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ABSTRACT

Faceting and nanostructuring of polycrystalline gold electrodes by cathodic corrosion in
concentrated potassium hydroxide electrolytes has been systematically studied at different
electrode potentials. Current-potential curves for the restructured Au electrodes in 0.1 M
H2S04 show characteristic features of Au(111) facets in the double-layer and oxidation region.
Thus, the modified Au electrodes adopt properties typically known for well-defined single
crystal surfaces. Besides the preferential surface faceting, the electrochemically active surface
area (EASA) is enhanced as a function of potential, concentration and time. Scanning electron
micrographs show the formation of well-defined triangular pits and nanostructures with a
specific orientation confirming the formation of (111)-facets. In this way, the behavior of
single crystals is accompanied with the properties of nanoparticles which are of utmost
interest in electrocatalysis and surface enhanced Raman spectroscopy (SERS). The
electrocatalytic activity of the newly formed “Au(111)” surface from an Au wire has been
tested towards the hydrogen evolution reaction (HER) and for the formic acid oxidation
reaction (FAOR). The study of electrocatalytic reactions at these nanostructured electrodes
allows to identify active centers, which are absent for extended single crystal surfaces.
Adsorbed pyridine on the nanostructured Au electrodes directly shows SERS activity, while
untreated polycrystalline Au is SERS-inactive. The use of cathodic corrosion of simple wires is
a paradigm of SERS-applications in electrochemistry with clean Au electrodes that provide

properties of Au(111) single crystals.
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1. Introduction

The use of clean and structurally defined electrodes is well-established in many fields of
interfacial electrochemistry, such as electrocatalysis, electroanalytics, bioelectrochemistry,
energy conversion and storage, spectroelectrochemistry, corrosion, and material science
[1,2]. In this way, structure-property relationships are obtained by studies of low-index and
vicinal single crystals, shape- and size-controlled nanoparticles, poly-oriented spherical beads,
or preferentially facetted electrode surfaces, etc. [3-6].

In contrast to simple electron transfer reactions, electrocatalytic reactions involve at least one
adsorption step. For this reason, electrode kinetics is greatly influenced by adsorption
energies of intermediates and often also by adsorbed electrolyte components, which in many
cases are extremely sensitive to the local atomistic structure. Thus, the arrangement of
surface atoms at the metal electrode may have a profound effect on the energetic pathways
from reactants to products and, accordingly, the reaction rate, activity and selectivity [3,7,8].
In this regard, noble metal electrode surfaces have frequently been used in electrochemistry,
because they are relatively easy to prepare and show very high stability for fundamental
investigations. For a variety of reactions relevant for fundamental and applied research, the
electrochemical behavior depends strongly on the crystallographic orientation, the mode of
application (bulk vs. nanoparticles-based electrodes), as well as on the nature of the adsorbed
species and the composition of the electrolyte. Therefore, noble metal electrodes play a major
role in understanding structure-activity relationships [9-13].

Despite the valuable insights that can be obtained about the influence of extended surfaces
of different structures on electrocatalytic activity and the electrochemical behavior, research
with single-crystals is not possible in all laboratories. Such investigations are not only time-
consuming and expensive, each electrode needs to be accurately fabricated, characterized,
and handled to assure cleanliness and well-defined structure. Unfortunately, the effect of low-
coordination sites that sometimes play a predominant role in electrocatalysis of nanoparticles
cannot easily be studied with flat or stepped single crystal surfaces. In addition, the limited
stability, which is apparent by electrodissolution or by irreversible structural deterioration
under harsh conditions, restricts the utilization of costly single crystal electrodes and the
reproducibility of data in certain electrochemical processes.

