules are
irreversibly detached from the surface. EC-SERS provides the means to study electro-
chemical processes at the electrified solid-liquid interface, such as molecular reorientation
[Yao08], molecular adsorption [Leu87] or electrocatalytic reactions [Wu08, (Will9], as a
function of applied potential and/or electrolyte composition. Despite the irrevocable
strengths of (EC-)SERS, one major disadvantage of (EC-)SERS is its limitation to rough
polycrystalline surfaces of coinage metals. This challenge can be overcome, for exam-

ple, by electrochemical shell-isolated nanoparticle-enhanced Raman spectroscopy (EC-
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SHINERS), for which Au nanoparticles are fully coated by a 2 to 5 nm thin Si layer
and then dispersed on single crystal surfaces or other surfaces of interest [Lil0]. It has
been shown that the electrochemical response of such SHIN-covered (’smart dust’) single
crystal surfaces remains uneffected, i.e. the original surface properties are maintained,
while the SHIN-particles provide effective Raman enhancement to detect adsorbates or
even reaction intermediates during electrochemical reactions [Donl9]. EC-SHINERS, as
a specific EC-SERS methodology, is undeniably an extremely powerful technique to gain
mechanistic insight into reaction mechanisms on well-defined surfaces. However, as high-
lighted earlier in the introduction, nanometer, if not atomic, chemical-spatial resolution
is needed to directly study the behavior of single defect/active sites. After shortly speci-
fying the EC-SERS setup utilized in this work, we introduce an experimental technique -
EC-TERS - that allows both the investigation of single crystal surfaces (in principle not
restricted to coinage metal surfaces) as well as the necessary chemical-spatial resolution

in the nanometer regime.

EC-SERS setup

The EC-SERS setup is a home-built one that uses a long working-distance Olympus
50x objective (NA = 0.5, working distance = 10.6 mm), a red HeNe laser (632.8 nm,
linearly polarized, max. output power = 35 mW) and a Horiba iHR 550 spectrograph
with a nitrogen-cooled CCD detector (Symphony II, Horiba). The spectrograph and CCD
detector are controlled via LabSpec 5 software. The home-built Teflon cell is positioned
in a backscattering configuration on an x-,y-stage and the objective can be moved in z-
direction, allowing fine-tuning of the laser focus. An additional CMOS camera (Mikrotron,
MC 1362) temporarily coupled into the beam path with a beam splitter aids proper laser
focusing onto the Au surface. Around 20 mW of laser power is typically measured in air at
the laser focus as maximum available power. In the liquid cell, the power in the laser focus
is estimated to be around 5 to 7 mW. Intensity losses are due to optical aberrations at
the glass window (1-2 mm thickness). The home-built Teflon cell accommodates the WE,
which can be approached ca. 1 mm to the glass window, and a Au (0.5 mm diameter, Alfa
Aesar, Premion, 99.9985% metals basis) and hydrogen-loaded Pd wire (0.5 mm diameter,
MaTecK, 99.95% metals basis) as CE and RE, respectively. CorrWare software controls
the Schlumberger potentiostat (SI 1286 Electrochemical Interface).

2.5.3 Tip-enhanced Raman spectroscopy

In 1985, just around the time when scanning tunneling and atomic force microscopies

were invented [Bin82bl Bin82al, Bin86], John Wessel envisioned an apparatus that would
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allow optical microscopy well-below the Abbe-diffraction limit and the detection of single
molecules [Wes85]. He suggested to scan a Ag particle with nanometer size as optical
probe across a surface while focusing a laser beam onto the nanoparticle. The excitation
of surface plasmons would strongly amplify the spatially confined electromagnetic field
in the proximity of the Ag particle and thus enhance the Raman signal of the molecules
within the probe-sample gap. The spectroscopic Raman fingerprints of the adsorbate
molecules’ vibrational states would reveal chemical structure and bonds rendering a spa-
tial resolution down to the nanometer regime. The scanning of the optical probe would
be accomplished by piezoelectric elements in a similar fashion as the newly developed
SPMs. He further envisioned the great importance of overcoming the technical challenges
including precise control of the probe-sample distance and the necessity of producing well-
defined metal tips with an exact shape for promoting strongest near-field enhancement,

as well as the complex experimental implementation.

15 years later, his vision was turned into reality and TERS was born [Ino99, [St600, [And00),
Hay00|, [Pet00]. The setups essentially follow Wessel’s approach to combine SPM with Ra-
man spectroscopy. The basic working principle is illustrated in Figure[2.17 The SPM-tip,
which is either metallic or metal-coated, acts as an antenna to locally enhance the elec-
tromagnetic near-field by excited localized surface plasmons (see previous SERS section
for details on plasmons). The tip can be viewed as a single hotspot, in analogy to
SERS [Dinl6], that is scanned across a surface. TERS allows to investigate rough as well
as smooth surfaces from metals to semiconductors to isolators [Sch13]. Therefore, TERS
overcomes the dependency of SERS on nanostructured coinage metal surface hotspots,
renders high surface sensitivity and achieves meV spectral and nm spatial resolution so
that topographic and chemical information on the nanoscale can be simultaneously ex-
tracted. TERS, as a specific type of plasmon-enhanced Raman spectroscopy, is thus a
versatile experimental technique that is widely applicable in physical chemistry, biology,
materials and surface science [Dom10], [Shal5, [Kurl6]. Figure|2.17B shows example TER
spectra of a SAM of thiophenol on Au(111) recorded under ambient conditions, for the
tip-approached (near-field) and tip-retracted (far-field) case. Only when the tip is ap-
proached to the sample surface, the thiophenol chemical fingerprint that can be assigned

to different vibrational modes of thiophenol is observed [Marl6, [Mar17al.

Vertical and lateral resolution

Experimentally, it was found that the tip-sample distance can have a profound influence

on the TERS signal intensity. Specifically, a reduction in the tip-sample distance results
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Figure 2.17. (A) Illustration of tip-enhanced Raman spectroscopy (TERS). A laser is focused
onto an SPM tip that acts as a local nano-antenna amplifying the otherwise weak Raman signals
from molecules located in close proximity to the SPM-tip. The SPM allows acquisition of surface
topography images that can be combined with simultaneously acquired chemical Raman maps.
(B) Example TER spectra of a SAM of thiophenol attached to Au(111) recorded in air. When
the STM-tip is approached in tunneling conditions to the surface (<1 nm), TER spectra are
obtained (red curve). When the STM-tip is retracted 10 nm away from the surface, only the
far-field background signal is observed (black curve). Inset: Thiophenol molecular structure.

in an increase in TERS enhancement [Pet05, [Pet07, [Can09, Marl7a]. Under inert Ar
atmosphere, the tip-sample distance effect on the signal intensity appears to be more
pronounced than in water experiments [Marl7a]. In general, the height/z-resolution of
TERS depends on the vertical ('z-axis’ or surface normal of the planar sample surface)
extension of the near-field that was found to be inversely proportional to the 10** power
of the tip-sample distance for 2D surfaces [Pet05]. In short, this reciprocal power of ten
originates from the near-field distance dependence of an oscillating dipole, (g, + d)_3
[Ker82], which together with the 4" power law of Equation and the integration over
the probed 2D surface area results in the power of ten [Pet05, [Dom06]. <, is the radius
of the tip apex and d is the tip-sample distance.

The lateral resolution in the field of optical microscopy is the distance between two objects
that still allows the optical imaging and distinction of both individual objects. The lateral
resolution of typical optical microscopes is limited by the Abbe diffraction limit that de-
fines the maximum lateral optical resolution accessible by far-field optics and amounts to
roughly ~ 2 [Stal2]. For visible light, 4 is in the range of ~190-370 nm. Near-field Raman
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spectroscopy, i.e. TERS, allows to overcome the diffraction limit by field confinement at
the nano-antenna STM tip apex. The near-field spatial confinement is responsible for the

extremely high spatial resolution of a few nanometers or better [RL17].

A Heaviside (step) function would suggest that the lateral spatial resolution of TERS

should coincide with the dimension of the tip radius, ¢, [Pet05]. A more realistic estima-

tion was derived by Pettinger et al. approximating the lateral resolution to be g‘;’” [Pet05],
which was often utilized as a conservative estimate of the achievable lateral TERS reso-
lution in the past. Accordingly, a standard TERS-tip radius of 20 nm (see Figure
would result in a spatial resolution of 10 nm. In fact, to date such lateral resolution
has been achieved in numerous studies under ambient conditions [Ste08]. However, even
the few nanometer regime of <5 nm has been demonstrated |[Chel4al, [Zhol7] with a spa-
tial resolution independent of the coarse tip dimensions. Even more impressively, even
sub-nanometer spatial resolution has been shown for specific cases under UHV conditions
[Zhal3al, [Leel9], allowing to visualize the distribution of specific vibrational modes or
orbitals within a single molecule [Leel9]. While a theoretical concept to describe such
impressive results is still under development [Menl5l [Chel9], the prospects of sub-nm
chemical spatial resolution are tremendous for all interface-related disciplines. In general,
highest TERS enhancement and lateral spatial resolution can be achieved in the gap-
mode [HayO1I]. An image dipole is created in the metal surface of the substrate from the
laser excitation-induced dipole at the tip apex. These two localized surface plasmons are
interdependent and form the gap-mode, which leads to additional enhancement and field
confinement proportional to /¢, - d [Shil7]. This is the reason why many (EC-)TERS

studies are performed on metal substrates, often of the same material type as the tip.

Electrochemical TERS

The TERS technique can be conducted in air or under inert gas atmosphere as well as
in liquids under potential control, i.e. under electrochemical conditions. Figure illus-
trates the EC-TERS setup that requires a bipotentiostat to control the potentials of both
the sample surface and the STM-tip. The first AFM-based TERS measurement in liquid
environment without potential control was achieved by the Zenobi group in 2009 [Sch09],
followed by Nataka et al. who studied time-dependent liquid TERS of lipid bilayers in
water [Nak13]. In 2015, the Ren and Van Duyne groups independently published the first
results on STM- and AFM-based EC-TERS that were shortly afterwards followed by the
Domke group [Zenl15l [Kurl5l MarI7h]. These first pioneering works have demonstrated

the huge potential of EC-TERS for electrochemical surface science, observing potential-
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Figure 2.18. (A) For EC-TERS, the measurements are conducted in aqueous electrolytes and
both sample electrode and SPM-tip are potential-controlled by a bipotentiostat. EC-TERS is
thus the combination of SPM, near-field Raman spectroscopy and electrochemistry. CE and RE
denote counter and reference electrode, respectively. (B) Image of the EC-TERS sample cell
utilized within this work showing the objective, STM-tip, sample in home-built Kel-F® cell with
electrolyte and CE and RE.

dependent redox reactions, protonation/deprotonation and reorientation of SAMs (see
Chapter (1 for detailed review). In this thesis, we show that EC-TERS can be utilized to
perform operando EC-TERS mapping while AuOx surface species are formed operando,
providing unprecedented nanochemical insight into surface reactivity under reaction con-

ditions.

EC-TERS setup

The utilized EC-TERS setup is an STM-based home-built device and has been described
in full detail previously [Mar16l Marl8, [Dril8|. Here, the most important setup features,

technical details and procedures are shortly summarized, while further technical design

considerations can be found in the literature and are not readdressed here. The EC-TERS
setup incorporates an EC-STM from Keysight Technologies GmbH (STM 5420, former
Agilent), which is equipped with a bipotentiostat and a tip-scanner with an elongated
tip-holder (see Section [2.4] for further EC-STM specifications). The red HeNe laser (632.8
nm, linearly p-polarized, max. output power = 35 mW, Research Electro Optics Inc.,
model 32413) is focused on the EC-STM Au-tip in a side-illumination configuration at a
55° angle with respect to the surface normal. The red laser light is first passed through a
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clean-up filter (Semrock MAXLINE LL-632.8-25.0M) and, if required, through two addi-
tional gray filters to reduce the laser intensity. The 50x long working-distance objective
has a working distance of 10.6 mm (Olympus, NA = 0.5). The liquid nitrogen-cooled
CCD detector (Symphony II, Horiba) and the Horiba iHR 550 spectrograph are con-
trolled by LabSpec 5 software. The spectrograph provides three different gratings of 600,
1200 and 1800 lines/mm. A dichroic laser beam splitter (Semrock RazorEdge Dichroic
LPD02-633RU-25) separates the excitation and detection pathways, providing for the lat-
ter a frequency cut-off value of 156 cm™*.

a Rayleigh-filter (Semrock RazorEdge ultrasteep long-pass edge filter LP02- 633RE-25)
1

The detection path is further equipped with
with a cut-off at 79 cm~!. Raman spectra from 156 to 4000 cm~! can be obtained in
a multi-window collection mode. The home-built Kel-F® cell provides a laser entrance
through a glass window (high precision cover glass, cut from 24 mm x 50 mm glass slides,
thickness 170 £+ 5 pm) that is pasted with UV glue (Loctite 3321) on the Kel-F® cell
(see Figure 2.18B) at a 55° angle with respect to the sample surface normal to match
the angle of the 50x objective. An O-ring (Kalrez, FFKM 75, DTH-Dichtungstechnik
GmbH, outer diameter 8 mm x 0.7 mm) seals the Au(111) single crystal to the Kel-F®
cell compartment. The Kel-F® cell accommodates the aqueous electrolyte, WE, CE and
RE.

Au-tips are electrochemically etched in 1:1 solution of HCI (37% fuming, Merck, Em-
sure) and Ethanol (Merck, Emsure) at 2.4 V with a circular-shaped Au CE (1.0 mm
diameter, Mateck, 99.995%) made of Au wire (0.25 mm diameter, Alfa Aesar, Premion,
99.9985%) following the procedure by Ren et al. [Ren04]. During the electrochemical etch-
ing procedure, Au oxides are formed that are subsequently dissolved by the CI~ anions
in solution forming AuCl, [Pod79]. Figure shows a scanning electron microscope
(SEM) image of typical TERS Au-tips prepared by electrochemical etching. The Au-
tips are electronically isolated by Zapon wax (CLOU ZAPONLACK Schutzlackierung)
coating. The coating procedure consists of about six successive rounds of pulling the
etched-Au-tip through a thin layer of Zapon wax and subsequent drying (ca. 10 min per
Au-tip) [Marlg]. For the EC-TERS experiments, the EC-TERS tip is positioned at a dis-
tance of 1 to 2 mm to the upper edge of the pasted glass window. The EC-STM is located
on an x-,y-stage that allows positioning of the TERS-tip with respect to the incoming laser
beam. The Olympus 50x objective is mounted on a piezo stage (Steinmeyer Mechatronik
GmbH, 3 nm step precision) to focus in z-direction. A CMOS camera (Mikrotron, MC
1362) can be temporarily coupled into the laser beam path by means of a beam splitter
to create a white light (white light source: SCHOTT KL 1600) image that aids precise
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Figure 2.19. Scanning electron microscope (SEM) image of typical TERS Au-tip prepared by
electrochemical etching.

laser focusing (Figure [2.20]). A laser power of about 20 mW is usually measured in air

Figure 2.20. White light images recorded during EC-TERS tip approaching to the Au(111)
sample surface in 0.1 M aqueous sulfuric acid electrolyte.

at the laser focus as maximum available power. Due to optical aberrations at the glass

window, the actual power is estimated to be lowered by a factor of 3 to 5 when working

in liquid [Mar16].

The employed EC-TERS setup allows the investigation of opaque single crystal electrodes
in contact with bulk electrolyte solutions. The use of bulk electrolytes in comparison to
liquid drops minimizes electrolyte evaporation, which can change the solution pH, requir-
ing continuous replenishment of electrolyte otherwise. The relative tip-sample distance
can be controlled by the sample bias and current setpoint. In addition, EC-STM based
TERS typically provides higher enhancement factors compared to AFM [Pet12].
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Experimental challenges

EC-TERS poses a number of technical and experimental challenges that are mentioned
here. For additional details, the interested reader is referred to the literature about the
EC-TERS setup design and its development [Marlg, [Dril§]. As EC-TERS is the combi-
nation of different methods, namely SPM, Raman spectroscopy and electrochemistry, the
technique is complex by its very nature [Wanl17]. The electrolyte liquid and glass window
that allow the laser light to enter the electrochemical cell lead to light aberrations that
make laser focusing on the tip more challenging and less efficient than in air. The laser
beam should only travel smallest possible distances in the liquid to minimize total focus
aberrations [Marl§]. The long working distance air objective needs to be aligned with the
EC-STM tip. As such, the objective reaches close to the EC-TERS cell, which introduces
stringent space constraints that require precise setup engineering and particular care while
operating the EC-TERS setup. In addition, much longer Au EC-STM tips (ca. 1.5 cm)
are required compared to regular EC-STM experiments (ca. 0.5 cm), in which usually also
more stiff tip materials such as Pt/Ir or W are used. Both material (Au) and length of the
EC-TERS tips result in lower STM stability. Moreover, for electrochemical TERS, the tips
need to be electronically isolated to minimize parasitic leakage currents. For EC-TERS
mapping and simultaneous EC-STM imaging, an EC-TERS tip with good electronic iso-
lation (below 50 pA), good STM imaging capabilites (low drift, high stability) and good
TERS enhancement (high signal-to-noise ratio) are required. These requirements need to
be fullfilled while performing electrochemical measurements and require clean electrolyte
and sample preparation, a stable RE as well as precise potential control. Each step adds
to the experimental complexity of an EC-TERS experiment. Finally, it is important to
note that, in the case of in-situ formed surface analyte species (as will be seen later), laser
fine focusing according to the EC-TERS signal is additionally complicated by the fact
that EC-TERS signals can only be obtained when the surface analyte species has been

generated.

2.5.4 Surface-enhanced IR absorption spectroscopy

In 1980, Hartstein et al. discovered that molecules adsorbed at metal thin films exhibit an
increase in IR absorption compared to conventional measurements without the presence of
a metal surface [Har80]. This surface-enhanced infrared absorption (SEIRA) effect in the
visible to mid-infrared region is similar to the SERS effect and can provide IR absorption
enhancements in the order of 10" to 10? [Osa91]. As in SERS, the metal surface morphol-

ogy plays a crucial role for the obtainable enhancement. In general, chemisorbed molecules
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tend to exhibit stronger enhancement than merely physisorbed molecules [Osa01]. Two
enhancement mechanisms have been suggested to contribute to the SEIRA effect, namely
an electromagnetic and a chemical enhancement mechanism. The electromagnetic en-
hancement originates from the excitation of localized surface plasmons within the metal
thin film by the incident light and the localized electromagnetic near-field that is thereby
generated [Wok84]. For continuous metal films, surface plasmons are excited by electro-
magnetic radiation of 200 to 800 nm wavelength. However, the metal films portraying the
SEIRA effect are not continuous but composed of small metal islands of 20 to 80 nm size,
on which surface plasmons can be excited in the IR range [Zhul8, Neul3|]. In addition,
according to the Bruggemann model [Bru35], the dipole interactions between different
metal islands are also of relevance. It has been suggested that the optical properties of
the metal thin films (usually portraying a large imaginary part of the dielectric function
and thus leading to strong damping of the localized surface plasmons) are perturbed and
adjusted by additional induced dipoles introduced by the adsorbates, which provides fur-
ther explanation of the experimentally observed enhancement [Osa01]. In contrast, the
chemical enhancement stems from molecule-metal surface interactions, where molecular
orbitals and metal surface charge oscillations are expected to couple with each other and

enlarge the absorption coefficient [Per81]. The absorption, A, can be written as follows
[Osa01]:

A o \gg\z % - cos(0), (2.15)

where # is the dipole moment, g is the normal coordinate, € is the electric field and ©
describes the angle between the derivative of the dipole moment and the electric field
vector. While the chemical enhancement changes the first term containing the dipole
moment derivative, ]g—gﬁ, the electromagnetic enhancement locally increases the electric
field, € (Equation . Depending on the molecular orientation, the angle, ©, is modi-

fied, which also influences the extent of absorption, A.