For these reasons, there are substantial research efforts in understanding the electrochemical

behavior of well-defined nanostructured electrodes, bulk electrodes (for example
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polyoriented bead single crystals) and electrodeposited nanostructures to substitute single
crystal electrodes [3,11,14-18]. Au is considered the paradigm of stable electrode materials,
because it is the only metal that is more stable than its oxides under standard conditions [19].
There is a variety of Au model systems, which are used in exchange to single crystals. These
include thin Au films or Au nanoparticles on substrates such as glass or inert electrodes,
faceted and nanostructured Au wires, nanoporous Au, e.g. obtained by dealloying of AgAu
alloys and electrochemically treated Au samples [20-27]. In comparison, electrochemical
faceting and nanostructuring of bulk wires afford clean and simple alternatives to substrate-
based metal nanostructures prepared by first synthesizing colloidal nanostructures and then
dispersing them onto the substrate surface. While the anodic treatment has long been used
to clean polycrystalline Au, the cathodic treatment has retrieved interest on a fundamental
and on a technological level [28-32].

Cathodic corrosion is an electrochemical etching process that induces substantial changes in
the metal surfaces characterized by creating nanoparticles and a variety of etching features
[33,34]. Recent studies hypothesized that cathodic corrosion occurs through the formation of
metastable anionic species that are stabilized by non-reducible electrolyte cations [34-36].
The nature of these anionic species might be intermediate ternary metal hydrides, as
suggested by theoretical DFT calculations that reveal the significant role of adsorbed
hydrogen. Moreover, the presence of non-reducible cations, mostly alkali metal cations, is
crucial for the cathodic corrosion process [35,36]. Previous theoretical studies demonstrate
that alkali metal cations can specifically adsorb to metal electrode surfaces at low
overpotentials in the hydrogen evolution region [37]. Furthermore, the experimental
investigations indicate that the final surface structure and the etching features of the
cathodically treated electrodes strongly depend on the nature and concentration of the
adsorbed cations as well as the properties of the metal itself [35,38]. Hence, cathodic
corrosion can be used as a powerful technique to tailor the structure of metal surfaces.

This study deals with the faceting and restructuring of polycrystalline Au wires in highly
concentrated potassium hydroxide (KOH) electrolytes through cathodic corrosion. The effects
of electrolyte concentrations and applied potentials on the structural changes, facet
distribution, and roughening of Au surfaces have been studied in a systematic way using cyclic
voltammetry (CV) and scanning electron microscopy (SEM). The electrochemical behavior of

Au electrode surfaces in 0.1 M H,S04 electrolyte is correlated to their local structure analyzed
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by SEM before and after corrosion. In comparison to the recent studies of cathodic corrosion
[35], this contribution presents new findings as a function of the applied parameters for the
nanostructuring of Au surfaces. Cathodic corrosion of Au generates a single-crystal-like
electrochemical behavior involving typical features of Au(111) electrodes. Therefore, the
electrocatalytic behavior of this new type of nanostructured electrodes was investigated
towards the hydrogen evolution reaction (HER) and for the formic acid oxidation reaction
(FAOR) to identify reactive centers, which go beyond those of extended Au single crystal
surfaces. Surface-enhanced Raman scattering (SERS) from well-defined surfaces would be
superior to replace the randomly roughened electrode surfaces for in-situ monitoring of
electrochemical and electrocatalytic reactions. For this reason, the Raman activity of adsorbed
pyridine on the nanostructured Au electrodes with preferentially -oriented surfaces was

studied with SERS.

2. Experimental

Electrode preparation. The polycrystalline gold electrodes (Au) were cut from a commercial
wire (MaTeckK, Jilich, Germany, 99.995%, @ = 0.25 mm) with a wire cutter to 3 cm and
thoroughly rinsed with ultra-pure water. Then, gold electrodes were cleaned by
electropolishing in 0.1 M H,SO4 electrolyte at 10 V for 10 s at 20 °C and subsequent dissolution
of the thin surface oxide layer in 1 M HCIl. The electrodes were again thoroughly rinsed with
ultra-pure water and flame-annealed before checking for their cleanliness by cyclic
voltammetry in 0.1 M H,SO4. The electropolishing step was repeated until obtaining a clean
and reproducible surface.

Electrochemical Measurements. Ultra-pure water (18.2 MQ cm, TOC < 3 ppb) was used for
electrolyte preparation and apparatus cleaning. The solutions were made of H,SO4 (Merck,
suprapur), HCIO4 (Sigma-Aldrich, trace metal basis), HCOOH (Merck, suprapur), and pyridine
(299,9%, Sigma-Aldrich). The chemicals were used as obtained without further purification.
The electrolytes were deaerated with nitrogen, before and during the experiments. All
measurements in this study were carried out at room temperature (20 °C).

Cathodic polarization of Au electrodes. After measuring the voltammogram in 0.1 M H,SOa,,

the electrode was thoroughly rinsed with ultra-pure water to remove sulphate and then
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transferred to a polypropylene cell, which was designed for the cathodic corrosion
experiments. This cell comprises an aqueous solution of KOH (Sigma-Aldrich, 99.99%), a
HydroFlex RHE electrode (Gaskatel), and titanium coil (MaTecK, Jiulich, Germany, 99.7%) as a
working electrolyte, a reference electrode, and a counter electrode, respectively. Following
the immersion of the wire (2 mm length) in a defined electrolyte concentration, a constant
negative potential was applied for 60 s. After that, the working electrode was removed, rinsed
with ultra-pure, and transferred to the characterization cell, where it was contacted at -0.6 V
vs. MSE.

Before SEM imaging, the electrode was rinsed, flame-annealed and characterized in 0.1 M
H,SO4 to ensure the cleanliness of the electrode surface. Then, the electrode was rinsed with
ultra-pure water and transferred to the polypropylene cell. After the cathodic polarization,
the electrode was removed, rinsed with ultra-pure water, and stored for SEM
characterization.

Characterization. A HEKA PG510 potentiostat was employed for all electrochemical
experiments. A conventional three-electrode glass cell was utilized for the characterization of
the electrodes in 0.1 M H,SOs electrolyte using a saturated mercury/mercurous sulfate
electrode (MSE) as a reference electrode and graphite rod as a counter electrode. The
morphological characterization of the wires was examined by using a ZEISS LEO 1550 VP
scanning electron microscope (SEM) operating at an acceleration voltage of 10 kV.

Raman Spectroscopy. Raman spectra were recorded with a Renishaw inVia confocal Raman-
dual-laser system equipped with a Leica DM 2500 microscope. Spectra were obtained with a

633 nm laser at a power of 1.7 mW and an acquisition time of 20 s.



3. Results and discussion
The progression of surface faceting and nanostructuring of an Au wire induced by cathodic

corrosion has been studied using cyclic voltammetry and scanning electron microscopy.

3.1. Cathodic corrosion process

The mechanism of cathodic corrosion is quite complex. The surface structure of the corroded
electrodes depends on a variety of experimental parameters. From a fundamental point of
view, the stability of Au electrode surfaces in contact with an electrolyte is strongly dependent
on the applied potential. The surface tension shows a maximum at the potential of zero charge
(pzc) where the surface has no excess charge. Lowering the electrode potential relative to the
pzc induces a large surface stress [39]. At the same time, the bond strength between Au
surface atoms is increased. More and more non-reducible cations are adsorbed at the
negatively charged surface. Both the surface stress and the adsorbate induce substantial
changes in surface structure by the rearrangement of atoms in order to increase the surface
area and thus minimize surface charge density.

Here, gold surfaces were polarized at various negative potentials versus an internal reversible
hydrogen electrode (RHE) for 60 s in a 10 M KOH electrolyte. The process of cathodic corrosion
is challenging to study operando due to the harsh conditions, including high pH, strong
evolution of hydrogen gas, and large electric current.