The field-enhancement requires the effective coupling between the incoming light and
the local surface plasmon via energy and momentum conservation (see Figure )
While for SERS rough coinage metal surfaces or nanostructures allowed the correspond-
ing dispersion curves to intersect, here IR transparent prisms, such as Si, CaF,, Ge, ZnSe,
with sufficiently high dielectric functions (¢ > 1), schematically shown in Figure , can
be utilized to ensure the necessary matching of momentum. The Otto configuration is
employed for infrared reflection absorption spectroscopy (IRRAS), where the working
electrode is brought as close as 1 to 10 pm to a CaFsy prism and the IR light has to travel
through the small electrolyte gap and is absorbed and reflected at the WE. This allows
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the usage of well-defined single crystals, but the hindered mass transport in the narrow
electrolyte gap makes stati(ﬂ measurement conditions more practial. In the Kretschmann
configuration, a thin metal film (ca. 20 nm) is evaporated onto a Si prism and the IR
light is internally total-reflected at the prism-metal interface. The evanescent wave only
extends a few hundreds of nanometer into the electrolyte [Osa01], which is why the con-
tribution from the bulk electrolyte is lower compared to IRRAS. In addition, the SEIRAS
effect amplifies the vibrational signals and the Kretschmann configuration is utilized for
attenuated total reflection surface-enhanced IR spectroscopy (ATR-SEIRAS) measure-
ments with high surface sensitivity. For example, even water molecules at the interface
were investigated [Ata98] and time-resolved monitoring of electrochemical processes has
been demonstrated with fast response times from 0.1 to 10 s [Nod99].

RE CE RE CE

(A) (B)

electrolyte

electrolyte

1-10 pum  WE ~20 nm

Otto Kretschmann
configuration configuration

Figure 2.21. Comparison of Otto and Kretschmann configurations, as discussed in the text. (A)
The Otto configuration is employed for IRRAS. (B) The Kretschmann configuration is utilized
for ATR-SEIRAS.

EC-SEIRAS setup (Alicante)

The EC-SEIRAS setup consists of a Nicolet 8700 Thermo Scientific spectrometer that is
equipped with a MCT-A detector (HgCdTe based) that is liquid-N-cooled, and a wire grid
ZnSe polarizer (PIKE Technologies). The spectrometer is controlled by OMNIC software.
The EC-SEIRAS experiments of this thesis were performed in an ATR configuration. The
EC-SEIRAS sample, thermally evaporated Au deposited on a Si 60° prism (Pastec Ltd,
Japan), and the spectro-electrochemical cell are mounted on top of a Veemax reflectance

accessory (PIKE Technologies). Potential control is assured by the potentiostat Model

i.e. at equilibrium conditions without any surface reactions occuring that require mass diffusion in

the narrow electrolyte gap.
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175 Universal Programmer (Princeton Applied Research) equipped with an eDAQ e-
corder and Chart software. RE and CE (specified in Section as well as Argon inlets
for electrolyte degasing and blanketing are incorporated in the spectro-electrochemical
cell. The EC-SEIRA spectra are typically plotted in absorbance units, A, defined as:

A= —log< ! ) . (2.16)
Iy

Here, I is the reflected light intensity at the sample surface at the applied sample potential

and I, is accordingly the light intensity recorded at the reference potential. If reference

spectra are obtained at potential regions where no (specific) ion adsorption occurs, posi-

tive and negative EC-SEIRA bands at the desired sample potential (with respect to the

reference potential) correspond to the gain or loss of species.
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Chapter 3

Monitoring the AuOx

electro-reduction

This chapter is about to be submitted for publication as and is reproduced /adapted from
"Jonas H. K. Pfisterer, Francesco Nattino, Ulmas E. Zhumaev, Manuel Breiner, Juan M.
Feliu, Nicola Marzari and Katrin F. Domke, "Observation of reaction intermediates during
the gold oxide reduction reaction by EC-SERS and implicit solvent DF'T", 2019’ [Pfi19b].
Please contact the authors for further information. The DFT calculations underlying this

chapter were performed by Francesco Nattino (EPFL, Marzari group).

Detailed molecular understanding of surface chemistry under reaction conditions is piv-
otal for improving electrocatalytic devices, electrochemical synthesis routes or suppressing
corrosion phenomena. Operando monitoring and reliable identification of reacting species
are therefore of utmost importance and require highly surface-molecular sensitive ex-
periments under reaction conditions. Here, we employ EC-SERS to monitor short-lived
reaction intermediates during the electro-reduction of AuOx in sulfuric acid. Perform-
ing potential-jumps to trigger the AuOx reduction and then monitor the evolution of
reaction intermediates as a function of time over the course of several tens of seconds.
We observe a peak splitting of the broad AuOx spectral feature around 594 cm™! into
two bands. According to DFT, they can be attributed to Au-OH and Au in a 4-fold
coordination with oxygen resembling the bulk AuyO3 coordination. The EC-SER spectra
provide evidence for temporary proton adsorption and subsequent OH-release, as well as
for the adsorption of (bi)sulfate ions during the surface reduction process. The presented
potential-jump experiments combined with implicit solvent DFT simulations confirm that
short-lived Au-OH intermediates are formed also in acidic media during the AuOx electro-

reduction, implying their relevance during surface oxidation and, potentially, for the OER.

33
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Moreover, the following chapter highlights that EC-SERS on electrochemically rough-
ened polycrystalline Au surfaces offers sufficient SERS enhancement to detect AuOx re-
action products/intermediates under reaction conditions and provides important knowl-
edge about the reaction system to proceed with the EC-TERS nanoscopy measurements
presented in Chapter [5

3.1 Introduction

The rational design of efficient electrochemical devices, improved electrochemical synthe-
sis protocols or effective measures against metal corrosion all require detailed molecular
understanding of the underlying reaction mechanisms and thus of the surface chemistry
[Shel7, Pom04, Mez16]. Elucidating reaction pathways by operando monitoring and iden-
tification of reaction intermediates can provide the necessary insight to strategically mod-
ify the electrode surface structure and/or material composition to engineer surface reac-
tivity, selectivity and stability [Banl4]. However, time-resolved detection with high sensi-
tivity and reliable identification of surface reaction intermediates under realistic working
conditions is demanding [Meil8] and require sophisticated experimental tools, because of
the typically low residence times (ps to s [Ben16), [Sri98, [Bri00]) of the molecular adsorbates
at the surface, a limited number of available active surface sites |[Reil2] and thus often
the presence of only small amounts of species as well as technical experimental challenges
due to the aqueous electrolytes including potential control. For example, the detection of
reacting OH species during oxygen reduction or noble metal corrosion reactions consti-
tutes a huge challenge to clarify suggested reaction mechanisms [Donl19, [Zhul3|. Highly
sensitive spectro-electrochemical tools that provide surface-molecular specificity under re-

alistic working conditions are therefore required.

To date, Au has remained attractive as an electrocatalyst for fuel cells, electrolysis and
battery applications to tune device efficiency [Rod14], for example as part of bimetallic
compounds [SHI0]. Besides, Au can be considered as one of the most widely spread elec-
trochemical model systems of fundamental interest, for example, as catalytic electrode,
catalyst support or model corrosive material. During water splitting, pristine Au is trans-
formed to AuOx. However, despite long-standing research efforts, the exact nature of
the electrochemically generated AuOx, its formation mechanism(s) as well as its electro-
reduction pathways are still not fully understood. The latter is of particular importance,

as the electro-reduction of AuOx mimics the surface reduction-event during anodic oxida-
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tion of small organic molecules or during water splitting at anodic potentials providing at
least partly the required oxygen elements from the AuOx surface [Con95]. Based on an un-
usually broad and asymmetric vibrational band around 580 cm ™!, Weaver and co-workers
already hypothesized that the AuOx surface — ’starting point’ for the electro-reduction
as well as the water splitting — is composed of a multitude of oxide/hydroxide structures,
possibly involving a variety of different coordination geometries as well as hydration states
[Des86]. However, experimental evidence has remained scarce. In neutral/alkaline media,
EC-SHINERS revealed an OH-bending mode at 807 and 790 cm™*, respectively, indicat-
ing the involvement of OH species in Au oxidation/reduction [Zhul3| [Lil5]. In acidic
media, it is typically assumed that AuOx reduction as well as Au oxidation also proceed
via the formation of Au-OH intermediates [AK86]. However, Au-OH species have, to the
best of our knowledge, not been observed spectroscopically during AuOx reduction/Au
oxidation in acidic solutions, despite the possible formation of Au-OH as key intermediate
during oxide film formation [Str88, [Con95], corrosive Au dissolution [Chel3], the OER
[DM13] or ORR [Don19].

Experimentally, EC-SEIRAS has provided, for example, molecular insight into potential-
dependent ion adsorption on Au electrodes [Osa97, [Atad8], but is limited to higher
wavenumber regions (>1000 cm™!). The low wavenumber regions (0 to 1000 cm™!), how-
ever, typically carry relevant information on molecule-metal surface interactions. Raman
spectroscopy covers also lower wavenumber regions and is less hindered by absorption of
water in comparison to IR light. The typically low Raman scattering cross-sections can be
elegantly bypassed by EC-SERS[Fle74, [JeaTT], where nanoscale rough metal surfaces en-
hance the otherwise weak Raman signals and provide the required high surface-molecular
sensitivity [Dinl6]. In terms of theory, recent progress in DFT simulations considering
implicit solvent models allow advanced calculations of molecular vibrations at solid-liquid
interfaces, potential-dependent stability investigations and a reliable interpretation of ex-

perimentally gathered spectroscopic data [Hor19].

Here, we employ potential-jump EC-SERS experiments to in-situ monitor short-lived reac-
tion intermediates during the electro-reduction of AuOx. We jump to the onset potential
of the AuOx reduction to follow the evolution of reaction intermediates as a function of
time, as opposed to following an averaged EC-SERS response during CV over either a wide
potential range or long acquisition/stabilization times as typically done in complementary
EC-SERS experiments [Zhul3l [Zha93], Bel05, [Kim06l [Yeoll]. The jump approach allows

to track dynamically-evolving reaction intermediates in acidic media, such as OH, AuOx
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and (bi)sulfate species over several tens of seconds under reaction conditions. We observe
a peak splitting of the broad AuOx spectral feature ~594 cm~! into two bands. According
to DF'T, these bands can be attributed to Au-OH and Au in a 4-fold coordination with
oxygen resembling the bulk AusOj3 coordination. Further, the EC-SER spectra provide
evidence for temporary proton adsorption and subsequent OH-release to form water, and
for the adsorption of (bi)sulfate ions during the surface reduction process. The presented
potential-jump experiments show that short-lived Au-OH intermediates are formed dur-
ing the AuOx electro-reduction also in acidic media, suggesting that such species play a

role in the OER mechanism during concomitant surface reduction.

3.2 Materials and experimental details

The polycrystalline Au electrode (EDAQ ET053-1 Au disc electrode, 3 mm Au disc in 6
mm OD PEEK body) was electrochemically roughened following the procedure by Tian
and co-workers [Tia02]. The roughening was performed in 0.1 M KC1 (99.999%, Suprapur,
Merck) solution with a Au wire as CE (0.5 mm diameter, Alfa Aesar, Premion, 99.9985%
metals basis) and a commercial Ag/AgCl RE (3 M KCl, SI Analytics). The Au electrode
was kept at -0.3 V vs. Ag/AgCl for 30 s, then ramped to 1.2 V vs. Ag/AgCl with a scan
rate of 1 V/s and held at this potential for 1.2 s. Afterwards, the potential was ramped
back to -0.3 V vs. Ag/AgCl with an adjusted scan rate of 0.5 V/s and again held at
-0.3 V vs. Ag/AgCl for 30 s. This procedure/cycle was repeated 25 times leading to a
brownish /red color of the Au electrode. Subsequently, the Au electrode was thoroughly
rinsed with MilliQQ water (Millipore-Q, 18 M2 cm, Merck) as well as stored in MilliQQ water
and shortly before cell mounting in 0.1 M HySOy4 to remove any possible contaminants

adsorbed during the roughening procedure.

The home-built EC-SERS setup is described in Subsection 2.5.2] A backscattering con-
figuration and a 600 lines/mm grating was employed for the reported experiments. The
laser power of ca. 20 mW at the laser focus spot was measured in air and is comparable
to other EC-SERS studies [Des86]. Acquisition times between 0.5 and 1 s were used. The
Pd-H RE was prepared by applying between 5 to 10 V between the Pd wire and a Au CE
in 0.1 M HySO, until the evolution of hydrogen gas roughly corresponded to the oxygen
gas bubble formation. The Pd-H RE was freshly prepared before each experiment and,
for a pH of 1 (as used in this study), corresponds to RHE at pH of 0 (i.e. SHE). The aque-
ous electrolytes were 0.1 M HySOy4 (96%, Suprapur, Merck) prepared from either MilliQ
water or deuterated water (Deuterium oxide, 99.9 atom % D, Sigma-Aldrich). For the
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reliable comparison of H,O and D50 data sets, the EC-SERS measurements were always
performed subsequently on the same day in HyO- and DyO-based HySOy electrolytes with
the same sample electrode. The electrolytes were degased with Ar (Westfalen, 6.0 N)
before transfer to the Teflon cell. The Teflon cell and all glassware were boiled in ~40%
HNOj3 (>65%, Sigma-Aldrich). The glass cell window (1-2 mm x 25.4 mm, PLANO
GmbH) and Kalrez-F sealing ring (6 mm x 2 mm, VOXTEC) were cleaned separately in
Piranha solution (H2SO4 (96%)/H2045 (30%) ratio of 3:1). After the chemical cleaning,
all items were boiled in MilliQQ water three times with thorough MilliQQ rinsing between

each boiling step.

Additional CV measurements were performed with a Metrohm Autolab PGSTAT 30 mul-
tipotentiostat using NOVA 2.1.2 software. The working electrode was a polycrystalline
Au electrode as used for the EC-SERS experiments, but without the additional rough-
ening procedure. A Au wire and a Pd-H wire were used as CE and RE, respectively.
The Pd-H RE was prepared according to the same procedure specified above. Ar gas
was used to degas the 0.1 M HySOy electrolyte (Milli-Q based) for 30 min and to then
blanket the solution. To electrochemically clean the working electrode, 5 CV scans up to
Au oxidation at 1.6 V vs. Pd-H were performed before each measurement (100 mV /s scan

rate). The additional electrochemical measurements were conducted by Manuel Breiner
(MPIP, Domke group).

3.3 Experimental results

Figure [3.1]A shows the CV of the roughened polycrystalline Au electrode recorded in
the EC-SERS cell at a scan rate of 50 mV/s in 0.1 M HySO,4. The oxidation of the
polycrystalline Au electrode starts at ~1.3 V vs. Pd-H and the subsequent reduction of
surface AuOx commences at ~1.2 V vs. Pd-H. The obtained CV is in accordance with
the literature |[Chel3, [DM13| [YeolO] and corresponds well with additional electrochemi-
cal measurements on polycrystalline Au without the roughening procedure necessary to
provide SERS enhancement. Figure compares the CVs of the roughened (to ob-
tain EC-SERS enhancement) and not roughened polycrystalline Au electrodes. Both CVs
portray the same features; however, the electrochemically roughened Au electrode shows
higher oxidation and reduction currents, despite the lower scan rate (50 vs. 100 mV/s).
The electrochemical roughening procedure (Section introduces nanostructures lead-
ing to the enhancement of the Raman signals due to laser-excitation of surface plasmons.

Therefore, the roughened electrodes possess higher surface areas, as apparent from the
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higher oxidation/reduction currents. Nevertheless, the underlying surface electrochem-

istry is expected to be the same, as both CVs are nearly equal.
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Figure 3.1. Simultaneous operando SERS and CV measurements. (A) Integrated EC-SERS
peak areas in the region between 500 to 600 cm™! for up-scan (dark blue circles) and down-scan
(green squares) acquired during CV (black curve, in 0.1 M H3S04) at 50 mV /s scan rate. Thick
arrows indicate the potentials (vs. Pd-H reference electrode) at which the respective EC-SER
spectra shown in (B) were acquired. The spectra are y-offset for clarity.

Figure [3.1B shows example EC-SER spectra acquired at different electrode potentials

during CV. While at 0.7 V vs. Pd-H no peaks are apparent on top of the broad SERS

Lis visible. Dur-

ing the cathodic scan toward more negative potentials, an intense peak at ~560 cm™! is

observed at the onset of the AuOx reduction (~1.2 V vs. Pd-H), which differs in peak
position and intensity from the broad asymmetric peak around 594 cm™!. The integrated

peak intensity of the spectral region between 450 to 650 cm™! (Figure , blue dots and
1

background, at 1.6 V vs. Pd-H an asymmetric peak around 594 cm™

green squares for up- and down-scan, respectively) displays the growth of the 594 cm™
peak during surface oxidation from around 1.3 V vs. Pd-H to a plateau intensity between
1.4 and 1.6 V vs. Pd-H. At ~1.2 V vs. Pd-H during the reverse scan, the EC-SERS in-
tensity suddenly rises and then vanishes below 1.1 V vs. Pd-H scanning further toward

more negative potentials.

Further, we performed EC-SERS potential-jump experiments, in which we employed the
potential-jump sequence shown in Figure (black curve). The potential sequence
starts and ends at a potential of 0.65 V vs. Pd-H with a plain Au surface with low sul-
fate adsorption of less than 4% surface coverage [Ede94, [Pfi19d], followed by an upward
potential-jump to 1.25 V vs. Pd-H that mirrors the downward potential-jump to 1.25
V vs. Pd-H after surface oxidation at 1.65 V vs. Pd-H. Note that experiments in HyO-

and DyO-based solutions were performed with a 50 mV potential difference according to
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Figure 3.2. CV of sample electrodes. (A) Comparison between the CVs of the polycrystalline
Au electrode (black, scan rate = 100 mV/s) and the roughened polycrystalline Au electrode for
EC-SERS experiments (green, scan rate = 50 mV/s) in 0.1 M HyS04. (B) Comparison of CVs
of the roughened polycrystalline Au electrode in 0.1 M HySOy4 water (black) and deuterium (red)
based electrolytes (scan rate = 50 mV/s).

the observed shift of the RE potential during CV (Figure ) Figure shows the
recorded current vs. time traces for the applied potential steps (blue curve) in HoO- and
DyO-based solutions. We find a current plateau when jumping from 1.6(5) V to 1.2(5) V
vs. Pd-H that differs from the exponential current decays observed for the other applied

potential-jumps. To gain further insight into the electrochemical response during the
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Figure 3.3. Chronoamperometry during EC-SERS jump-experiments. Current vs. time traces
(blue curve) at different applied fixed potentials (black curve) of the roughened polycrystalline
Au electrode in (A) Dy O-based and (B) HyO-based 0.1 M Hy SOy, recorded in the EC-SERS cell.
Light blue area highlights the current plateau.

potential-jump experiments that we combine with EC-SERS in the following, a number
of pure electrochemical measurements were conducted on (not roughened) polycrystalline
Au electrodes in 0.1 M HySO, water-clectrolyte. As Figure [B.2A exhibits a slight shift
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in the AuOx reduction potential of ~20 mV, comparing the roughened and not rough-
ened Au electrodes, this potential difference/offset needs to be taken into consideration
when comparing the presented purely electrochemical and EC-SERS potential-jump ex-

periments.