Cyclic voltammetry is used as a simple technique that gives valuable information about the
entire electrode surface. In this regard, the cyclic voltammogram of gold surfaces in aqueous
H,S04 is very sensitive towards the orientation of the atoms on the electrode surface [40,41].
Therefore, to determine the initial stages of cathodic corrosion, the voltammograms of the
gold electrodes before and after cathodic polarization were recorded in 0.1 M aqueous H;S04
at a scan rate of s =50 mV s%. In particular, the voltammetric profiles of the so-called double-
layer and surface oxide regions show distinctive features which are attributed to distinct
surface structures. As shown in Figure 1a, the anodic current peaks positive of 0.6 V vs. MSE
at 0.90V, 0.70 V, and 0.67 V are corresponding to surface oxidation of Au(111), Au(110), and
(100)-oriented domains, respectively. The relative current or charge density of these anodic
peaks directly reflects the distribution of the facets present on the surface of gold electrodes.
There were no noticeable changes in the typical electrochemical behavior of polycrystalline

Au electrodes in 10 M KOH as a function of potential after polarization at potentials between
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0 and -0.5 V vs. RHE. Changes in the voltammetric behavior become visible in the double-layer
and surface oxide regions after polarization at -0.5 and -0.6 V vs. RHE (Figures 1b and 1c). The
current-potential curves display a development in the anodic peak around -0.12 V vs. MSE,
which is attributed to the lifting the (111) surface reconstruction by specific adsorption of
sulfate anions [40]. In addition, the enhancement in the surface oxidation peak at 0.9 V vs.
MSE indicates an increase of (111) sites. Hence, these changes are considered as to the initial
stages of cathodic corrosion. It will be seen that more pronounced structural changes appear
together with an enhancement in the electrochemically active surface area (EASA) after
lowering the electrode potential to -0.8 V. The cathodic corrosion process of Au surfaces starts
at a potential negative of the equilibrium potential of the hydrogen evolution reaction.
Theoretical calculations reveal the crucial role of adsorbed hydrogen (Hads) in cathodic
corrosion through investigating the effect of Hags on the potential-dependent surface energy.
The results show an energetic driving force for the creation of surface area at potentials where
the cathodic corrosion starts experimentally [35]. Thus, the role of adsorbed hydrogen should
be considered. At a certain point, the H coverage might dramatically increase and facilitate
surface mobility [42].

The electrochemical characterizations reveal changes in the surface structure after cathodic
polarization. Consequently, monitoring the surface morphology provides more insight into the
cathodic corrosion of Au surfaces. Therefore, ex-situ SEM was utilized for the structural
characterization of the cathodically corroded Au wires. The micrographs are illustrated in
Figures 1d and le. There are no obvious signs of corrosion on the wires polarized at potentials
positive of -0.7 V vs. RHE. Apparently, the SEM resolution is not sufficient to monitor very
slight structural changes at the Au surface. As the applied potential is lowered to -0.8 V vs.
RHE, the formation of etching pits is detectable, however, only at the tip of the corroded Au
wire, as shown in Figure 1le compared to the as-polished surface in Figure 1d. It is worth
mentioning that the polarization at this potential increases noticeably the surface area as

indicated from the cyclic voltammograms, so the study of these surfaces is possible with SEM.
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Figure 1: (a) Cyclic voltammograms of an Au wire in 0.1 M H,SO4 at a scan rate of 50 mV s™!
before and after negative polarization in 10 M KOH at -0.5, -0.6 and -0.8 V vs. RHE for 60
seconds. The current density is related to the geometric surface area. The double-layer region
and voltammetric peaks for surface oxidation of (a) are magnified in (b) and (c), respectively.
(d) SEM micrograph of the pristine Au surface. (e) Au surface after polarization at -0.8 V vs.

RHE in 10 M KOH for 60 seconds.