The surface oxidation was investigated by linear potential up-scan to 1.4 V, 1.5 V and 1.6
V vs. Pd-H, subsequent potential holding for varied time periods from 0 to 600 s and a
final linear potential down-scan (Figure [3.4A). The AuOx reduction peak shifts to more
negative potentials with increasing holding times and the integrated charge profiles reveal
a strong current increase during the first 60 s (Figure ) For longer holding times,
the charge vs. time curves do not show the expected saturation value of a completely
oxidized limited surface area, but show a slow linear increase. This slow linear charge

increase might originate from the oxidation of the lower lying Au substrate, as previously
observed [TF97].

S

%))

T 021(A) (B), we=—""7"16V
[0 I/./

< 0.04 [}

= L 1.5V
$ 0.2 v

2 1
S
T o~ 1.4V
£ -0.6- i

e .

5 -0.81 ;

3 06 08 10 12 14 16 0 200 400 600 800

Evs. Pd-H/V Waiting time / s

Figure 3.4. Au surface oxidation for different waiting times. (A) CVs of the (not roughened)
polycrystalline Au electrode in 0.1 M Hy SOy with different holding times (0 to 600 s) at 1.6 V vs.
Pd-H and subsequent continuation of the CV (scan rate = 100 mV/s). (B) Integrated charges
for the different holding times at varied upper vertex potentials, UVPs (1.4 V, 1.5V, 1.6 V vs.
Pd-H).

Figure shows the linear potential up-scan to 1.6 V vs. Pd-H that was held for
180 s. The subsequent applied potential in the range from 0.95 to 1.3 V vs. Pd-H was
held for 60 s followed by linear potential down-scan shown in Figure [3.5A. The reduction
peak increases above 1.125 V vs. Pd-H; for lower potentials, the AuOx surface is fully
reduced when the applied constant potentials are held for 60 s. Above 1.125 V vs. Pd-H,

the reduction peak increases since the applied potential for 60 s is not sufficient to com-
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pletely reduce the AuOx surface. At ~1.25 V vs. Pd-H or more positive potentials, the
full AuOx reduction occurs during the subsequent potential down-scan to more negative
potentials. With the increase in AuOx reduction current during the CV down-scan, the
peak position shifts to more positive potentials. Figure shows the current vs. time
traces recorded after the potential-jump from 1.6 V vs. Pd-H and the observed current
plateau for the range between 1.1 and 1.19 V vs. Pd-H. According to the applied AuOx

reduction (over)potential, the current plateau can be adjusted in its temporal length.
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Figure 3.5. Electrochemical potential-jump experiments. (A) CV up-scan before and C'V down-
scan after the potential-jumps for a surface oxidation time of 180 s at 1.6 V vs. Pd-H and a
holding time of 60 s at the employed potentials (0.95 to 1.3 V ws. Pd-H). (B) Current vs.
time traces recorded directly after the potential-jumps, corresponding to the C'V up-scan and CV
down-scan of (A).

Further potential-jump experiments were performed with different holding times of specif-
ically applied reduction onset potentials (Figure. Figure shows the resulting CV
curves for different holding times, t;, from 0.1 to 60 s at 1.17 V vs. Pd-H. Figure[3.6B shows
the current vs. time traces revealing the previously discussed current plateau. Charge in-
tegration of the CV reduction peak, qey corr (‘corr’ indicates that a calibration factor was
employed as is discussed in Section , linear sweep vs. small incremental steps), and the
charges detected during the applied reduction potentials, q;, are plotted as a function of
time in Figure . As expected, while qgy corr decreases with increasing t;, q; increases
approximately in the same fashion. With increasing reduction potentials (from 1.13 to
1.17 V vs. Pd-H, Figure ), an increased holding time, t;, is required to fully reduce

the AuOx surface, as the reaction proceeds more slowly.

Figure [3.7A shows example EC-SERS raw spectra recorded after the potential-jump from
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Figure 3.6. Potential-jump experiments at 1.17 V vs. Pd-H. (A) CV up-scans and down-scans
before and after the potential-jumps from 1.6 to 1.17 V vs. Pd-H (scan rate = 100 mV/s) and
different potential holding times at 1.17 V vs. Pd-H (0.1 to 60 s). (B) Corresponding current
vs. time traces during the variation in potential holding times. (C) Integrated charges from the
current vs. time traces and the C'V reduction peaks for different holding times, t;, at 1.13, 1.16
and 1.17 V vs. Pd-H.

1.65 to 1.25 V vs. Pd-H in Dy0O-based 0.1 M HySO4 electrolyte during the first 19 s. The
acquisition time accounted to 0.5 s for each spectrum, which are y-offset from another for
clarity. The filter cut-off at 156 cm™! is visible, as well as the spectral features assigned
to reaction intermediates. The surface cleanliness is confirmed, in accordance with CV
measurements, by the absence of peaks in the 1300 and 1500 cm™! region, characteristic
for amorphous carbon [Kud00]. Figure shows the corresponding EC-SERS inten-
sity map as a function of time after the potential-jump to the reduction onset (1.25 V
vs. Pd-H). We observe spectral features with peaks appearing at around 230 cm™!, 350
em ™!, 540-620 cm ™!, 750-850 cm !, 955 em ™!, 1030-1200 cm . The relative intensities of
the different spectral regions undergo dynamical changes on the second timescale during
the electro-reduction of AuOx at 1.25 V vs. Pd-H. Peak positions were determined after
linear background subtraction with Lorentzian peak fitting (Section . The results of
the peak fitting of averaged EC-SER spectra are summarized in Table for experiments
in HyO- and D,O-based sulfuric acid electrolytes. Figure 3.8 shows two example EC-SER
spectra obtained by averaging the first 60 raw spectra (acquisition time = 0.5 s) after the
potential-jump from 1.6(5) to 1.2(5) V vs. Pd-H in HyO- and D5O-based 0.1 M HySO4

electrolytes, respectively.

The broad peak around 594 cm™! splits into two peaks after a short delay of approx.
1 to 3 s (Figure -C, 540-620 cm~! wavenumber region). The upper peak is located

at higher wavenumbers in deuterated water at 617.3 &= 0.7 cm™! compared to 612.6 & 0.2

1

cm ™! in normal water. The lower peak at 560.4 £ 1.8 cm ™! in normal water is located
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Figure 3.7. EC-SERS potential-jump experiments. (A) EC-SER example raw spectra as a
function of time after the potential-jump from 1.65 to 1.25 V vs. Pd-H in DsO-based 0.1 M
HS04 electrolyte during the first 19 s (acquisition time = 0.5 s per spectrum). (B) EC-SERS
intensity map as a function of time for the first 38 s after the potential-jump from 1.65 V to 1.25
Vws. Pd-H. (C) Comparison of peak positions of the double peak feature within the 530-630 cm™1
spectral region in Hy O- and Dy O-based 0.1 M HySOy electrolyte experiments. (D) Peak areas
of the ~545 em™' and ~617 cm™ Raman bands as a function of time after the potential-jump

from 1.65 to 1.25 V

vs. Pd-H.
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Figure 3.8. EC-SER example spectra averaged from the first 60 raw spectra (acquisition time =
0.5 s) after the potential-jump from 1.6(5) to 1.2(5) V vs. Pd-H in HyO- (black) and Dy O-based
(red) 0.1 M HySOy electrolytes. Spectra are y-offset for clarity.
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at 545.5 & 2.9 cm™! in deuterated water. The lower wavenumber peak at ca. 560 cm ™!

shows oscillations in intensity (Figure [3.7B,D) with an average oscillation period of 4.2
+ 1.5 s in H,O- and D,O-based electrolytes. The peak area oscillation frequency of the
Au-OH band at ~560 cm™! was determined by Gaussian peak fitting (OriginPro) of the
previously determined peak area as a function of time traces (e.g. Figure[3.7D) at 1.2(5) V
vs. Pd-H (after AuOx formation) and determination of the differences of subsequent peak
positions. The oscillation frequencies in HyO- and DyO-based 0.1 M H5SOy4 electrolytes
accounted to 4.0 + 1.3 s and 4.5 £+ 1.9 s, respectively.

The bands at 350.5 4 0.6 cm~* and 956.6 £ 1.0 cm™! exhibit a slight difference in peak
position of about 1 to 3 cm™! when comparing HyO- and D,O-based electrolyte experi-
ments (347.7 & 1.2 ecm™!; 954.7 £ 0.6 cm™!). All other peak positions are independent
of isotope exchange (Table according to overlapping standard deviations determined
from different experimental rounds. Figure shows the EC-SERS spectral evolution

Table 3.1. Peak positions in HoO and DO solutions. Determined peak positions in Ho O-
and Dy O-based electrolyte solutions after jumping from 1.6(5) to 1.2(5) V vs. Pd-H (see Section
for analysis details), i.e. after surface oxidation, and possible peak assignment according to
experiments/DFT calculations/literature as discussed in the text. Black arrows: peak up- or
down-shift upon deuteration. (—): within standard deviation.

Peak position in HoO Peak position in DoO  Apeak position Peak assignment
232.7 + 1.9 cm ™! 233.9 &+ 0.9 cm ™! (H)SOY~ [Ata98, Bro95)

350.5 + 0.6 cm™! 3477+ 1.2 cm™! 1 Au-OH (weakly bound)
[Exp./DFT]
560.4 & 1.8 cm ™! 545.5 4+ 2.9 cm™? 1 Au-OH stretching
[Exp./DFT]
612.6 £ 0.2 cm™! 617.3 £ 0.7 cm™! 0 O-Au(-OH) [Exp./DFT]
751.7 + 4.9 cm™! 749.7 +£ 1.6 cm™! — O-Au-O [Exp./[Wan01]]
771.4 + 3.7 cm™! 783.7 + 11.2 cm ™! — O-Au-O [Exp./[Wan01]]
853.0 + 1.9 cm™! 850.7 + 2.0 cm™! - (H)SOP~
[DFT/[Ata98], Bro9s|
956.6 & 1.0 cm ™! 954.7 & 0.6 cm ™! ! HSO; [Exp./[Shi9Y]]
1030.6 + 5.9 cm™'  1030.0 + 4.2 cm™! — (H)SOY~ [Ata98, Bro95)
1136.8 + 21.7 cm™  1135.1 + 29.7 cm™ — (H)SOY~ [Ata98, Bro9s)
1190.9 + 3.8 cm™ 1197 £ 7.2 cm ™! — SO?~ [Afa9g]

as a function of time at 1.25 V vs. Pd-H before jumping to the AuOx formation. Figure
reveals the spectral evolution at 1.65 V vs. Pd-H and the appearance of the broad and
asymmetric peak around 594 cm™! due to AuOx. Figure [3.9C-F compares the EC-SER
spectral evolution at the onset reduction potential of AuOx at 1.2(5) V vs. Pd-H. Intense
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spectral features, in comparison to Figure [3.9A, are apparent. By comparing different
rounds of experiments (Figure 3.9C-F), it is evident that the spectral features are well
reproducible; however, oxidation/reduction cycles also further roughen the nanostructure
surface composition that apparently results into differences in the temporal appearance
of the different spectral features (e.g. 750-850 cm™ region). It is important to note that
since multiple hotspots likely contribute to the acquired signal, the EC-SER spectra as
a function of time do not necessarily reflect the temporal order of the observed reaction

intermediates.

3.4 EC-SERS potential-jump approach

During the electro-reduction of the AuOx surface at the onset potential of 1.2 V vs. Pd-H
(CV in Figure [3.1]A), EC-SER spectra reveal dynamically-evolving spectral features (Fig-
ure ,B and , which we attribute to different reaction intermediates. Potential-
jumps to more negative potentials than 1.2 V vs. Pd-H speed up the encountered reaction
due to larger overpotentials (Figure , while less negative potentials than 1.2 V vs. Pd-
H stop the reaction, making it either too fast or too slow for our experimental procedure
with a spectral acquisition time of 0.5 to 1 s to efficiently follow the reaction intermediates
as a function of time. Accordingly, we are able to observe the reaction intermediates of the
AuOx electro-reduction only when the applied electrode potential is around the reduction
onset region (~1.2 V vs. Pd-H). Our electrochemical potential-jump measurements reveal
a current plateau at potentials around 1.2 V vs. Pd-H that can be tuned according to
variations in applied potentials of tens of mV and show that the time required to reduce
the surface oxide is in the range from several seconds to minutes (Figure , and .
This observation is in agreement with the literature, where the AuOx reduction reaction
has been reported to occur on a broad window of time scales from ps to minutes depend-
ing on the applied electrode potential [Benl6l [Shri4 [Girl5, [Vel90]. The potential-jump
from surface oxidation potentials directly to the reduction reaction onset allows spectro-
scopic monitoring of electrochemical species over a time range of several tens of seconds
that would otherwise (mostly) be hidden during potential sweep measurements (cf. Figure
,B and Figure . The complementary approach to simultaneously acquire spectra
during CV (shown in Figure provides a more narrow time window of about 7 s (in
this case) for complete surface reduction and gives potential-averaged insight. Neverthe-
less, the appearing spectral feature at ~560 cm~! around 1.2 V vs. Pd-H in Figure
supports the distinguished electrode behavior with reduced kinetics around the reduction

onset potential.
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Figure 3.9. EC-SER spectral evolution as a function of time. (A) EC-SER spectra recorded at
1.25 V vs. Pd-H before jumping to surface oxidation at 1.65 V vs. Pd-H. (B) EC-SER spectra
recorded as a function of time at 1.65 V wvs. Pd-H. (C-F) EC-SERS spectral evolution as a
function of time at 1.25 V vs. Pd-H in DyO-based (C, D) and at 1.2 V vs. Pd-H in HyO-based
(E,F) 0.1 M HySOy4. Spectral acquisition times: 0.5 s (A-C, E); 1 s (D, F).

The recorded EC-SER spectra during potentiostatic AuOx reduction represent an en-
semble response from multiple SERS-hotspots at the surface [Fan0§] and the observed
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spectral time-evolution is therefore also an average. During the electro-reduction, the
SERS background retains its shape suggesting that the plasmonic hotspot remains intact
(Figure ) To compensate for changes in the overall SERS background intensity and
possible related near-field artefacts, we analyze background-subtracted data to extract

the underlying surface chemistry (Section [3.§).

3.5 Identification of reaction intermediates

3.5.1 Au-OH intermediates

The broad and asymmetric peak at ~594 cm™! observed at 1.6 V vs. Pd-H (Figure[3.1B)
that, according to literature [Des86], originates from formed AuOx species, splits into
two peaks after the potential-jump from 1.6 to 1.2 V vs. Pd-H: one located at ~560

cm~! and one at ~613 cm™!.

The 560 cm™! peak can be assigned to Au-OH accord-
ing to isotope exchange experiments and implicit solvent DFT calculations that reveal
a difference in peak position of about 15 cm™! [Pfi19h]. Assuming adsorbed OH species
to behave as a simple harmonic oscillator, we calculate the expected isotopic frequency
shift to be A = \/mog/mop = \/(16—|— 1)/(16 +2) ~ 0.972. Using this isotopic shift

factor, we calculate the expected frequency in DO electrolytes for the 560 cm~! peak to

be 0.972 - 560.4 cm™! ~ 544.7 cm ™!, which corresponds very well to the experimentally
obtained value of 545.5 £ 2.9 ecm~!. The Weaver group reported a vibrational band in
alkaline media at 520-580 cm ™!, which was attributed to Au-OH [Des86, [Zha93]. In acidic
solutions, Weaver and co-workers observed potential-dependent spectral features around
550-580 cm~! that partly down-shifted upon isotope exchange, but their origin remained
elusive [Zha93]. DFT calculations predict the 560 cm™! peak to OH species attached
to Au adatoms (Figure and Table ) supporting the Au-OH assignment. The
availability of Au adatoms on rough Au is expected, also due to further surface roughen-
ing during the reported place-exchange between Au and O/OH surface atoms and the Au
dissolution during AuOx reduction [Chel3, [Sch97].

We further confirm that such Au-OH species are metastable in acidic solutions, as the
interface structure of Figure|3.10B is never predicted to be the most stable interface struc-
ture within the applied potential range [Pfil9b], which explains the challenge to monitor
such intermediate species in acids experimentally. The implicit model employed could in
principle underestimate the solvation energy of the OH-adsorbed species for which hy-
drogen bonding probably plays a relevant role. However, accounting for an additional

stabilization of these interfaces through a downward shift of the corresponding formation-
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Figure 3.10. lllustration of the most stable interface structures for the calculations of Au-
OH and AuOzx vibrational frequencies according to Ref. [Pfi19b]. Ozygen, hydrogen and Au
atoms are shown in red, gray and yellow, respectively. For each structure, top and side views are
presented. (A-C) Most stable OH-adsorption configurations (according to geometry optimization)
on the flat and roughened Au surfaces. (D-G) Illustration of the partially ozidized structures
originating from a flat Au(111) surface. ML denotes monolayer. (H-L) Structures originated
from ’roughened’ surfaces (i.e. including one or two Au adatoms per unit cell) with different
amounts of oxygen atoms.

energy curves by few hundreds of meV would not give a qualitatively different picture
[Pfi19b]. Consequently, OH formation can become stable either in a very narrow po-
tential window or through a change in local surface pH. Our results indicate that the
formation of (metastable) adsorbed OH represents a step during the dynamic reduction
of AuOx, as was previously suggested in the literature [AK86]. The observed periodic

1 and the disappearance of the OH

intensity oscillations of the Au-OH peak at 560 cm™
signal after about 50 to 100 s (Figure and [3.9) are in accordance with (metastable)
short-lived OH-intermediates that further react to form water during the reduction pro-

Cess.

Moreover, another intermediate peak at ~351 cm™! (Figure ,B) is assigned to Au-OH,
though less intense than the Au-OH at 560 cm™!, that shows a slight down-shift in peak
position of about 1 to 3 cm™' moving from water to deuterium (Table. DF'T calcula-
tions also show small frequency down-shifts of 3 to 6 cm™! upon deuteration (Table
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Table 3.2. Highest frequencies computed for Au-OH/D and AuOzx according to Ref. [Pfi19Y].
(Upper panel) Surface-OH/D stretch frequencies calculated for the structures involving adsorbed
OH/D illustrated in Figure [3.10A-C. (Lower panel) Mazimum frequencies calculated for the
oxygen-containing structures illustrated in Figure D-L.

Interface  Au-OH/D frequency in vacuum Au-OH/D frequency in solvent

(A) 328/322 cm™! 316/312 cm™?
(B) 558/534 cm™! 531/517 cm™*
(C) 371/365 cm ™! 361/358 cm™*
Interface Max. frequency in vacuum Max. frequency in solvent
(D) 384 cm™! 381 cm™!
(E) 446 cm™! 442 cm™!
(F) 437 cm™! 441 em™!
(G) 581 cm™! 583 cm ™!
(H) 600 cm ™! 599 cm~!
(I) 482 cm™! 480 cm™!
(J) 585 cm ™! 585 cm ™!
(K) 594 cm ™! 601 cm ™
(L) 609 cm™* 621 cm ™!

[PAI9D], in accordance with experiments. In alkaline media, a feature at 360-420 cm™*

was previously attributed to Au-OH stretching [Des86, [Lil5), Zha93]. With DFT, we can
confirm that the 351 cm™! peak originates from Au-OH species in a bridge site surface
geometry (Figure[3.10A,C) less strongly bound to the Au surface compared to the Au-OH
at 560 cm~!. The appearance of two Au-OH species that can be assigned to adsorbed
OH-species strongly (560 cm™!) and less strongly bound (351 cm™') to the surface sug-
gests that the AuOx surface is reduced by proton adsorption and electron transfer to form
the adsorbed OH intermediates and subsequent release of the OH species from the surface

to form water, in agreement with suggestions in the literature [Con95, [AKS6, [Peu84].

3.5.2 Gold oxide intermediates

The broad AuOx peak at ~594 cm™! observed at 1.6 V vs. Pd-H (Figure blue spec-
trum) splits into two peaks after the potential-jump from 1.6 to 1.2 V vs. Pd-H. While
the lower 560 cm~! peak is Au-OH, the higher wavenumber peak located at ~613 cm™!
can, according to DFT simulations [Pfil9b], be attributed to a AuOx structure that is
characterized by Au atoms in a 4-fold coordination with oxygen (Figure [3.10L), as the

1 solvent: 621 cm™!) are close to the experi-

computed frequencies (vacuum: 609 cm™
mentally observed one at 613 cm™!. The Au atoms in a 4-fold coordination with oxygen

are also observed in the form of bulk gold oxide, AuyO3 [Jon80]. The experimentally
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observed slight up-shift in peak position of about 4 cm™! in a DO electrolyte can be ex-
plained by protonation of the interface structure in Figure (i.e. adding a H-atom to
the (unit cell) structure): The frequency computed in implicit solvent for the (partially)
protonated surface structure is 601 cm™!, and it shifts to 602 cm™! when H is replaced
with D, supporting the experimentally observed trend. Intuitively, this effect can be un-
derstood when the influence of OH species in close proximity to the oxide structure is
considered: While the deuterium atom can be expected to be less mobile due to its higher
mass compared to hydrogen, the hydrogen atom can, to some extent, be 'shared’ with
neighboring oxygen atoms. As a consequence, the neighboring oxygen atom has a slightly
higher effective mass which results into a lower peak position in water (~613 cm™!). In
deuterated electrolyte, the heavier and less mobile deuterium atom remains at its Au-OD
position and the neighboring atoms have a lower effective mass leading to the observed

1

peak position up-shift to ~617 cm™" in the DO case. The oxide intermediate is appar-

ently a more ordered AuOx surface structure, resembling a coordination symmetry similar

to bulk Au,Os, formed during the reduction process, as the peak width of the 613 cm™!

peak is substantially more narrow (FWHM: ~28 cm™!) than the initial broad 594 cm™!

AuOx feature at 1.6 V vs. Pd-H (FWHM: ~130 cm™!).

It is important to remember that one of the challenges in understanding the AuOx re-
duction mechanism as well as the OER in full detail is the uncertainty about the actually
formed AuOx composition. We find that the calculated surface oxide structures that
involve minor surface reconstructions and that could be classified as oxygen-atom ad-
sorption (see Figure —F,I) are characterized by a maximum frequency that does not
exceed 500 cm ™. Larger frequencies (>550 cm™!) are observed for interfaces where one or
multiple Au atoms are clearly oxygen-coordinated, which can be classified as 'entangled’
or reconstructed surface-oxide structures [Pfil9b]. These results indicate that the broad
594 cm ™! peak originates from a AuOx 'network’ (possibly also involving hydrogen) rather
than from simply adsorbed oxygen atoms, which is supported from the observed surface
roughening during oxidation/reduction previously observed in XPS and STM studies and
can be expected in the context of a place-exchange mechanism between Au and O/OH-
species [Sch97, Rod03D]. We note that the broad 594 cm™! AuOx peak could in principle
also be consistent with a bulk Auy,Oj3 phase, for which the calculated phonon density
of states presents a broad feature in the frequency region from 500 cm™! to 580 cm™!
[Pfi19b]. However, DFT calculations reveal a number of calculated frequencies in the re-
gion between 580 to 600 cm™! (Table indicating that the broad 594 cm™! peak at 1.6
V vs. Pd-H could originate from multiple gold oxide/hydroxide structures (as proposed
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by Weaver and co-workers [Des86]) rather than from a ’single species’.

Land ~771 em™! during AuOx reduction were sta-

The spectral features at ~752 cm™
ble in peak position upon change of deuterated electrolyte suggesting these species to
neither contain hydrogen nor to closely interact with other hydrogen-containing species
(Table 3.1} no overlap within standard deviation). It is noteworthy that peaks within
this spectral region have previously been assigned to OH bending, O-OH species or HyO,
[Li15, DM13, Kim06, Li03]. For example in neutral and alkaline media, based on EC-
SHINERS on Au single crystal electrodes, a Au-OH bending mode was reported at 807
and 790 cm™!, respectively, that exhibited a shift of around 100 cm™! upon H,O/D,0O
comparison [Zhul3, [Lil5]. Diaz-Morales et al. calculated the vibrational frequencies of
adsorbed O-OH and OH species averaged for different surface geometries to be 824 + 25
cm~! and 754 + 43 em™?, respectively [DM13]. A possible pathway to form such O-OH or
H50, species might involve the formation of Oy during Au oxidation at ~1.6 V vs. Pd-H,
as suggested in the literature [DM13], the subsequent reduction of Oy to HyO9 at ~1.2 V
vs. Pd-H (which would account to an unusually low ORR overpotential), and a final HyOs
oxidation step. However, the formation of O-OH or HyOs-related intermediates during
the AuOx reduction is not at all obvious. According to laser-ablation (low-temperature)
IR experiments and DFT calculations by Wang and Andrews [Wan01], the peaks at ~752
cm~! and ~771 em~! can be assigned to O-Au-O complexes. Short-lived AuOx complexes
can be expected to be formed during AuOx reduction and concomitant Au dissolution
[Chel3], but have not been identified to date during electrochemical reduction experi-
ments. Since the experimentally observed spectral shifts lie within the standard deviation
upon deuteration for the 752 and 771 cm™! peaks and in accordance with DFT calcu-
lations by Wang and Andrews [Wan0O1], we tentatively attribute both peaks to O-Au-O

complexes.

3.5.3 Role of (bi)sulfate anions

Besides the identified OH- and oxide-intermediates, (bi)sulfate ions from the electrolyte
appear at the electrode surface during the surface reduction. The band at ~957 cm™! is
assigned to adsorbed HSO]~ according to work by Shingaya and Ito [Shi99]. This peak
assignment is in agreement with the observed slight down-shift in peak position in deuter-
ated water compared to HyO-based electrolyte of about 2 cm™! (Table . Using EC-
SEIRAS, we have previously studied the coverage-dependent peak shift of sulfate species
from ~1173 cm™! to ~1191 ecm™! adsorbed on Au(111) at 1.2 V vs. RHE [Pfil9d]. Based

on these results, the observed peak at 1191.9 + 3.8 cm ™! is assigned to sulfate. The peaks
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at ~233 cm™!, ~1031 cm™! and ~1137 ecm™! can also be assigned to (bi)sulfate species
with different geometry and coordination [Ata98, [Bro95]. Furthermore, DFT calculations
of sulfate adsorbed to Au(111) in a tri-dentate configuration suggest the experimentally
observed peak at ~853 cm™! to originate from the S-O vibration where the oxygen is in
contact with Au [Pfil9b]. However, such a band around 853 cm™! has not been reported
for EC-SHINERS measurements on single crystal Au(111) [Zhul3]. Previous IR and Ra-
man studies of sulfuric acid solutions, though, attributed a band around 876-895 cm™! to
the S-OH stretching of bisulfate [Atad8, [Bro95]. The well-defined ordered adlayer formed
on Au(111) composed of (bi)sulfate as well as water or hydronium ions [Mag92, [Cue00]
can explain the deviation between our experiments/DFT simulations and the absence of
the 853 cm™! band on Au(111).

Sulfate adsorption is known to be strongest on Au(111) and weaker on other facets [Ata9g].
Since we observe clear (bi)sulfate signal only during the potential-jump to the reduction
onset, but not on the reduced rough polycrystalline Au electrode, we expect (bi)sulfate
to participate in the reduction process by temporarily shielding the charged Au after Au-
O bond breaking. In this process, the local surface charges and the surface pH dictate
the nature (sulfate or bisulfate), orientation and adsorption geometry of the (bi)sulfate,
as well as the extent of Aut dissolution [Chel4b]. The presence of both sulfate and
bisulfate species on Au(111) electrodes is supported for DyO-based electrolytes through
IR experiments performed by Shingaya and Ito [Shi99]. The number of 6 Raman active
(bi)sulfate modes, the polycrystallinity of the electrode and the surface roughening upon
place-exchange between Au and O/OH species support the view of different (bi)sulfate

orientation and adsorption configurations.

3.6 Gold oxide electro-reduction mechanism

Considering the presented and discussed results, we can infer the following tentative re-
action mechanism: Starting from a polycrystalline AuOx surface with different oxide
structures (Figure[3.11A), here the Au, O3 structure, as indicated by the broad and asym-
metric peak at ~594 cm™!, the Au-O bonds are stepwise broken resulting in a locally
charged surface (Figure ) The negative surface charges promote proton adsorption
and the formation of adsorbed OH-species (~560 cm™! peak), while concomitantly the
positively charged Au is screened by (bi)sulfate ion adsorption (Figure [3.11C). The ex-
tent of surface charging and the underlying surface geometry determine the nature of

the ions (sulfate or bisulfate) as well as their orientation configuration leading to the
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different (bi)sulfate peaks. If surface charge screening by anion adsorption is insuffi-
cient, oxygenated Au species and/or (bi)sulfate-complexed/screened Au partly dissolve,
as suggested by Mayrhofer and co-workers [Chel3|, [Chel4b], which explains the observed
O-Au-O intermediates at 750-795 cm~!. The depletion of protons close to the electrode-
electrolyte interface upon OH formation presumably leads to an increase in surface pH,
stabilizing the observed OH-species long enough to obtain their EC-SERS signatures.
The OH-species bound to Au adatoms (~560 cm™!) then leave the surface to form water
resulting into the more weakly bonded Au-OH-signal at ~351 cm™! (Figure ) The
observed intensity oscillations of the OH-signal for the first 50 to 100 s after the potential-
jump from surface oxidation to reduction onset indicate the stepwise release of OH-species
from the surface to form water that is replenished with subsurface-O/OH species through
the place-exchange between Au and O/OH species [Con95|]. The (bi)sulfate ion screening
of the positively charged Au presumably promotes further Au-O bond breaking (Figure
3.11D) and further iterations of the Au-O reduction steps until a pristine Au surface is

obtained.

Interestingly, such dynamic surface rearrangement accompanied by charge transfer across
the electrochemical interface is expected to alter the local pH at the surface and thus en-
ables the brief stabilization of OH-adsorbates also in acidic media. While OH-intermediates
have been assumed to be formed during the AuOx reduction in sulfuric electrolytes, such
adsorbed OH-species in acidic environments have, to the best of our knowledge, not been
reported yet, due to the rapid proceeding of the reduction reaction at larger overpotentials
in comparison to this work. We assume that such OH-intermediates can also be formed
during the electro-oxidation of Au, however, are challenging to observe due to the short

residence time at the surface and the spectral overlap with the AuOx peak at ~594 cm™!.

3.7 Conclusions and Outlook

In summary, we have employed EC-SERS electrochemical potential-jump experiments
to directly monitor and identify reaction intermediates during the mild electro-reduction
of AuOx in acidic solutions revealing gold oxide, OH and (bi)sulfate intermediates. We
find Au-OH intermediates to be present during the AuOx electro-reduction even in acidic
media and observe a peak splitting of the broad AuOx spectral feature ~594 cm™! into
two bands originating from Au-OH and AuOx. The Au-OH stretching mode at ~560

cm ™! further reveals periodic intensity oscillations, indicative for the stepwise release of
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Figure 3.11. Tentative AuOzx reduction mechanism. (A-B) Surface AuOx bonds are stepwise
broken. (C) Protons are subsequently adsorbed and OH-species are formed leading to the ob-
served OH-signal at ~560 cm™' and surface AuOx at ~613 cm™'. The proton of the adsorbed
OH is partly shared by the surface AuOzx (indicated for the 'O-Au(-OH)’), which explains the
upshift in peak position for the ~613 cm™' peak upon deuteration. (Bi)sulfate ions screen the
positively charged Au after bond breaking. (D-E) Less strongly bonded OH-species are indica-
tive for OH species leaving the surface while further bond breaking is promoted by (bi)sulfate
screening. Ozygenated Au or (bi)sulfate Au complexes can possibly also partly dissolve during
the dynamic place exchange between lower lying (hydr)oxides and Au atoms.

OH from the surface during place-exchange between Au and O(H) species. We suggest a
AuOx surface structure resembling a bulk Au,O3 configuration to be present at the sur-
face during electro-reduction. In addition, (bi)sulfate ions are actively participating in the
dynamic formation of short-lived reaction intermediates by presumably shielding local sur-
face charges and likely promote the partly dissolution of Au and/or (bi)sulfate/oxygenated

Au complexes.

It is the direct potential-jump to the onset of an electrochemical reaction for the spec-
troscopic monitoring of reaction intermediates as a function of time that offers a unique
pathway to gain further understanding of even long-studied reaction systems (such as
Au surfaces in HySOy4). Extending our EC-SERS potential-jump approach to the EC-
SHINERS technique and EC-TERS to gain further insight on well-defined
single crystal model electrodes are exciting future venues that will ultimately provide the

necessary mechanistic understanding to aid the rational engineering of highly active and
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robust future energy materials. We have set the scene for our nanoscale chemical imaging
experiments (Chapter [5)) by providing evidence that EC-SERS on simple electrochemi-
cally roughened polycrystalline Au surfaces offers sufficient SERS enhancement to detect
various reaction products/intermediates under reaction conditions. With similar Raman
enhancement factors as EC-SERS, EC-TERS can be expected to detect similar reaction

products/intermediates at well-defined model surfaces.

3.8 Data processing and analysis

Data acquisition and processing of EC measurements

The Nova 2.1.2 software (for the Metrohm Autolab PGSTAT 30 multipotentiostat) does
not provide the means to combine the potential-jump experiments with analog linear
sweep/CV measurements. Therefore, a digital staircase voltage profile was utilized, in
which the applied potential is adjusted in very small and adaptable step-sizes. Additional
test measurements showed that the CV shapes with linear and staircase acquisition match
best for a step size of 0.002 V.

To ensure that we obtain the correct absolute charge values from the CV curves, a cal-
ibration method was employed: At the start of each set of measurements, a complete
CV of the desired potential range was recorded using the linear voltage profile as well as
the staircase voltage profile (step size = 0.002 V). The extracted reduction charges were
determined and provide a calibration factor to accurately compare the charges during the
potential-jump and CV experiments, under the assumption that the calibration factor

does not change upon adjustment of the potential-jump parameters.

The charges from the CVs were determined by subtraction of the local maximum (neg-
ative current range) after the reduction peak (to more negative potentials) and before
the onset of the double layer currents as constant baseline. Subsequently, the peak area
under the reduction peak was integrated. For the jump experiments, the areas under the

current vs. time traces were determined.

EC-SERS data analysis

The peak positions from the EC-SERS jump experiments (Table were extracted from
averaged EC-SER spectra (e.g. Figure from the first 60 or 30 single spectra recorded
after the potential-jump from Au oxidation to 1.2(5) V vs. Pd-H for acquisition times of
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0.5 or 1 s, respectively. A linear background (autozero = 1) was subtracted and Lorentzian
peak fitting was performed with matlab software (peakfit.m, matlab file exchange). The
following peak regions were considered: 182-282 cm™! (single peak); 296-396 cm™! (single
peak); 416-686 cm™! (double peak); 711-914 cm™! (triple peak); 934-977 cm™! (single
peak); 975-1272 cm™! (triple peak). For Figure ,D, single EC-SER spectra were
fitted employing the same matlab code and procedure. For the broad and asymmetric
peak around 594 cm™! at 1.6 V vs. Pd-H, a peak region of 402-737 cm™! was fitted with
the least number of peaks to give a reasonable fit (determined to be 3 peaks). In addition,

we have simply determined the peak maximum as shown in Table [3.3]

Table 3.3. Determined AuOz peak positions at 1.6 V vs. Pd-H in HyO- and Dy O-based 0.1 M
Hy504. The peak positions were determined either as mazrimum peak value or triple Lorentzian
peak fit. SD stands for standard deviation.

Determination of Peak position in HoO Peak position in DoO  Apeak position

Max. value 593.8 + 6.4 cm™! 589.2 + 6.6 cm ™! within SD
1%t peak 488.0 £ 2.1 cm™! 4873 £ 1.1 cm™! within SD
2" peak 537.9 & 5.4 cm™! 541.2 & 2.1 em™! within SD
374 peak 599.2 + 2.6 cm ™! 597.3 £ 1.5 cm™! within SD

Figure 3.9A-F and Figure show contour plots of EC-SERS spectral evolution as a
function of time. The images were constructed by plotting the acquired EC-SERS single
spectra as a function of time after subtraction of an asymmetric least square background
(matlab, asLS_ baseline_v1.m, smoothness parameter = 1e2, break iterations if difference
is less than 1e6) [Eil03].



Chapter 4

Sulfate adsorption on Au(111)

The following chapter is reproduced/adapted from 'Jonas H. K. Pfisterer, Ulmas E. Zhu-
maev, William Cheuquepan, Juan M. Feliu, and Katrin F. Domke, “Stark effect or cover-
age dependence? Disentangling the EC-SEIRAS vibrational shift of sulfate on Au(111)”,
Journal of Chemical Physics, 2019, 150(4), 041709’, with the permission from AIP Pub-
lishing [Pfil9d].

In the previous Chapter [3, we have utilized the potential-jump from surface oxidation
potentials to the onset of the AuOx electro-reduction in order to monitor the surface re-
duction with slowed down reaction kinetics. Here, we present an experimental approach,
based on these observed slow reduction kinetics and EC-SEIRAS potential-jumps, to dif-
ferentiate between and quantify potential-induced coverage dependence and field-related
Stark effects observed in a sulfate band shift of 93.5 £ 1.5 cm™'/V in electrochemical
IR spectra during CV of the showcase sulfate/Au(111) interface. Infrared spectroscopy
is a widely employed analytical tool in (electrochemical) surface science as the spectra
contain a wealth of information about the interaction of interfacial adsorbates with their
environment and is complementary to the EC-SERS study on polycrystalline Au elec-
trodes of the previous Chapter [3] Separating and quantifying individual contributions,
for example, of co-adsorbates, the substrate or electric field effects, on the overall spectral
response is often non-trivial as the various interactions manifest themselves in similar
spectral behavior. In combination with a simple linear model equation used to describe
the potential-induced peak shift of the sulfate stretch vibration, we determine the cover-
age dependence contribution to be 15.6 4+ 1.2 cm™!/0g0 and the Stark effect to amount
to 75.6 + 2.7 cm™!/V. Our work provides a novel route to gain fundamental insight into

interfacial adsorbate interactions in electrochemical surface science.
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4.1 Stark effect or coverage dependence?

Infrared absorption spectroscopy (IRAS) is one of the most commonly employed exper-
imental techniques for the in-situ or operando investigation of (electro)catalytically ac-
tive interfaces as IR vibrational spectra provide a wealth of information about adsor-
bate species and their physico-chemical interactions, such as chemical bonding, molec-
ular orientation, or site-selective reactivity [Zaeldl, [Fail§]. While the electrochemical
surface-enhanced variant of the technique, EC-SEIRAS, achieves excellent signal-to-noise
ratios even from (sub)monolayer adsorbates under potential control of the substrate
[Osa01l, Rod03a], unambiguous spectral interpretation is often complicated by the joint
occurrence of external field- or charge-induced Stark-type effects and the physico-chemical
properties intrinsic to the system under study. Disentangling these different effects would
be invaluable for an optimal exploitation of EC-SEIRAS data and provide helpful input for
improved modeling approaches to enhance our fundamental understanding of (potentio-)

dynamic interfacial electrochemical processes.