3.2. Fabrication of Au surfaces with preferential (111)-texture

A prominent sign of cathodic corrosion of Au surfaces after polarization at negative potentials
in 10 M KOH electrolyte is the alteration of facet distributions with an enhancement in the
(111) domains. Consequently, the applied potential was further lowered to -3.5 V vs. RHE to
evaluate the cathodic corrosion of Au surfaces in the same electrolyte for 60 s. Figures 2a and
2b display the voltammetric profiles for Au electrodes in 0.1 M aqueous H,SO4 at a scan rate
of s =50 mV s7! before (black curves) and after cathodic polarization (red curves). The cyclic
voltammetry profiles were recorded for the lower and upper potential limits of £, = -0.85 and
Eu =1V and for E. =-0.85 and Ey = 0.6 V to monitor the changes in the orientation of surface
facets. The current density was determined by dividing the measured current by the exposed
geometrical electrode surface area (Figure 2a) or alternatively by considering the increase in
EASA (Figure 2b). The scale of the current density for the double-layer region (EL =—0.85 and
Ey = 0.6 V vs. MSE) is enlarged by a factor of 30. Interestingly, the cathodically polarized
electrode shows a single-crystal-like electrochemical behavior with characteristic features of
Au(111) electrodes. This electrode with the highest (111) contribution is referred to as
“Au(111)”. The voltammograms in Figure 2 (red curves) reveal the following characteristic
features in the double-layer and oxide regions: (i) an anodic peak at -0.12 V corresponding to
the lifting of the Au(111) reconstruction by sulphate adsorption and a cathodic peak at -0.19
V corresponding to sulphate desorption; (ii) a sharp anodic spike at 0.38 V and a sharp cathodic
spike at 0.35 V that are attributed to the well-known adlayer phase transition of adsorbed
sulphate on Au(111); (iii) a sharp peak at 0.90 V assigned to surface oxide formation at
Au(111)-facets; and (iv) an increase in the charge density of the reduction peak at 0.45 V after
including the increase in EASA (Figure 2b) compared to pristine Au electrode (black curve).
These features are electrochemical fingerprints unique to well-defined Au(111) electrode
surfaces [40,43]. The charge densities of the surface oxidation peak at 0.90 V for the pristine
Au electrode and after polarization at -3.5 V vs. RHE are 96 and 426 uC cm, respectively. In
agreement with this increase by a factor of 4.4, the surface area of the modified electrode is
increased by a factor of 4.2 as indicated by the increase in the charge of the double-layer
capacity.

Further indications of a larger surface area with distinct etching features monitored by SEM
for the corroded wire at -3.5 vs. RHE are presented in Figures 2c-g. The SEM examination

illustrates that the whole area of the wire in contact with the electrolyte is completely
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corroded, however, with different local structures. As shown in the micrographs depicted in
Figures 2d and 2e, cathodic corrosion generates a roughened surface accompanied by small
preferentially-oriented nanoparticles at the tip-region of the wire as indicated in the high
magnification image in Figure 2e. The size of these nanoparticles is in the range of 40 to 60
nm. The tip-region, which is entirely covered with nanoparticles is highlighted in green, as
illustrated in Figure 2c. In addition to these nanoparticles, well-defined triangular pits with
different size are detected at the rest of the corroded wire away from the tip-region (red-
rimmed). Some of these triangular pits are highlighted in blue color. From a structure and
symmetry point of view, the triangular pits are indicative of a (111)-surface [44]. The
formation of the nanoparticles and the triangular pits induced by cathodic corrosion is indeed
the reason for an appreciable increase in the electrode surface area as supported by the
electrochemical characterization. After cathodic polarization of polycrystalline Au electrodes
at a relatively high voltage of -3.5 V, the surface is supposed to become quite brittle (large
surface stress) and partial decomposition (dissolution) appears to increase the surface to
extenuate the constrain. The electrochemical characterization and the SEM analysis are
complementing each other, both methods reveal the formation of Au(111)-oriented surfaces
with high EASA after cathodic polarization. It should be emphasized that the (111)-facet is the
most thermodynamically stable among all extended surfaces [45]. Furthermore, the formation
of (111) facets is found to be driven by adsorption of K* cations.