One prominent example for such unresolved spectral behavior is the drastic upshift by
about 60 to 100 cm™!/V of the sulfate/Au(111) vgo stretch vibration observed as a func-
tion of applied potential, E [Ata98, [Ede94], [Zhul3]. Despite the fact that the sulfate/Au
electrochemical system has been studied in great detail [Mag92], [Shi99, Wan04], ques-
tions about the fundamental nature of the potential-dependent molecule-substrate and
molecule-molecule interactions have remained unresolved [Fag90, [Pat97, Lam96l [Ata9d6].
Particularly, quantifying the extent to which an (external) Stark effect and/or coverage-
dependent sulfate-sulfate (dipole) interactions contribute to the peak shift would provide
important insight into the interfacial (re)activity of this important electrochemical model

system but has not yet been achieved.

The coverage dependent contribution to the shift, Ar(6), can be ascribed to an increased
Coulomb repulsion or dipole-dipole coupling [Hol85] between neighboring sulfate anions
as the sulfate surface coverage increases with time and increasing potential until the onset
of Au surface oxidation. This enhanced lateral Coulomb repulsion compresses neighboring
adsorbed sulfate anions and thereby strengthens the SO molecular bond, resulting in a
vso band upshift. In contrast, the Stark shift, Ar(¢), is based on the surface electric field,
¢ (which is directly related to the applied potential, E) that causes the vibrational energy
levels of the adsorbate to shift linearly with A¢ [Lam96|, Bis93|, [Jin13]. Furthermore, the
downshift of the Fermi-level of the Au electrode with increasing positive potential relative

to the filled anti-bonding states of the sulfate leads to back-donation of electrons from
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the anti-bonding states to the Au, thereby strengthening the SO bond and upshifting the
vso band [Fag90], Pat97, [Atadd].

Note that for systems that exhibit a broad potential window with predefined stable ad-
sorbate coverage, determining the Stark effect independently from changes in adsorbate
coverage is rather straightforward: for example, Kunimatsu et al. determined the coverage
and the Stark effect contributions to the overall vop band shift for CO on smooth Au
electrodes in alkaline media to be 50 to 60 cm™' /0o and about 64 cm™!/V | respectively
[Kun86]. The Weaver group varied the CO coverage on Pt(111) by partial CO electro-
oxidation and found a vco peak shift of roughly 10 ecm™!/0co for varying CO coverages
[Leu88]. For the Av(¢) Stark contribution, the same authors observed shifts of 34 to 44
cm ™! /V, depending on the CO coverage.

For sulfate adsorption on Au(111), however, the task to pinpoint and disentangle the
influence of adsorbate coverage on the overall peak shift is challenging because saturated
sulfate coverage is only reached within a narrow potential window. A different experimen-
tal approach to the usual CO/metal studies is thus required. Here, we propose a strategy
to disentangle the total potential-dependent vso band shift of 93.5 & 1.5 cm™!/V based
on EC-SEIRAS potential-jump experiments that allow us to slow down the sulfate ad-
sorption kinetics sufficiently to disentangle coverage from Stark effects, combined with
CV. We derive a linear equation that contains both coverage dependence and Stark effect
and allows us to extract numerical values to compare with the experimental data. As a
result, we quantify the Stark effect to be 75.6 + 2.7 cm™!/V, while the coverage increase
accounts for 15.6 + 1.2 cm™! /Ao of the total band shift. This detailed insight into the
relationship between sulfate surface coverage, macroscopic electric field, and EC-SEIRAS
peak position demonstrates the great potential that our approach entails to enhance our
fundamental understanding of the interplay of adsorbates at electrified solid-liquid inter-

faces.

4.2 Materials and experimental details

The EC-SEIRAS samples were 25 nm thick Au thin films (99.999%, Kurt J. Lesker Ltd.)
that were thermally evaporated on one of the faces of a low oxygen-content Si 60° prism
(Pastec Ltd., Japan). Thermal evaporation was performed at a base pressure of ca. 107°
Torr in the vacuum chamber of a PVD75 coating system (Kurt J. Lesker Ltd.). A quartz
crystal microbalance was utilized to control both the deposition rate (0.06 A/s) and the
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thickness of the Au film. After sample mounting, the Au thin film electrodes were cleaned
in the spectro-electrochemical cell by applying a few CV cycles up to the onset of Au
surface oxidation in 0.1 M HySOy4 electrolyte.

The utilized EC-SEIRAS setup in an ATR configuration is specified in Section [2.5.4]
Reference spectra were obtained at the reference potential of 0.1 V vs. RHE, which is a
potential region where specific anion adsorption can be neglected. Therefore, the gain
or loss of species corresponds to positive and negative EC-SEIRAS bands with respect
to this chosen reference potential, respectively. The average value of the extracted vgo
peak area of 20 spectra recorded in the potential range between 1.15 and 1.3 V vs. RHE,
in which the peak area reaches saturation, is utilized to normalize the vgo peak area.
The saturated sulfate layer is known to cover approximately 20% of the Au(111) surface
[Ede94] and is denoted as the saturation coverage, fso, in the following. For all EC-

! were obtained by recording

SEIRAS measurements, spectra with a resolution of 4 cm™
interferograms with an acquisition time of 350 ms. 90 EC-SEIRA spectra recorded at the
reference potential of 0.1 V vs. RHE directly before each measurement were averaged and
served as the reference spectrum. A Gaussian line shape and linear baseline subtraction

were employed for the fitting of the spectral data performed in matlab.

All glassware and Teflon cell parts were thoroughly cleaned by HNOj3 boiling with subse-
quent cycles of rinsing and boiling in ultrapure water (18.2 M c¢m, max. TOC 50 ppb,
Elga Vivendi). A trapped hydrogen electrode (RHE) functioned as RE and consisted of
a Pt wire with an Hy reservoir. The RHE reference electrode was always prepared freshly
directly before the experiments. The CE consisted of a Au wire plate. Aqueous electrolyte
of 0.1 M HySO, was prepared from HySO, solution (96%, Merck Suprapur) and ultrapure
water. Ar gas (N50, Air Liquide) was utilized to degas the working electrolyte and to
blanket the solution during the experiments. The Au thin film stability was regularly
examined by checking for changes of the recorded CVs, macroscopic mutations of the Au
film and sudden spectral changes in the slope at higher wavenumbers. The Au thin films
revealed the order/disorder transition peak at ca. 1.1 V vs. RHE proving to be (quasi)
Au(111)-like. The Au thin films are therefore addressed as Au(111) in the following.

4.3 Continuous scan experiments

Figure shows representative CVs of the Au(111) electrode in 0.1 M HySOy4. The over-
all shape of the CVs and the integrated charge values for the sulfate adsorption and Au
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surface oxidation correspond well with values reported in the literature. The extracted
charge from the double layer region and the double layer corrected charge during oxida-
tion account to 133.6 pC cm~2 and 1273.2 pC cm~2, respectively, suggesting a roughness
factor of the Au(111) electrode of roughly two [Her95].
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Figure 4.1. CVs of the Au(111)-25nm electrode in 0.1 M HySOy (scan rate = 50 mV/s) in the
double layer region (black curve) and up to full surface oxidation with an upper potential limit
of 1.7 V vs. RHE (red curve).

Figure shows an example EC-SEIRA spectrum recorded at 0.91 V vs. RHE during
CV. The sulfate peak, vso, around 1200 cm ™!, as well as the negative-going OH stretching
(~3500 cm™!) and HOH bending (~1650 cm™!) modes are visible [Atad8]. Figure [4.2B

0.10 65
%) F60
£ 0027 lvso @ 008 55 0
> 0.91V vs. RHE S 0.061 50 3
€ 0.01 o 45 @
5 O S 004 140 &
s s 35
S 0,00 S 002] 52
C . (&)
& 2 0.001 L25 <
8 s 20 2
S -0.01 5 -0.021 L15 ©
Q ® L10 <
< 2 -0.04] oS
-0.02 1 -0.06 1 o @
1000 1500 2000 2500 3000 3500 4000 0 1000 2000 3000 4000
Wavenumber / cm’ Wavenumber / cm-!

Figure 4.2. Ezample EC-SEIRA spectra during CV. (A) EC-SEIRA spectrum recorded at 0.91
V ws. RHE during CV. (B) Full EC-SEIRA spectra in absorbance units, A, defined as A = -
log(1/I et ), at sufficiently positive potentials to adsorb sulfate (green and black curves). The blue
curve is a single beam spectrum at the reference potential of 0.1 V vs. RHE, which is obtained
after the Fourier Transform of the (recorded) interferogram.

shows example EC-SEIRA spectra including a noisy spectral region below 1000 cm ™! (red
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region). The region around 1100 cm™! (blue region) also exhibits spectral noise fluctua-
tions. This noise originates from strongly decreased transmittance of the Si-prism (Figure
blue spectrum). As the absorbance is plotted in logarithmic form as -log(I/L..f) (Fig-
ure green and black spectra), small changes in the single beam spectra close to zero

are strongly amplified leading to the noisy spectral regions.

Figure shows the normalized peak area of the sulfate band, vso, at around 1200

! as a function of applied potential for the up-scan to more positive potentials (black)

cm
and down-scan to more negative potentials (green) as well as the simultaneously acquired

CV (gray). The vgo peak starts to grow at around 0.6 V vs. RHE and saturates between
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Figure 4.3. Continuous EC-SEIRAS scan experiments. (A) Normalized vso peak area plotted
as a function of potential and (B) vso peak position plotted as a function of potential during
CV in upward (to more positive potentials, black) and downward (to more negative potentials,
green) scan direction at 10 mV /s scan rate (electrolyte = 0.1 M HySOy4); simultaneously recorded
CV (gray). The solid black line in (B) is a linear fit to the data. The blue highlighted region
indicates the potential region of approximate saturated sulfate coverage.

1.15 and 1.3 V vs. RHE. Above 1.35 V vs. RHE, coinciding with the onset of Au surface
oxidation, the vgo peak decreases and vanishes at around 1.55 V vs. RHE. During the
potential down-scan to more negative potentials, the vgp peak area starts to increase at
approximately 1.2 V vs. RHE. The hysteresis between the peak appearance in upward
and downward scan directions has been observed previously [Shi94] and can be explained
by the fact that before sulfate adsorption, AuOx needs to be reduced to free Au sites,
consequently delaying sulfate readsorption in the downward scan direction (sweep to more
negative potentials). Note that we do not observe any spectral features that can be as-
sociated with sulfate adsorption on AuOx. We speculate that this absence of additional
spectral bands indicates the occurrence of a second point of zero charge (pzc) for sulfate

adsorption on AuOx at a potential of around 1.35 V vs. RHE, similar to what has been
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suggested by the Eikerling group for Pt (oxide) [Hual6l,[Hual8]. The peak area reaches its
maximum at ~1.1 V vs. RHE before dropping continuously until reaching noise level at
~0.6 V vs. RHE. As the recorded EC-SEIRAS peak intensities exhibit the same potential-
dependence as chronocoulometric and radiotracer data that have been previously used to
assess sulfate surface coverages (Ref. [Shi94] and Figure S3 in supplementary material
of Ref. [Pfi19¢]), we can employ the peak area as a direct measure for the sulfate sur-
face coverage. In agreement with the literature, effects of potential-dependent surface
enhancement [Zapl6] or molecular reorientation [Atad8] on the band intensities can be

excluded.

In Figure [.3B, the vgo peak position is plotted as a function of applied potential for
the scan to more positive potentials (black) and more negative potentials (green). The
complete upward scan and the downward scan from ~1.1 V vs. RHE (after a sharp in-
crease in peak position between 1.1 and 1.2 V vs. RHE due to the fast recovery of the
sulfate saturation coverage) exhibit similar linear behavior and can be fitted with a slope
of ~93.5 + 1.5 cm™!/V. This potential-dependent shift, A(E), is close to the ones pre-
viously reported by other groups of 60 to 100 cm™!/V [Ata98| [Ede94, [Zhul3]. It contains
contributions from both the field-induced Stark effect and coverage-dependent adsorbate-
adsorbate dipole interactions that cannot be easily disentangled from the EC-SEIRAS
data of the continuous scan experiment. If one assumes that complete saturation cover-
age is reached in the potential range between 1.15 and 1.3 V vs. RHE (blue highlighted
region in Figure [£.3)), one can fit the corresponding region in Figure separately (Fig-
ure . In principle, the so obtained slope of 75.6 + 2.7 cm™!/V should depict the pure
Stark shift contribution, Ar(¢), to the total shift. As the number of data points in this
region is rather limited and the assumption of full coverage may not be perfectly valid
given the large scattering of data points in this region, in the following, we suggest an

additional, more precise experimental approach to separate the two effects.

4.4 EC-SEIRAS potential-jump experiments

To obtain the pure coverage dependent contribution, Az (6), to the total potential-induced
shift, we performed potential-jump experiments. The underlying idea of this approach
is based on two observations: (i) The sulfate surface coverage starts to decrease with
the onset of Au oxidation and recovers when the AuOx is reduced as sulfate ions do not
adsorb on oxidized Au(111) but only on the pure Au. (ii) The reduction of AuOx around

the reduction onset potential of ~1.2 V vs. RHE is much slower, i.e. in the order of a few
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Figure 4.4. Linear fitting of the vso peak position as a function of potential for the potential

range from 1.15 to 1.8 V vs. RHE, i.e. the region in which sulfate coverage is approrimately
cm

constant, returns a slope of Ky = 75.6 & 2.7 Vi .

seconds, than the kinetics of sulfate adsorption on Au. We can thus slowly reduce the
oxidized Au surface at a constant potential of 1.2 V vs. RHE to create a free Au surface
to slow down the sulfate coverage increase. This strategy allows us to monitor the effect
of the coverage change during sulfate adsorption at a fixed (surface) potential, i.e. with
a 'fixed” Fermi level, in this way disentangling the contributions of coverage dependence
and Stark effect to the total potential-dependent band shift.

The proposed strategy was implemented by applying a potential-jump sequence of 0.1
— 0.7 — 1.2 - 1.7 - 1.2 — 0.75 V vs. RHE to the Au electrode while recording
EC-SEIRA spectra (Figure . Each potential was held for 32 to 64 s before jumping
to the next potential value. In Figure [£.5A, representative SEIRA spectra of the applied
potential-jumps with an acquisition time of 350 ms are shown. The potential of 0.1 V
vs. RHE represents the applied potential for the reference spectra and corresponds to
the potential region in which anion adsorption is negligible. At 0.75 and 1.2 V vs. RHE;,
the sulfate peak around 1200 cm™! is observed, together with the HOH bending and
OH stretching modes of water at around 1600 and 3500 cm™!, respectively [Ata98]. The
SEIRA spectra are stable, even after oxidation of the Au(111) thin film (cf. dark vs. light
colored curves), in particular in the region of interest for the further discussion from 1000
to 1400 cm~!. The spectra at 1.2 V vs. RHE (green curves) show an increased vgo peak
intensity compared to the ones at 0.75 V vs. RHE (blue curves), due to an increase in
sulfate surface coverage. Further, a shift in wavenumber and narrowing in vgo peak width
are apparent. At 1.7 V vs. RHE, the vgo peak at ~1200 cm ™! vanishes as expected due

to the formation of AuOx.
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Figure shows the spectral evolution of the vso peak with time at a constant po-
tential of 1.2 V vs. RHE after Au(111) surface oxidation. As sulfate adsorbs on the Au
surface, not only the vgo peak area increases but also a shift in vgo peak position to

higher wavenumbers is observed. Figure [4.6/A shows the normalized vgo peak area (black
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Figure 4.5. (A) Representative EC-SEIRA spectra recorded during the potential-jump experi-
ments, in which the potential is stepwise altered. Light blue and green colored curves correspond
to the upward steps, while thick colors correspond to the downward steps after surface oxidation
at 1.7 V vs. RHE. (B) Spectral evolution of the vso peak as a function of time at a constant
potential of 1.2 V vs. RHE after surface oxidation at 1.7 V vs. RHE. The arrow indicates the
color code for the time line (At = 48 s from black to dark green).

data points) and the respective potential steps (blue line) as a function of time for an
example data set. The regions highlighted in light blue (upward jumps of 0.1 — 0.75 —
1.2 V vs. RHE) show an immediate rise in the vgo peak area due to the fast adsorption
of sulfate to Au(111). The light red region (downward jump of 1.7 — 1.2 V vs. RHE)
shows a slow rise of the vgp peak area as the AuOx formed at 1.7 V vs. RHE has to be
reduced before sulfate adsorption can proceed, in this way providing a sufficient number
of data points for analysis. As sulfate adsorption on Au(111) proceeds, a shift in vgo

peak position to higher wavenumbers from about 1173 to 1191 cm™! is observed until

050 is reached (Figure [4.6B, black data points). Figure also shows the simultane-
ously recorded current versus time trace (blue line) recorded after stepping the potential
from 1.7 to 1.2 V vs. RHE. The integration of the current curve gives a total charge of
1.45 mC/cm?, which is in good agreement with the above-obtained values from CV. The
current decays exponentially within the first couple of seconds due to the onset of AuOx
reduction that is followed by a slower decay over ~15 s. Note that the sulfate vso peak in

the potential-jump EC-SEIRA spectra is only observed after the first fast current decay.

In Figure [£.7, we plot the vso peak positions vs. the respective normalized peak areas
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Figure 4.6. Potential-jump EC-SEIRAS experiments. (A) Normalized vso peak area (black)
and applied potentials (blue) plotted as a function of time. (B) vso peak position (black) and
current trace (blue) as a function of time at a fized potential of 1.2 V vs. RHE after prior surface
ozidation at 1.7 V vs. RHE (electrolyte = 0.1 M HySOy). Spectral (data point) acquisition time
is 350 ms per spectrum.

to summarize the results from potential-jump (black) and continuous scan (gray) experi-
ments as displayed in Figures and [4.6. The data from the potential-jump experiments
show a linear increase in peak position with increasing peak area. As the jump experi-
ments are performed at a fixed potential, the Stark effect contribution must be assumed
to be constant throughout the investigated time window for all surface coverages (i.e.
peak areas) until sulfate saturation coverage, #so. The potential drop across the bare
gold-electrolyte interface is set immediately, as suggested by the immediate rise in 650
peak area prior to oxidation (Figure , regions highlighted in blue). From the slopes
of three independent potential-jump experiments (Figure , we quantify the (average)
pure coverage-dependent peak shift (i.e. the peak shift due to Coulomb repulsion and
dipole-dipole interactions between the molecules within the surface adlayer), A (6), to be
15.6 + 1.2 ecm™!/fso. The average peak positions reached at 5o of 1191 cm™! converge
at a potential of E = 1.2 V vs. RHE (right y-axis, with the correlation between peak
position and applied potential taken from Figure as expected.

On the other hand, the collected continuous scan data points (gray) show a peak position
upshift in potential regions where the sulfate coverage increases (at potentials between 0.5
and 1.3 V vs. RHE, as indicated on the right y-axis) as well as for potential regions where
the sulfate coverage decreases (at potentials between 1.3 and 1.55 V vs. RHE), amount-
ing to a total shift of 93.5 + 1.5 cm™!/V as stated above. The nonlinear trace confirms
that the total EC-SEIRAS peak shift observed during CV cannot be solely explained
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Figure 4.7. Peak position vs. peak area plot for data points obtained from potential-jump (black)
and continuous-scan CV (gray) EC-SEIRAS experiments described in Figures and . The
right y-axis notes the respective potentials during CV EC-SEIRAS.
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Figure 4.8. Analysis of the potential-jump experiments. The vso peak position is plotted as
a function of normalized vso peak area. Lines are linear fits to the individual data sets. The
reported value of 15.6 +1.2 em™' /050 (Table represents the average value of the three data
sets.

by potential-induced sulfate coverage change. Note that for lack of spectral evidence,
we neglect possible (dipole) interactions between AuOx and adsorbed sulfate anions at
potentials between 1.3 and 1.55 V vs. RHE.

4.5 Modeling of the vgo peak shift

Figures and [£.7] suggest, to a good first approximation, a linear dependence of the

sulfate peak position on the applied potential and on the sulfate coverage, respectively.
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Therefore, the sulfate peak position, 7gsp, has to depend linearly on both the surface
potential, ¢ (which is directly related to the applied potential E), and on the sulfate
surface coverage (which implicitly depends on ¢ and on time, t), 6(¢,t), and can be

expressed by the following equation:

Uso(¢,0) = Ky(¢ — ¢o) + Kb + 1, (4.1)

where K, is the slope-constant associated with the Stark effect and Ky is the slope-
constant associated with the sulfate surface coverage, and v is the (hypothetical) vibra-
tional SO stretch frequency of an adsorbed, isolated sulfate molecule (which in earlier
studies has been denoted as singleton [Hol85]) at ¢q, the potential at which sulfate ad-
sorption starts. From Figure , we can extract ¢g to be 0.56 V and 7, to be 1136 cm ™.
It is interesting to note that while there is a sulfate band observed at potentials lower
than those in which the linear relation is observed in Figure [£.3B, the linear extrapolation
of the peak position leads to a value so close to that from the differential capacity in the

absence of any specific adsorption, i.e. to the pzc of Au(111) [KoI86, [Alv00)].

In the following, we test Equation for consistency with the experimental results: Can
the coverage dependence be decoupled from all other potential-dependent effects in this
particular form? We are particularly interested in the comparison of Ky extracted from
CV and jump experiments, respectively, as additional verification of the proposed jump
approach. For the CV EC-SEIRAS data (varying the (surface) potential ¢ and ), the
total derivative in ¢ of Equation |4.1| can be determined as

dv  0v d ov df de

m—%.£+&9.m—[(¢+[(0.d¢, (4.2)

The analysis of derivatives is convenient as the explicit function of §(¢,t) is unknown.

Within this framework, let us consider the three limiting cases:

(i) If 6 does not change, % = 0, Equation can be simplified to g—(’; = K4. To deter-
mine the constant K, we identify the potential range in which 6 is approximately
at saturation, i.e. j—g ~ 0 (Figure . As already briefly described above, within
this potential range of 1.15 to 1.3 V vs. RHE, a linear fit of the vso peak position
as a function of potential reveals a slope j—(’; = Ky of 75.6 £ 2.7 cm ™!/ V.

(ii) For % > 0, a positive slope is found in the potential range from 0.63 to 0.95 V

vs. RHE (Figure [4.3]A) that in a first approximation can be viewed as linear, i.e.



4.5. MODELING OF THE vso PEAK SHIFT 89

2; const. From Figure , a linear fit of the vgo peak position as a function of

potential in the range from 0.63 to 0.95 V vs. RHE returns:

dv do em ™!
=Ky+ Ky-— =105.5+5.1 . 4.3
Solving for Ky leads to the following expression:
em ™t dq5
Ky = [105.5 - K 4.4

From Figure|. , e ¢ can be determined within the potential range from 0.63 to 0.95
V vs. RHE with another linear fit and amounts to 2.43 4+ 0.07 050 /V. The reciprocal,
dH’ is 0.41 £ 0.01 V/fso. Inserting K, and % in Equation , Ky amounts to 12.3
+ 3.5 em™! /fso (see Section [4.7 E 7| for error propagation). This extracted value of
Ky matches sufficiently the corresponding value extracted from the potential-jump

experiments (15.6 + 1.2 em™!/650) and confirms the validity of the proposed linear
Equation 4.2

(iii) For 15 < 0, i.e. in the potential range from 1.3 to 1.53 V vs. RHE in Figure
a smnlar analysis as for case (ii) returns an error-prone Ky of 0.04 £ 1.7 cm 1/ 950
(see Section {4.7] for details). The analysis is jeopardized by the fact that Au(111)
oxidation starts first at defect sites before it proceeds to (111)-terrace sites, leading
to spatially inhomogeneous sulfate desorption that cannot be adequately described

with a simple linear model.
According to Equation [4.2] also the total derivative in 6 can be further determined as:

dv._ 0v d¢ Ov db d¢

Kk, YLK, n
a0 o6 do To0 a " dg (4.5)

For the potential-jump experiments (varying €, constant ¢), Equation simplifies to
% = Kjy. This notation suggests a linear trend for v(¢ = const., ) which is indeed ob-
served experimentally (Figure . From the potential-jump experiments, Ky amounts
to 15.6 £+ 1.2 em™!/0s0, which, as already pointed out above, matches well the Ky value
of 12.3 4 3.5 cm™! /Ao extracted from Equation using the CV EC-SEIRAS data. As
it captures all experimental observations adequately, Equation can be evaluated as an
effective descriptor for decoupling the sulfate coverage dependence from the Stark effect
contributions to the overall observed potential-dependent peak shift. The individual val-

ues for the peak shift contributions are summarized in Table [4.1]
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Table 4.1. Summary of vso peak shift contributions.

Total potential-dependent shift Kg=935+15cm™/V
Stark effect contribution Ky =75.6+27cm'/V

Coverage dependence contribution (potential-jump) Ky = 15.6+1.2 cm™!/050
Coverage dependence contribution (Equation |E[) Ky=123+3.5cm™!/0s0

Note that while this simple linear treatment describes the experimental observations
with surprising accuracy and allows for direct quantification of adsorbate-adsorbate and
adsorbate-field interactions, a more refined modeling including potential-induced Au ox-
ide or hydroxide formation/dissolution, water displacement and/or reorientation, and the
thermodynamic specifics of heterogeneous adsorption sites would be required to increase

the accuracy and transferability of the model.

4.6 Conclusions and Outlook

To summarize, we have investigated the potential-induced EC-SEIRAS vso band shift of
93.5 + 1.5 cm™!/V of sulfate/Au(111) in 0.1 M H,SO, in terms of coverage and Stark
effect contributions. To assess the pure contribution of sulfate coverage increase to the
peak upshift, we have performed potential-jump experiments at a fixed potential, i.e.
Stark tuning. Our approach takes advantage of the slow reduction kinetics of AuOx com-
pared to (fast) sulfate adsorption at the reduction onset at around 1.2 V vs. RHE. This
experimental strategy allowed us to quantify the coverage contribution to the overall peak
shift to be in the order of 15.6 & 1.2 cm ™! /fsp by a linear fit of the vso peak position
versus peak intensity (i.e. sulfate coverage) plot. We have presented and tested a linear
model for the peak shift to extract the contribution of the field-induced Stark effect. The
derivative analysis returns reasonable estimates for the Stark shift of 75.6 + 2.7 ecm™!/V
and for the coverage contribution of about 12.3 & 3.5 cm™!/fs0. As such, about 15% of
the total shift within the investigated potential range can be attributed to sulfate-sulfate

(dipole) interactions, while the remaining 85% are due to field-induced Stark effects.

Evidently, even well-defined electrochemical adsorbate model systems like sulfate/Au(111)
that have been studied in great depth for a prolonged time display a high level of com-
plexity in their fundamental potential dependent behavior whose precise nature is still
far from being completely understood. As demonstrated here, spectro-electrochemical
methods like EC-SEIRAS provide an enormous potential to help elucidate molecular in-

teractions and field-dependent responses of interfacial layers at electrified surfaces by
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providing direct quantitative insights about (re)active adsorbates under realistic working
conditions that can furthermore be employed as reliable input for advanced simulation

approaches.

4.7 Data evaluation and error propagation

Determination of Ky and error calculation

As described in Section Ky is determined from the CV-SEIRAS data according to
Equation [£.4] In the following, additional linear fittings are described, the calculation of

Ky is specified and the propagation of the error is computed.

First, the term (g—z — K¢) had to be determined. For that reason, g—z = 105.5 £+ 5.10"“;1

and Ky = 75.6 + 2.7 ~ were extracted by linear fittings according to Figure ‘ and
4.4l This leads to:

D
1180 g " )
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Figure 4.9. (A) Linear fitting of the vso peak position as a function of potential for the potential

range from 0.63 to 0.95 V vs. RHE returns a slope of g—g = 105.5 £ 5.10"{;1. (B) Linear fitting
of the vso peak area as a function of potential in the range of 0.63 to 0.95 V vs. RHE returns

a slope of j—g =243+ 0.0795?0.

dp em™!
(dd) . K¢> = 2095 —. (4.6)

The corresponding error, Ay, accounts to the following:

cm’l

d
Ay <d¢ - K¢> —51+27=178
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In the following, j—g was determined according to Figure and the reciprocal value

was determined:

do 1 V
— = =041—. 4.
df % =0 950 (48)

The corresponding error amounts to:

o\ (0 007 %
Ay 41 = 0.01—— . 4
(d@) (1+243) 041 =0.015 (4.9)

Finally, all above determined values were inserted in Equation and Ky is computed

together with the corresponding error:

dv do em ™t
K, = K,| == =299.041 =123 4.10
0 <d<;§ ¢> do 050 (4.10)
78 001 m—1
A~ (K = (22 12.3 = . 411
7 (Ko) (29.9+041) 3=35" fs0 (4.11)

Error-prone Ky extracted for case Z—(’; <0

As before, the term ( K¢) had to be determined. For that reason, g—; =T75.7£1. 56"”

and Ky = 75.6 £ 2.7”’{/ were extracted by linear fittings according to Figure A and
Figure [4.4] This leads to:

- -1 i de 0
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Figure 4.10. (A) Linear fitting of the vso peak position as a function of potential for the
potential range from 1.8 to 1.53 V vs. RHE returns a slope of g—g =757+ 1.5‘3”%;1. (B) Linear
fitting of the vso peak area as a function of potential in the range of 1.8 to 1.58 V vs. RHE
returns a slope of % = —2.60 £ 0.086'5?0.

do em™!
(dgb K¢> =0.1 v (4.12)
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The corresponding error, A7, accounts to the following:

-1

(4.13)

dv cm
A K;|=154+27=42
! <d¢ ‘f’> i

In the following, g—g was determined according to Figure IB and the (absolute) recip-

rocal value was determined:

dp 1 Vv
— = — =0.38—. 4.14
=@ =%, (14)
The corresponding error amounts to:
do 0 0.08 Vv
A ( ) 0.38 =0.01—. 4.15
7(%) 17260 fso (4.15)

Finally, all above determined values were inserted in Equation [4.4 and Kj is computed

together with the corresponding error:

dv d¢ em ™t
Ky = — K — =0.1-04=0.04 4.16

—1

42 0.01
Afy(Kg):<01+038> 0.04 = 1.75

417
b (4.17)
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Chapter 5

Nanoscale EC-TERS mapping of

defect reactivity

This chapter has been submitted as and is reproduced/adapted from ’Jonas H. K. Pfis-
terer, Masoud Baghernejad, Giovanni Giuzio and Katrin F. Domke, "Reactivity mapping
of nanoscale defect-chemistry under electro-catalytic reaction conditions', 2019 [Pfi19a].

Please contact the authors directly for further information.

Heterogeneous catalysts often exhibit increased conversion rates at nanoscale protru-
sions, step edges or material inhomogeneities, as the local electronic landscape of the
catalyst surface governs optimal molecular adsorption properties and thus its reactivity.
Identification of such nanostructures and the nanoscale understanding of site-specific and
potential-dependent reaction mechanisms represent two major challenges in the field of
(electro)catalysis. Computer simulations, experiments under UHV conditions or macro-
scopic operando methodologies have greatly contributed to our current understanding of
such structural and chemical material heterogeneities. However, atomistic insights into
active-site chemistry under reaction conditions, i.e. in the presence of a liquid phase or
flowing charges at higher temperature and pressure, is challenging to be obtained experi-
mentally, because simultaneous acquisition of topographic and chemical information both

on the nanometer scale under electrocatalytic reaction conditions is non-trivial.

Here, we demonstrate that EC-TERS, the combination of EC-SPM and near-field Raman
spectroscopy, can be employed to map electrochemical water splitting at defect oxidation
potentials on Au nanodefects as showcase energy conversion and corrosion reaction with a
chemical spatial sensitivity of about 10 nm. We find that the electro-oxidation reactivity

of the Au nanodefects is directly correlated to their surface topography and is limited

95
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to an oxide depth of about 3 nm. The local Raman fingerprint indicates the presence
of at least two spatially separated AuOx species depending on the nanodefect location.
By further correlating electrode-averaged with nanosite information, we quantify a defect
coverage of only ca. 4.5% to be responsible for the observed electrocatalytic water splitting
reactivity of the Au(111) electrode. Delivering such nanoscale information, we provide
the proof-of-concept on how EC-TERS can be utilized in the field of electrocatalysis to

identify active defect sites and local chemistry on the nanometer scale.

5.1 Introduction

Nanoscale structural or chemical material heterogeneities, or defects, can markedly define
macroscopic material or device properties, like (electro)chemical reactivity and energy
conversion [Len19| [Fes18], charge or heat management [Gaol7, [Ulv15] or photonic prop-
erties [Fanl5]. Controlled defect engineering thus possesses an enormous potential for
the strategic design of functional materials — but requires understanding of defect reac-
tivity at the atomistic or molecular level under (non-equilibrium) operating conditions
[Mal16l [Shel7].

One prominent field where active defect sites play a pivotal role is heterogeneous (elec-
tro)catalysis that lies at the basis of many important chemical or energy conversion re-
actions. Detailed nanoscale understanding of both nature and location of the catalyti-
cally active surface sites is required, but atomistic/nanoscale insights obtained from UHV
studies, computer simulations or macroscopic operando experiments are not always easily
transferable to nanoscale catalyst behavior under complex reaction conditions at high
pressure and/or temperature or in the presence of electrostatic fields [Shel7, VanlT7].
Therefore, in order to ’close the catalysis discovery loop’, advanced or novel operando ex-
perimental and theoretical nano-tools are needed [Hanl§|, Meil8]. EC-STM has recently
been employed to identify active surface sites under reaction conditions by comparison of
local tunneling current fluctuations above reactive and non-reactive sites [Pfil7, [Lial9]. In
general, however, EC-STM lacks the chemical specificity that is required to also identify
local site-specific and potential-dependent reaction mechanisms, i.e. by monitoring and
identifying reaction intermediates locally. EC-SERS offers the necessary surface-molecular
chemical specificity [Dinl6l Don19], but is diffraction limited and thus provides comple-
mentary averaged-ensemble information. EC-TERS in principle provides the capabili-
ties to assess nanoscale topographic and chemical spatial information simultaneously and

could thus become one of the important operando nano-tools in electrocatalysis [Pi18].
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Employing TERS in air, the Ren group demonstrated that the energetic differences in
adsorption behavior of Pd islands on Au(111) edge and terrace sites can be studied by
attaching organic molecules to the bimetallic substrate and obtained impressive 3 nm
chemical spatial resolution [Zhol7|. Prior, Kumar et al. had monitored the photocat-
alytic induced dimerization of pMA on Ag nanoparticles under ambient conditions and
resolved the catalytically active nanoparticles with around 20 nm chemical spatial resolu-
tion [Kuml1b|]. Recently, Kumar et al. extended their study of this dimerization reaction
on Ag substrates to liquid-drop AFM-based TERS [Kum19]. Using EC-AFM-TERS, the
Van Duyne group just very recently managed to map the spatially heterogeneous surface
potential distribution on ITO grains with 40 nm resolution [Kanl9]. Despite these im-
pressive results, for the field of electrocatalysis and corrosion science, one key ability had
to be demonstrated yet: the operando nanoscale chemical imaging of defect reactivity un-
der non-equilibrium electrocatalytic reaction conditions where the reaction products are
spatially monitored starting from the plain catalyst surface rather than a pre-assembled

organic monolayer.

Here, we map the electrochemical water splitting at defect oxidation potentials of Au
nanoscale defects, an important showcase heterogeneous catalytic reaction [DMI13] and
model oxidative corrosion reaction, with label-free operando EC-TERS nanoscopy [Zenl5,
Kurl5, Marl7b]. Nanoscale understanding of Au defect electro-oxidation is of great im-
portance as it represents the inevitable starting point for further water splitting. We
resolve the correlation between heterogeneous surface topography and electrochemical
(re)activity under electrochemical operando conditions with a spatial precision of about
10 nm. Correlating the apparent height of defect structures with the EC-TERS AuOx
band intensity allows us to quantify the local Au defect oxide layer thickness. The EC-
TERS data provide experimental evidence for the existence and nanometer spatial distri-
bution of at least two AuOx species with distinct coordination numbers on the nanodefect
sites. With this demonstrated operando EC-TERS nanoscopy approach, a wide range of
materials and reaction conditions can potentially be explored in the future to locate and
characterize nanoscale active surface sites, for example, in electro- or photoactive mate-
rials during operation, during surface corrosion processes, or in biological environments
under realistic working conditions. The insight into molecular-scale material (re)activity
gained in this way will pave the way for bottom-up defect design and rational tuning of

device properties.
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5.2 Materials and experimental details

The Au(111) single crystal (MaTecK, 10 mm diameter) was thoroughly flame-annealed
under argon (6N, Westfalen) atmosphere before mounting in the Teflon cell. The aque-
ous electrolyte was 0.1 M HySO,4 (96%, Merck, Suprapur) prepared from MilliQ water
(Millipore-Q, 18 M cm) or deuterated water (Deuterium oxide, 99.9 atom % D, Sigma-
Aldrich). Either a Pt (0.5 mm diameter, Alfa Aesar, Premion, 99.997 % metals basis) or
Au wire (0.5 mm diameter, Alfa Aesar, Premion, 99.9985 % metals basis) was utilized as
CE and freshly flame-annealed and rinsed with MilliQQ water before use. We advice to use
a Pt CE to exclude the formation of hydrogen peroxide in the presence of subtle amounts
of oxygen in the electrolyte. The RE was a hydrogen-loaded Pd wire (Pd-H), prepared
as specified in Section [3.2 All glassware utilized in this study were boiled in 40% HNO;
(>65%, Sigma-Aldrich) and subsequently thoroughly rinsed and boiled for three times in
MilliQQ water.

The employed EC-TERS setup is a home-built device that has been described in Section
. The 600 lines/mm grating was used for the reported experiments. The employed laser
power of about 6 to 8 mW power at the focus spot was determined in air and estimated
to be lowered to around 1 to 3 mW in electrolyte due to optical aberrations at the glass
window [Marl6]. The spectral acquisition time ranged between 1 to 5 s and is specified
at the appropriate position. EC-STM images and EC-TERS maps were simultaneously
acquired in the scan-to-point mode of PicoView 1.14 software connected to LabSpec 5

software. The data analysis was performed with matlab software.

5.3 EC-TERS detects reaction products

Figure shows a typical CV of a Au(111) single crystal surface in 0.1 M HySOy4 (cf.
Figure for bead single crystal), recorded in our EC-TERS spectro-electrochemical
cell. The appearance of the sharp order/disorder transition peak at around 1.1 V vs.
Pd-H (Figure 5.1B) and the pronounced peak around 1.55 V vs. Pd-H are characteristic
for well-defined Au(111) single crystals of high quality. The anodic peak around 1.55
V vs. Pd-H corresponds to the electro-oxidation of Au(111) terraces, while its shoulder
extending from roughly 1.48 to 1.32 V vs. Pd-H has been attributed to the oxidation
of nanoscale surface defects (Figure [5.1JA, green region) [Kol00, [Zhul3]. Integration of
surface charges from 1.225 to 1.6 V vs. Pd-H (full surface oxidation) corresponds to 690.4
1nC/cm?, which corresponds well to literature values of around 619 1C/cm? in 1 M HySOy4
[Zhu13]. With an upper integration boundary of 1.45 V vs. Pd-H only 58.7 pC/cm? are
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Figure 5.1. CV of a Au(111) single crystal. (A) CV of a Au(111) electrode in 0.1 M HySO,
(scan rate = 50 mV/s). (B) Zoom-in image of (A). Yellow, red, gray and green shaded ar-
eas highlight sulfate adsorption, order/disorder transition, AuOz reduction and defect oxidation
regions, respectively.

detected as only defect structures are oxidized, which is close to ~63 pC/cm? detected
by Conway and coworkers [AK86]. When the fully electro-oxidized Au surface is reduced
(integration boundaries 1.6 to 0.85 V vs. Pd-H), the determined charge density of -668.2

nC/cm? is close to the surface oxidation charge value, as expected.