Single-crystalline thin films of Au(111) can be prepared by epitaxial growth on scratch-free
mica. However, these films are often not stable and delaminate after a few minutes in water
[20]. Furthermore, ca. 200 nm thick Au films evaporated onto special glass, with a thin
chromium undercoating to enhance adhesion, produce well-ordered (111) surfaces after
annealing [21]. However, chromium can form alloys with Au (for example AuCrs) which can
behave chemically different to clean gold films [46]. Moreover, a highly ordered Au (111)
phase can be prepared by vacuum deposition on a polycrystalline gold disk substrate at 300
°C followed by anneal-quenching treatment [22]. Another approach is the seed
mediated growth of electrodeposited Au-nanoparticles onto a glassy carbon electrode from a
solution of H[AuCls] + NH;OH at pH 0.5, resulting in Au(111) facets [23]. In comparison,
nanostructuring and faceting of an Au wire to fabricate Au surfaces with preferential (111)-
texture through cathodic corrosion is more affordable. In addition, comparing the cyclic

voltammogram profiles indicate that the sharpness of the surface oxidation peak of the (111)-
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facets is higher for the electrodes fabricated through cathodic corrosion than those obtained

by vacuum deposition or seed-mediated growth of electrodeposited gold-nanoparticles.
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Figure 2: (a) Cyclic voltammograms for pristine polycrystalline gold in 0.1 M H;SO4 at a scan
rate of 50 mV s! before (black curves) and after (red curves) polarization in 10 M KOH at -3.5
V vs. RHE for 60 seconds. The current density is related to the geometric surface area. The
scale of the current density for the double-layer region is enlarged by a factor of 30. (b) The
same date as in (a) with the current normalized to the electrochemically active surface area.

(c-g) SEM images of an Au wire after polarization in 10 M KOH at —3.5 V vs. RHE for 60 seconds.

SEM images of the tip-region (d,e — green-rimmed) are systematically different to those

obtained away from the tip (f,g — red-rimmed).
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3.3. Effect of electrolyte concentration and applied voltage

3.3.1. Electrochemical characterization
Since the final surface structure depends strongly on the applied conditions, the effect of the
KOH concentration and applied negative voltages have been systematically investigated. From
this perspective, Au wires were cathodically polarized at different voltages from -1 to -5.5 V
vs. RHE in different concentrations of agueous KOH electrolyte in the range of 2 — 20 M for 60
s. Polarization of Au wires in 2 M KOH electrolyte in this range of voltages for 60 s hardly
influences the Au surface structure. In contrast, manifest changes in the facet distribution and
the EASA have been detected by increasing the electrolyte concentration to 5 M and higher.
High near-surface concentration of K* is supposed to be essential for cathodic corrosion
because the highly negative potentials can only be achieved with appropriate counter-
charges.

Figures 3a and 3b show changes in the first cycle of the current-potential curves for Au
electrodes after corrosion in 5 M and 10 M KOH electrolytes compared to the untreated
electrodes. The current in these voltammetry profiles is normalized to the EASA, not anymore
to the geometric surface area. As observed in Figures 3a and 3b, the characteristic features of
the surface structure are substantially altered as a function of the experimental conditions.
These changeable features include (i) the shape and intensity of lifting of the surface
reconstruction peak at 0.10 V; (ii) the sharpness and the charge density of the sulphate spike
at 0.38 V; (iii) the intensity of surface oxidation peaks at positive of 0.60 V which corresponding
to the facet preferences; and (iv) the charge density of the reduction peak at 0.45 V. It is clear
that the sharpness of the sulphate spike and the intensity of the surface oxidation peak of the
(111)-facet are correlated to each other. Furthermore, these peaks serve as sensitive
indicators of the surface structure. For a clear overview, the increase in EASA and changes in
facet distribution as a function of the electrolyte concentrations and the applied voltages were
analyzed by cyclic voltammograms. EASA factors have been determined by comparing the
double-layer capacity of the corroded and the untreated electrodes at -0.60 V vs. MSE.
Moreover, the ratio between facets is obtained by dividing the current density of (111)-facet
peak at -0.90 V vs. MSE by the current density of (110)-facet peak at 0.70 V vs. MSE in the
oxidation region. These values give the same trends obtained by dividing the charge density

of the (111)- facet peak by the charge density of (100) and (110)- facets in the oxidation region.
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An overview of EASA factors and the facet distributions is shown in Figures 3c and 3d. After
polarizing the wires at-1.5 V < E < -1V vs. RHE, there is no clear difference in the EASA factor
and facet distribution values as a function of KOH concentration. However, at more negative
potentials <-1.5 V vs. RHE, the concentration of K* cations strongly affects the EASA and the
orientation of the surface.