The essential question to address initially is whether it is at all feasible to detect re-
action intermediates/products by EC-TER spectroscopy, as previous studies, so far, have
focused their efforts on organic SAMs prepared before transfer to the EC-TERS cell
[Zen15, Kurl5, Mat16, Mar17bl [Chel8al, [Chel8b, [Gouls) [Yok19, [Jial9l [Kan19l, [Hual9).
Figure demonstrates that EC-TERS can indeed detect reaction products as a func-
tion of the applied electrode potential. Increasing the applied potential from 1.15 to 1.6
V vs. Pd-H, the AuOx stretching mode around 580 cm™! can be clearly detected starting
from around 1.45 V vs. Pd-H. At lower potentials (e.g. 1.4 or 1.15 V vs. Pd-H, see Figure
5.2)A), no EC-TERS signal of AuOx is detected, while at more positive potentials, the
AuOx peak increases in intensity. When the Au-tip is retracted far from the surface (Fig-
ure blue spectrum), conventional Raman cannot resolve the AuOx stretching band,
indicating that it is the plasmonic near-field created by the Au-tip that is responsible for

the Raman signal enhancement.

Figure shows an EC-TERS spectral time-series recorded at the same position (within

the limits of thermal drift of few nm/min as discussed later) on oxidized Au(111) at 1.6
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V vs. Pd-H. The spectral acquisition time was 5 s per spectrum. The acquired EC-TER
spectra are reproducible and stable over time, even under terrace electro-oxidation con-
ditions at 1.6 V vs. Pd-H.
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Figure 5.2. Potential-dependent EC-TER spectra and spectral stability investigation. (A)
Potential-dependent EC-TER spectra (black to red) recorded on Au(111) in 0.1 M H3SO4. The
EC-TER spectra above 1.45 V vs. Pd-H portray a broad peak around 580 cm™"' (highlighted blue
area), which has been assigned to AuOz [Des86)]. The sample potential was continuously altered
at a scan rate of 10 mV/s (constant bias at 400 mV, i.e. max. tip potential = 1.2 V vs. Pd-H
at 1.6 V vs. Pd-H applied to sample electrode). The blue spectrum is a conventional Raman
spectrum recorded with the tip ca. 6 pm retracted from the surface at a sample potential of 1.6
Vws. Pd-H. (B) EC-TER spectra recorded subsequently at the same spot at 1.6 V vs. Pd-H (tip
potential = 1.2 V vs. Pd-H, i.e. 400 mV bias voltage). All spectra are y-offset from each other
by 200 arb. units for clarity and would otherwise overlap. The colored arrow (black to dark red)
represents the spectral time evolution (At = 45 s). For (A,B), the acquistion time was 5 s for
each spectrum. The 4 setpoint was 1 nA.

During the experiments, great care has been undertaken to ensure that the Au-tips stay
oxide free and that the obtained AuOx signal originates from the electro-oxidation at the
Au(111) surface. Figure shows two CVs from the Au(111) electrode (blue) and the
Au-tip (black) recorded simultaneously with 0 V bias and a scan rate of 100 mV/s. As
the Au-tip is in principle a defective Au structure, the oxidation starts around the defect
oxidation region above 1.3 V vs. Pd-H, as expected, and exhibits its main oxidation peak
around 1.45 V vs. Pd-H. On the other hand, the Au(111) shows its strongest anodic peak
around 1.55 V vs. Pd-H corresponding to (111) terrace oxidation with a shoulder extend-
ing to the defect oxidation region toward more negative potentials. Importantly, the onset
of the reduction of the AuOx at approximately 1.2 V vs. Pd-H (in accordance with our
EC-SERS results in Chapter |3)) clearly overlap for both the Au(111) electrode and the Au-
tip. Maintaining the Au-tip potential at a maximum potential of 1.2 V vs. Pd-H or below
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thus ensures that the Au-tip resides in the AuOx reduction region and remains AuOx free.

We have achieved this requirement of AuOx free tips either by applying a constant bias or
by keeping the tip potential fixed. For the constant bias case, we have utilized a constant
bias of 400 mV or more. For a maximum upper sample potential of 1.6 V vs. Pd-H, this
corresponds to 1.2 V vs. Pd-H for the Au-tip (and 400 mV bias). The second approach
fixes the Au-tip potential at 1.2 V vs. Pd-H or below, e.g. at 1.0 V vs. Pd-H, assuring
that the Au-tip is not oxidized.
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Figure 5.3. CVs of the Au(111) sample electrode (blue) and the Au-tip (black) in 0.1 M HySOy.
The bias voltage is set to 0 V and the C'Vs were acquired simultaneously with a scan rate of 100
mV/s. The red line indicates the mazximum Au-tip potential utilized within this work.

To further roughly estimate how many AuOx bonds are probed during surface oxida-
tion at 1.6 V vs. Pd-H using EC-TERS, an approximate surface AuyOgs structure can
be envisioned, shown in Figure 5.4l Note that, due to place-exchange between Au- and
O-atoms, the surface structure is expected to be disrupted (in accordance with e.g. Figure
3.10G). The unit cell, marked with a red square, has an area of approximately 0.136 nm?
(1.87 nm - 0.27 nm) and includes three Au-O bonds. Assuming an approximated spatial
chemical resolution of 100 nm? (10 nm - 10 nm) using EC-TERS and three layers of Au,O3
surface oxide leads to the following: (100 nm?/0.136 nm?) - 3 Au-O bonds per unit cell
- 3 oxide layers = 6618 Au-O bonds. Therefore, within the conducted EC-TERS experi-
ments at a fully oxidized Au(111) surface, less than 7000 Au-O bonds are approximately
probed. We are thus capable to detect smallest amounts of reaction products during an

electro-oxidation reaction.
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Au,0,

Figure 5.4. Auy O3 surface structure for the estimation of the number of Au-O bonds probed by
our EC-TERS experiments at 1.6 V vs. Pd-H, i.e. oxidized Au(111) terraces. Red square indi-
cates unit cell with two Au and three oxygen atoms. The short edge of the unit cell corresponds
to the atomic diameter of Au (a = 0.27 nm). The longer edge of the unit cell accounts to a +
a/(2 - tan(30°)) = a + (V3/2) a = 1.87 a®> = 0.136 nm?.

Having demonstrated that the in-situ formation of AuOx can be detected by EC-TERS,
we can exploit the fact that Au oxidation is initialized at lower potentials compared to
Au(111) terrace oxidation (cf. CV in Figure [5.1). Accordingly, only Au defects can be
selectively oxidized if potentials of 1.3 to 1.45 V vs. Pd-H are applied to the Au(111)
working electrode, while flat Au terraces are retained oxide free. In the following, we
show that oxidized Au nano-defects can be mapped by EC-TERS pinpointing local defect

reactivity.

5.4 Nanoscale mapping of Au defect oxidation

Figure |5.5| shows a schematic of the EC-TERS mapping experiment. Through electro-
chemical potential control of the Au(111) electrode, we reversibly switch between water
splitting ON and OFF states: at a sample potential, Esqmpie, of 1.45 V vs. Pd-H, wa-
ter is split to generate AuOx selectively at defect sites while the Au(111) terrace sites
remain oxide free (ON). At Egpppe = 1.1 V vs. Pd-H, the electrode including defects is
in its reduced, metallic Au® state (OFF). The Au EC-STM probe, or plasmonic Raman
enhancer, is scanned across the surface within the diffraction-limited laser far-field focus
spot (diameter of ca. 500 nm). We record EC-TER spectra as a function of tip position to
generate operando reactivity maps with nanometer spatial chemical resolution, i.e. pro-
viding chemical contrast between Au® and AuOx as a function of applied potential and
surface site. It is important to note that fixing the tip potential to a specific potential
value inherently changes the voltage bias when switching the working electrode. We have

recently investigated that in general a larger bias will lead to an increased tip-sample dis-
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tance and therefore to a decreased TERS intensity in air, but that this effect is negligible
for in-liquid experiments [Marl7a]. In any case, when the sample potential is switched
from 1.1 to 1.45 V vs. Pd-H (as for the following experiments), the sample bias voltage
increases from 100 to 450 mV, which would (if at all) result in a larger tip-sample distance
and a lower EC-TERS enhancement for the ON state compared to the OFF state. Under
these conditions, we are able to detect AuOx at around 560 to 580 cm™!, and we do not

observe any AuOx intensity at 1.1 V vs. Pd-H.
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Figure 5.5. FEC-TERS of selective and reversible electrochemical water splitting and Au nan-
odefect oxidation. Schematic of the EC-TERS operando nanoscopy approach: Water splitting
and defect oxidation OFF (left, 1.1 V vs. Pd-H) or ON (1.45 V vs. Pd-H) states can be spa-
tially and chemically resolved by mapping the active site of interest with the EC-TERS probe
with about 10 nm spatial precision. Inset: EC-TER spectra for ON (with AuOzx peak at ca. 580
em™t) and OFF states recorded at a defect site.

The full EC-TER spectra from 100 cm™! (dichroic edge filter cut-off at 156 cm™') to 1700
em~! corresponding to the inset in Figure are shown in Figure . When defect-
catalyzed water splitting is ON, the AuOx stretching mode around 560 to 580 cm™! is
detected [Des86, [Shi07]. In contrast, in the OFF state, no Raman peak is visible because
all AuOx has been reduced. Small, ill-defined bands can be discerned at ca. 250 cm™!
and at ca. 980 cm™! for both ON/OFF states and are tentatively assigned to the 0.1 M
sulfuric acid aqueous electrolyte (HoO and/or (H)SOA(LQ) ~ modes). Note that the spectral

background does not change when switching between ON and OFF states, indicating that
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the EC-TERS gap resonance is unaffected by the potential switch.

50 counts

EC-TERS intensity / a.u.

200 400 600 800 1000 1200 1400 1600
Raman shift / cm™

Figure 5.6. EC-TER spectra for ON and OFF states. EC-TER spectra of Figure inset
showing the filter cut-off at 156 cm™' and the overall background shape for the ON (1.45 V vs.
Pd-H) and OFF (1.1 V vs. Pd-H) states.

Figure [5.7 shows correlated images of the EC-STM apparent topography (left A,C,E) and
EC-TERS AuOx band intensity (right B,D,F) of the electrochemically roughened Au(111)
electrode. The EC-TERS images are constructed by linear background subtraction and
simple peak area integration. For details about the image contrast determination, see ad-
ditional materials in Section [5.7] and Figures[5.11} [5.12 and [5.13. Figure[5.7A shows the
electrode in the OFF state. During subsequent potential switching between OFF and ON,
the operando EC-TERS map (Figure ) visualizes the reversible water splitting and
Au defect oxidation at good spectral contrast. Interestingly, the EC-TERS band inten-

sity varies strongly between different locations during the ON scans, indicating a spatially

heterogeneous defect density on the roughened Au(111) surface on the 10 nm length scale.

To visualize the correlation between nanoscale defect structure and reactivity, we map
nanodefects of ca. 20 to 40 nm width and 2 to 4 nm height also present on the Au(111)
single crystal. The (electronic) structural contours in the EC-STM map (Figure [5.7C)
are excellently reproduced in the simultaneously obtained chemical-contrast EC-TERS
map (Figure ), which suggests a chemical spatial resolution of at least our pixel size
of 9.4 nm. Surprisingly, the catalytic activity of the topographically rather similar Au
structures differs drastically: only two of the nanodefects visible in the EC-STM image
exhibit clear AuOx EC-TER signals while the others remain spectrally silent. We at-
tribute these spectral differences to the local variations in work function [Jia98] due to

atomic active site heterogeneities [Zam96] that lead to varying degrees of defect reactivity
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Figure 5.7. Operando EC-TERS nanoscopy of catalytic defect reactivity. (A,C,E) EC-STM
images of Au(111) in 0.1 M H3SOy4. Scan speed = 1 line/s. (B,D,F) Corresponding EC-TERS
maps reconstructed from the AuOz band intensity. Pizel size = 9.4 nm, 8 s (B,F) or 1 s (D)
spectral acquisition time/pizel. (A-F) Tunneling current (i) = 1 nA, Eyp, = 1.0 V vs. Pd-H,
Esompie as indicated; scale bars = 10 nm. Black arrows indicate scan directions. Dotted white
lines are guides to the eye. Solid black and pink lines are line profiles analyzed in Figure @

directly visualized by EC-TERS mapping.

Figures [5.7E,F demonstrate the full operando nanoscopy capability of EC-TERS where
we image the nanodefect chemical behavior while switching from OFF (bottom) to ON
(top) states during the scan. In the OFF state, the EC-STM image indicates three dis-
tinctive structures of ca. 25 to 50 nm width and 2 to 4 nm height (Figure , white
dotted lines); as expected, the EC-TERS maps show no AuOx formation, neither at the
nanodefects nor on the Au(111) terrace sites (Figure[5.7F). When defect oxidation is ini-
tiated, the EC-STM noise level increases, similarly to what has been previously reported
for hydrogen evolution on Pt [Pfil7]. The simultaneously recorded EC-TER spectra ex-
hibit the strongest AuOx peak intensities at the nanodefects. The flat Au region remains

largely AuOx free, i.e. it does not exhibit significant water splitting reactivity.

Furthermore, our approach allows us to correlate the apparent structure and chemical re-
activity of the nanodefects by investigating the EC-STM and EC-TERS line profiles (solid

xony

Xxony
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lines marked in Figure . The AuOx peak intensity (after background correction to
exclude possible near-field artefacts) uniformly follows the changes in the EC-STM appar-
ent height profiles (Figure to C and Figure . The apparent height of the defect
steps is in the order of 0.5 nm, or of multiples of 0.5 nm, which corresponds excellently to
the height of a monolayer Auy,O3 of 0.47 to 0.5 nm as suggested to be formed during com-
plete oxidation of a Au monolayer and subsequent Au-O place-exchange [TF97, [Oes83].
Changes in apparent topography are accompanied by changes in EC-TERS band intensity
within typically one pixel, an effect particularly evident for the broad stepped structure
profiled in Figure [5.8)C. These results underline that we resolve chemical heterogeneities

with a spatial sensitivity of about 10 nm. Plotting the AuOx Apeak area vs. topographic
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Figure 5.8. Correlation between height profiles and EC-TERS AuOz band intensities. (A,B,C)
EC-STM (black) and corresponding EC-TERS (pink) line profiles from regions marked with a,b,c
in Figure C’—F. Distance error bars are extimated to be £0.47 nm. (D) Difference in AuOx
peak area vs. difference in defect structure height. Blue and green data sets were recorded with
different tips on different days and samples. The Aheight error bars are estimated to be +0.25
nm. The Apeak-area error bars are determined from the standard deviation either at flat Au
regions or in the OFF state. Solid lines are guides to the eye.

height difference on the nanodefect displays a linear relation up to about 3 nm height
difference before saturation of the EC-TERS signal (Figure ) As the EC-TER signal

intensity is linearly proportional to the number of scatterers, the observed linear increase
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in signal intensity with increasing amount of AuOx at the defects is reasonable. The
intensity saturation above 3 nm structure height is likely due to a limited film thickness
of AuOx. Surface AuOx growth was reported to be limited to three monolayer equiva-
lents of oxygen, or 6 monolayer equivalents of AuOx due to Au-O place exchange, and
higher anodic potentials are required for Au oxidation of lower-lying (bulk) Au layers
[TE97, [AKS86]. In other words, in the ON state, only surface oxidation of defects is se-
lectively triggered up to a depth of maximum 6 monolayers of AuOx, corresponding to
a AuOx film thickness of ca. 3 nm. Note that one might additionally expect a lowering
in plasmonic enhancement because of a decreased gap mode efficiency with increasing
dielectric layer thickness >2 nm [Mubl12]. However, this effect is expected to be at least
partly compensated by the feedback regulation of the EC-STM that leads to a decreased
tip-sample distance and thus leads to an increased gap enhancement on AuOx compared
to on Au at a fixed i;. Moreover, Al,O3 thin films of comparable thickness are commonly
used as protective coatings on TERS tips and have been reported to not significantly alter

the plasmonic enhancement [Bar(9).

Our experimental approach allows us to directly correlate the single-site EC-TERS nanoscopic
information with the macroscopic CV that displays the average response of the whole elec-
trode surface. Theoretically, one monolayer (ML) AuOx (or 1/2 ML Oy) amounts to 222
1nC/cm? on Au(111) for 1-electron transfer [AKS6]. A complete surface oxidation reaching
6 ML AuOx would amount to 1332 1C/cm?, roughly twice the amount of total charge
we measure. Therefore, terrace oxidation likely is limited to the topmost one or two
surface (mostly terrace) layers, in agreement with literature [Peu84]. In contrast, the
oxidation of the defect sites, however, reaches about 6 ML as inferred from EC-TERS
and EC-STM data. Given the total electrode defect charge density of ca. 60 pC/cm? and
the surface-limited oxide growth of 6 ML AuOx at defect sites, we quantify the surface
defect coverage to be about 4.5% for the well-defined Au(111) electrode, a non-negligible
amount despite the high quality of the employed single crystal. Our data thus provides
direct experimental evidence for the importance of few active (defect) sites for the total
catalytic surface reactivity and additionally confirms that the macroscopic CV potential
region around 1.45 V vs. Pd-H originates from nanodefect oxidation, as previously found
in the literature [Kol00| [Zhul3].
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5.5 Revealing defect chemistry on the 10 nm scale

In addition to nanoscopic localization and quantification of reaction products, operando
EC-TERS nanoscopy provides valuable insight into the local chemical nature of the surface
specimen from band position analysis, owing to the extreme energy (frequency) resolution
of Raman spectroscopy of typically around 1.6 cm™ (0.2 meV) [MarI7h]. Figure[5.9 shows
two example EC-TER spectra recorded at different positions on an oxidized Au nanode-

fect and the respective Gaussian peak fits, which are clearly separated by about 10 cm™!.
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Figure 5.9. Ezample (linear background subtracted) EC-TER spectra with similar peak intensi-
ties recorded at two different locations on the oxidized Au nanodefect and corresponding Gaussian
peak fits. The peak centers are significantly separated by about 10 cm™'.

Figure shows an EC-TERS map reconstructed from the AuOx peak positions as ob-
tained from an unconstrained single Gaussian peak fit (see Section [5.7] for further details)
from the data set shown in Figure [5.7F, ON. The AuOx peak position differs markedly
between ca. 582 and 553 cm ™! as a function of probe location on the nanodefects. Notably,
for flat areas, the peak is located at Raman shifts above 565 cm™! (Figure , Figure
5.10[C sides), while for stepped defect parts, the Raman shift is smaller than 565 cm™!
(Figure middle). Generally, the Raman shift decreases with a lowering of the metal-
site coordination [DM13]. For (bulk) AuOx species, two prominent geometries, AuyOj
and Auy0, were calculated to exhibit Au-O vibrations at 581 and 563 cm™?, respectively
[Shi07], which are very close to the Raman shifts observed in our experiments. Thus we
conclude that at least two distinct AuOx species of different geometric coordination are

locally present within the nanodefects. The species with the higher Au-O coordination
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(larger Raman shift), possibly AuyOs, can be found on wider defect terraces while the
structure with lower Au-O coordination (smaller Raman shift), possibly AuyO, is located
at the sharper protrusions of the nanodefects (Figure )ﬂ Such intra-defect spatial
reaction heterogeneity has recently been predicted theoretically for electrocatalytic Hy

dissociation on Pt [Len19].
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Figure 5.10. Nanometer-resolved chemical nature of AuOz species. (A) EC-TERS map re-
constructed from the AuOz peak position corresponding to the upper part of Figure . (B,C)
Correlation between height profiles and EC-TERS peak positions. The y-error bars represent
the standard deviation of the bootstrapping fitting analysis (see Section for details). (C)
Schematic illustrating the difference in AuOzx peak position, i.e. in chemical nature, at different
locations on the nanodefect.

5.6 Conclusions and Outlook

In summary, we have demonstrated how label-free operando EC-TERS can be used to
resolve inter- and intra-defect reactivity heterogeneity for water splitting at defect oxida-
tion potentials on Au with 10 nm chemical spatial feature sensitivity. EC-TERS maps
have revealed site-specific surface oxidation of Au nanodefects up to a maximum of 3

nm AuOx layer thickness. The highly local spectral fingerprints indicate formation of

!Note that no apparent difference between experiments in HyO- and DyO-based electrolytes was
detected.
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at least two AuOx species with distinct coordination numbers located at defect terrace
or defect protrusion sites that are tentatively assigned to AusO3z and AusO, respectively.
Correlating electrode averaged and nanoscopic site-specific information, we infer a defect

coverage of ca. 4.5% on the high-quality Au(111) single crystal.

With help of optics, e.g. by implementation of a spatial light modulator (SLM) to compen-
sate focus distortion due to light aberration at the air-glass-electrolyte interface [Marl§],
implementation of an electron multiplying (EM) CCD instead of a conventional CCD
camera [Bhal9b], additional insulation adaptations and further methodology develop-
ment, we expect to reach a spatial chemical sensitivity of <3 nm as previously reported
for in-air TERS catalytic studies [Sul8]. Minimizing thermal drift, by reducing acqui-
sition times from seconds to milliseconds and thus increasing scanning speed, is one of
the important next technical/experimental objectives. Further setup modifications to in-
clude temperature control and to completely oxygen free electrochemical environments
would broaden the operando conditions accessible with EC-TERS. Additional EC-TERS
spectro-electrochemical cell design considerations, e.g. enlarging the electrolyte volume
and moving the CE to a separate cell compartment, would free additional space making
it easier to view the tip-sample junction and EC-STM tip during approach and will thus
improve setup handling. Such EC-TERS cell adaptations would also allow introduction of
commercially available micro-reference electrodes, which, paired with modifications of the
EC-TERS tip coating materials (possibly required depending on the electrolyte), would

provide means to work in a wider range of different electrolytes and pH.

Further EC-TERS experiments will ultimately aid, for example, to resolve the long-
standing quests concerning the broad and asymmetric AuOx peak shape and chemical
interpretation thereof [Des86| and the nanoscale distribution and chemical composition
of reaction intermediates and products, essential for the development of advanced water
splitting or oxygen evolution catalysts [Gril7, [Reil7]. Here, the next important step is
to achieve EC-TERS monitoring of temporarily adsorbed reaction intermediates during
OER and ORR, as recently demonstrated by EC-SERS [DM13, Donl9]. With further
methodology development and continuous technical setup improvement, we believe that
EC-TERS can provide extra-ordinary insights on a wealth of (electro)chemical reactions
occurring at the nanoscale, possibly reaching even the single catalytically active site in
the future.
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5.7 EC-TERS data analysis

EC-TERS reactivity mapping

The EC-TERS reactivity maps presented in Figure were obtained in the scan-to-point
mode. This scan-to-point mode records the EC-STM image while scanning to the points
at which EC-TER spectra are recorded. Due to thermal drift and a spectral acquisition
time of 1 to 3 s, slight shifts in the surface morphology before and after spectral acquisi-
tion are apparent. In Figure[5.11]C, this phenomenon is further highlighted. The EC-STM
image recorded under reaction conditions at 1.45 V vs. Pd-H exhibits ’lines’, at which the
EC-TER spectra were acquired. Since the spectral acquisition time is larger than the time
required for the EC-STM to record a single line (32 pixels x 1-3 s vs. 1 line/s), thermal
drift is more apparent. For Figure [5.7A,C,E and Figure [5.11A,C, the recorded EC-STM
images were flattened according to the standard procedure in Gwyddion (5 polynomial
degree). The images were recorded with 1 line/s scan speed and 512 points per 300 nm

distance. The tunneling current setpoint was 1 nA.

The EC-TERS reactivity maps were created as follows: First, the raw EC-TER spectra
were Fourier-filtered in matlab using the interactive Fourier Filter (iFilter.m; matlab file
exchange) to remove high frequency noise. Figure shows example filtered and un-
filtered EC-TER spectra. The filter parameters were as follows: frequency = 0.00060677;
period = 1648.0761; width = 0.005-0.015; shape = 5. A linear baseline was determined
within the boundaries of 440 to 680 cm™! for each individual Fourier-filtered EC-TER
spectrum and then subtracted from the Fourier-filtered EC-TER spectrum (Figure .
Afterwards, the AuOx peak area with the boundaries between 440 and 680 cm™! was
determined by simple integration (trapz, matlab). The obtained peak area of the 440 to
680 cm~! peak region was then plotted in OriginPro 9.1 (contour plot). In Figure ,
the zero scale bar value was determined by averaging 64 pixels at the OFF state (1.1 V
vs. Pd-H) and adding three times the standard deviation (3649 + 3*%656 = 5617). The
maximum scale bar value accounts to 17550. In Figure [5.7D, the zero scale bar value
was set to the average of 64 pixels at a flat Au surface region and adding three times the
standard deviation (969 + 3*87 = 1230). The maximum scale bar value accounts to 1715.
In Figure 5.7F, the zero scale bar value was set to the average of 8 spectra within the
flat Au surface region (ON state) and adding three times the standard deviation (5130
+ 3*998 = 8124). The maximum scale bar value accounts to 20800. If the zero scale
bar value is determined from the OFF state (average from 64 pixels), as for Figure ,
the determined zero scale bar value is 6319 (3961 + 3*786). Figure compares the
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Figure 5.11. FEC-TERS mapping. (A) EC-STM image recorded from top to bottom at 1.45
Vws. Pd-H (i = 1 nA, By, = 1.0 V vs. Pd-H, 140 nm z 240 nm, scan speed = 1 line/s)
before EC-TERS mapping. (B) Corresponding EC-STM line profile along the dotted black line
in (A). (C) EC-STM image recorded as scan-to-point image while simultaneously acquiring EC-
TER spectra at the equidistant ’lines’ with 9.4 nm distance (mismatch due to thermal drift).
Black arrow indicates scan direction. (D) Height profile along the dotted black line in (C). (E)
EC-TERS map indicating the peak area of the 560-580 cm™" AuOz peak as well as changes in
EC-TER background (pizel size = 9.4 nm, 1 s acquisition time per pizel). The EC-TERS map
was created by integrating the AuOz region without background subtraction (cf. Figure for
background-subtracted map). (F) EC-TER spectra recorded during defect oxidation (at 1.45 V
vs. Pd-H) at defect site (green) and flat Au region (black), corresponding to the marked green and
black stars in (C). The acquisition time accounted to 3 s. Thick green and black lines represent
guides to the eye.

resulting maps using both determined zero scale bar values. The EC-TERS maps directly
reveal that the three nano-defective structural features in Figure[5.7E and Figure[5.13A,C

are most reactive toward the electro-oxidation of Au.

Estimated thermal drift

The thermal drift of our EC-TERS measurements can be estimated from subsequently
recorded EC-STM images and the time needed to record the EC-STM images. From the
EC-STM images underlying Figure and B, we estimated a thermal drift of ca. 120
nm/h in x-direction and 45 nm/h in y-direction. These values correspond well to thermal
drift values reported in the literature of about 1 to 2 nm/min for STM instruments
[Cheldal]. EC-TERS intensity profiles in Figures to C were adjusted to the apparent
thermal drift of less than half a pixel.
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Figure 5.12. Data treatment for mapping and fitting. (A) Ezample raw and Fourier-filtered
EC-TER spectra (black vs. green) and the linear baseline (pink). (B) Linear baseline subtracted
raw and Fourier-filtered EC-TER spectra as well as the single unconstraint Gaussian peak fit.
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Figure 5.13. Influence of different scale bar boundaries. (A,B) EC-STM image recorded from
bottom to top while the sample potential was switched from 1.1 to 1.45 V wvs. Pd-H halfway
through the image (white and green dotted line). (C) Height-profile along the dotted green line
revealing three distinct surface structures. (D,E) EC-TERS reactivity map with different lower
boundaries emphasizing the most reactive spots on the Au surface. Black arrows indicate scan
directions. (F) Ezample EC-TER spectra at 1.45 V vs. Pd-H (red) and 1.1 V vs. Pd-H (black)
at the corresponding red and black marks in (B).
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Peak position determination

Figure shows an example unconstraint fitting result of the AuOx peak region around
560 to 580 cm™! with a single Gaussian peak shape using matlab software (peakfit.m,
matlab file exchange) after linear background subtraction as described earlier. In this
way, the peak positions of Figure [5.10] were determined from the Fourier-filtered EC-
TER spectra. The fitting errors were estimated by fitting the unfiltered raw spectra
with a bootstrapping analysis incorporated in the matlab software (peakfit.m, matlab file

exhange).

Additional EC-TERS/STM line profiles

Figure shows additional line profiles across the defective nano-structures of Figure
b.7C. EC-TERS is capable to correlate EC-STM electronic topography with EC-TERS
chemical information. The defective nano-structures portray reproducibly the largest
AuOx EC-TERS signal in comparison to rather flat surface regions. Nano-structures of
20 to 50 nm lateral dimensions can be resolved (Figure 7B and Figure. Moreover,
Figure [5.8C demonstrates that for the different step structures the EC-TERS intensity
changes sharply within the 9.4 nm pixel size, suggesting that the spatial chemical feature

sensitivity is likely even lower than the pixel size used in this work.
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Figure 5.14. Simultaneously acquired EC-STM and EC-TERS line profiles. Additional line
profiles of Figure C’,D correlating EC-STM (black) and EC-TERS AuOzx peak area (pink).
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Chapter 6
Conclusions and Outlook

This chapter is partly reproduced/adapted from ’Jonas H. K. Pfisterer and Katrin F.
Domke, “Unfolding the versatile potential of EC-TERS for electrocatalysis”, Current
Opinion in Electrochemistry, 2018, 8, 96-102’, published by Elsevier in 2018 [Pfi1§].

In the following chapter, we conclude the thesis by first summarizing the most important
overall findings elaborated within this work and finally discussing subsequent experiments

currently underway in our laboratory and possible research directions for the future.

6.1 Conclusions

The presented results of this thesis show that electrochemical plasmon-enhanced vi-
brational spectroscopies constitute powerful experimental techniques that allow detailed
molecular insight into electro-catalytic surface reactivity under realistic electrochemical
reaction conditions. EC-SERS, EC-SEIRAS and EC-TERS are complementary to each
other, but also complementary to other experimental methods in the field of electrochemi-
cal surface science, such as electrochemical impedance spectroscopy or cyclic voltammetry,
by providing surface-molecular specific information in addition to the current-voltage re-

sponse.

Combining classical electrochemical potential-step experiments with EC-SERS, we show
how EC-SERS potential-jump experiments can be utilized to monitor short-lived reac-
tion intermediates during the electro-reduction of polycrystalline AuOx in sulfuric acid
electrolyte. Electrochemical potential-jump experiments from Au oxidation potentials to
the onset potential of the AuOx reduction provide means to study the reaction processes

at a reduced reaction speed, which is of interest for a variety of spectro-electrochemical
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techniques, such as EC-SEIRAS and -SERS, and is expected to be applicable to numer-
ous other electrochemical reactions, for example formic acid oxidation. With EC-SERS
potential-jump measurements, we identify AuOx and Au-OH intermediates in acidic me-
dia, which are challenging to detect and important for various electrocatalytic reactions.
The combined efforts of advanced computer calculations considering implicit solvent con-
tributions and smart experiments are required to gain mechanistic insight into the complex
working principles of surface reactivity and material degradation effects under reaction

conditions.

Employing EC-TERS in the fields of electrocatalysis and corrosion science for the first
time, the potential-dependent detection of the operando formation of surface reaction
products at the nanoscale is possible. This is a crucial step for the implementation of
the EC-TERS technique in electrocatalysis and corrosion science because, in contrast to
previous EC-TERS studies, the detected surface species is formed in situ and does not
represent a pre-deposited organic SAM electrode. Our EC-TERS setup is sensitive enough
to detect AuOx reaction products during Au(111) electro-oxidation. We demonstrate the
EC-TERS reactivity mapping capability by differentiating between active Au nanodefects
selectively oxidized at 1.45 V vs. Pd-H and non-active flat Au regions with a chemical

spatial feature sensitivity of about 10 nm.

Moreover, EC-TERS is capable to locally resolve differences in the local nanoscale chem-
istry. We observe significant changes in the AuOx peak position depending on the location
on the Au nanodefect. This result suggests that the broad AuOx peak in the 500 to 600
cm ™! region appearing during complete Au surface oxidation most likely originates from
different AuOx species formed at the surface. The scence is set for exciting future EC-
TERS projects in the fields of electrocatalysis, corrosion science or related solid-liquid
interface disciplines, offering unprecedented insight into the working mechanisms of vari-

ous energy materials on the nanoscale level.

6.2 A bright EC-TERS future for electrocatalysis

The in-situ surface-enhanced Raman analog, EC-SERS, has repeatedly been used to re-
solve vibrational signals of reaction intermediates important for key energy conversion
reactions [Smi97, [Zhul3, [DM13, [Hual6l, Donl9]. Providing similar Raman enhancement
factors as EC-SERS, EC-TERS can thus be expected to further extend our understanding

of such fuel cell reactions to nanoscale detail. For the application of EC-TERS in elec-
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trocatalysis, the next step for our EC-TERS methodology is to show that key reaction
intermediates, such as CO, OOH or OH species, temporarily adsorbed at the catalyst sur-
face can be detected. Moreover, the chemical spatial resolution achievable at solid-liquid
interfaces remains to be pushed to reach, ideally, a few nanometers or better by further
technical advances such as optimizing the laser focus in liquid and improving setup stabil-
ity. Borrowing from UHV-STM approaches, active (thermal) drift correction can possibly
help to correlate EC-TERS and SPM images more easily in the future [Rah10]. Note that
as extreme field gradients act on the species under investigation in (EC-)TERS, both in
air and in liquid experiments, utmost care has to be taken to exclude (photo)thermal dam-
age of the species of interest or the catalyst, or undesired laser-induced (side) reactions.
As EC-TERS is still in its infancy, systematic exploration of laser-induced artefacts will
be required on well-defined and understood model systems to provide a thorough under-

standing of the full capabilities and limitations of the technique for electrocatalytic studies.

Currently, the EC-TERS work in the Domke lab is extended to bimetallic electrocatalyst
systems, such as monoatomically high Pd and Ir islands deposited on Au(111) electrodes.
Pd and Ir electro-oxidize at more negative potentials compared to Au. Selectively oxi-
dizing the Pd or Ir islands, while keeping the Au(111) substrate oxide free, should allow
EC-TERS detection of the PdOx and IrOx only at the oxidized metal islands. Variation
in island size with diameters of about 3 to 30 nm and EC-TERS mapping of the oxide
islands would then allow determination of the currently achievable chemical spatial reso-
lution of our EC-TERS setup. At the same time, such EC-TERS mapping experiments
would resolve the question about the potential-dependent chemical nature of IrOx and
PdOx of such nanostructures, i.e. which oxide species form at these monoatomically high
islands as a function of applied potential. In addition, possible edge boundary effects
could be directly investigated, where the edge atoms of the metal islands possibly exhibit
increased reactivity, as in the case for HER on Pd on Au(111) [Pfil7]. Moreover, possible
corrosion effects can be studied by excursions to higher applied overpotentials and sub-
sequent EC-TERS inspection of the metallic islands. The well-defined bimetallic systems
can further be utilized to study the electro-oxidation of formic acid, HCOOH, at low
overpotentials (to assure island stability). The reaction intermediates are expected to be
detectable under continuous reaction conditions due to the incorporated CO bonds and
previously reported EC-SERS experiments [Bel05]. It is important to note that island
stability during EC-TERS measurements is of particular importance and the applied elec-
trode potentials need to be carefully chosen. For example, experiments of MoS, islands
on Au(111) revealed their instablity during the HCOOH electro-oxidation.
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To increase both sensitivity and resolution, further setup development is currently un-
derway in our laboratory. Implementation of a spatial light modulater (SLM) can help
to optimize the laser focusing by phase-modulation of the laser excitation beam [Marl§)|
and implementation of an EMCCD camera will provide an additional increase in signal
intensity. The increased signal-to-noise ratios will allow reduction of the acquisition time
per pixel from seconds to hundreds of milliseconds. Additional vibrational damping adds
to the reduction of thermal drift. Furthermore, adaptations of the electrochemical cell
design, such as increasing the cell volume and offering oxygen free work environments,
will allow improved setup handling and extend the range of systems to be investigated.
In addition, recent results of the Ren group suggest that the implementation of a water

immersion objective would further increase our EC-TERS setup sensitivity [Hual9].

In the future, EC-TERS potential-jump experiments are envisioned to provide the desired
nanoscale insight of the analog EC-SERS experiments presented in this work. Accord-
ing to recent achievements with the EC-SERS technique under electro-catalytic reaction
conditions, EC-TERS can potentially provide the nanoscale insight into numerous electro-
chemical reactions, for example ORR and OER, the oxidation of small organic molecules
or COs electro-reduction. Methodologically, exciting future research questions are for
example how we can discriminate between adsorbed sulfate ions and the bulk solution
or how we can distinguish interfacial water from bulk water. Is it possible to combine
video-EC-STM with the EC-TERS approach, can EC-TERS measurements be performed
on single Pt nanoparticles of different shape and size or can EC-AFM-TERS be employed
on realistic rough catalyst electrodes? Can EC-TERS provide the necessary parameter
input for the development of advanced theoretical simulation tools that can adequately
predict electrified solid-liquid interfaces under non-equilibrium reaction conditions on a
molecuar and/or atomic level? Moreover, recent studies on functionalized EC-TERS tips
[Piel6, Moul7, [Goul8] hold promise for the combination of the SECM, EC-TERS and
EC-SERS methodologies in the future. Attaching SERS-active EC-SHINER nanopar-
ticles to an SECM tip or ultra-microelectrode or possibly using the EC-TERS-tip as a
nano-SECM electrode quantifying the faradaic currents during electrochemical reactions

are additional exciting future venues.

With further methodology development and continuous technical setup improvements,
the EC-TERS technique will mature into the versatile operando nano-tool required to an-

swer (or contribute to answer) the above-mentioned questions and to identify local active
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site chemistry for a wealth of electrochemical reactions at the nanoscale level. Providing
high chemical, spatial and temporal resolution, EC-TERS can thus help us to understand
the fundamental processes of electrocatalysis, corrosion science and electrochemical sur-
face science in general. The detailed molecular and nanoscale understanding gained in
this way will aid the rational engineering of improved energy materials contributing to a
sustainable and affordable energy future and thus to one of the great challenges of our

time.
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