Recently, the cathodic corrosion behavior of Au wire has been investigated after treatment in
5 M KOH [35]. It was observed that the polarization of Au wire KOH electrolyte at -3 V vs. RHE
induces the formation of disordered surface lacking well-defined oxide features in the first
cycle. Furthermore, there are any characteristic features detected in the double-layer region.
In contrast, we find that the EASA and the ratio of (111)-facets are increased after polarization
in 5 M KOH, especially at highly negative potentials. Furthermore, it is obvious from the
voltammograms in Figure 3a that there are significant features arise in the double-layer region
upon polarization at different voltages, which corresponding to a well-defined surface.
Exploiting the conditions for cathodic corrosion of Au surfaces leads to the formation of novel
nanostructured and faceted electrodes with exceptional features as a function of KOH
concentration and the applied voltage.

Further increase of KOH concentration up to 10 M induces considerable changes identified by
a distinguished enhancement in EASA and in the ratio of the (111)-facet compared to 15 M
and 20 M, particularly at negative potentials lower than -2.5 V. Furthermore, the maximal
contribution of (111)-facets is shifted to less negative potentials for concentrations of 15 M
and 20 M (Inset in Figure 3d). The observed trends for these highly concentrated, almost
saturated KOH electrolytes (15—20 M) might be due to the low concentration of free water
needed for the hydrogen evolution reaction. Therefore, cathodic polarization under these
conditions is accompanied by less hydrogen evolution that is a driving force for cathodic
corrosion. Moreover, the mean activity coefficient of concentrated KOH solutions (> 10 M) is
larger than 1 [47], which implies that the ions experience strong repelling forces.

Figure 3c shows that the increase in EASA is greatly enhancing with applying more negative
potentials for KOH concentration between 5 and 20 M. The maximum EASA factor is
approximately 6 after polarization of the Au wires at -5 V vs. RHE in 10 M KOH (inset in Figure
3c). Additionally, the sharp features of (111)-surface are significantly enhanced by polarizing
the Au electrodes at more negative potentials until a certain KOH concentration before they

decrease at more concentrated solution (Figure 3d). The maximum ratio of (111)-facets
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compared to other facets is 3.5 after the corrosion of Au electrodes at -3.5 V vs. RHE in 10 M
KOH. These trends as a function of the applied voltage can be explained in the light of the
vigorous hydrogen evolution at more negative voltages. The coverage of adsorbed hydrogen
might dramatically increase leading to higher mobility of Au surface atoms, which facilitates
restructuring of the surface [42]. Moreover, DFT calculations suggested that alkali metal
cations can be specifically adsorbed onto fcc-transition metal surfaces at potentials below the
potential range of hydrogen evolution in alkaline solutions [37]. So, specific adsorption with
high coverage of K* is expected at higher negative voltages. After polarization at potentials
more negative of -3.5V vs. RHE, the contribution of (111)-facets decreases gradually, possibly
due to stronger Au dissolution and the formation of less ordered surfaces.

Due to the high current flow during the cathodic polarization of the Au wires, the /R-drop
needs to be considered to determine the actual potentials. Electrochemical impedance
spectroscopy measurements were performed in order to determine the resistance R of the
KOH electrolytes. The IR-drop was calculated by multiplying the electrolyte resistance by the
value of the current flow during the cathodic polarization. Figures 4a and 4b show the same
data as Figure 3c and 3d after correction for the IR-drop. Similar trends as in Figure 3c and 3d
are observed for the EASA factor and the facet distribution. Furthermore, it is obvious from
the /R-corrected data that more negative potentials are achieved for increasing KOH
concentration. These observations highlight the importance of the alkali metal cation in

enabling the cathodic polarization of Au surfaces.
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Figure 3: Cyclic voltammograms for gold in 0.1 M H,SO4 at a scan rate of 50 mV s before and

after polarization in (a) 5 M KOH and (b) 10 M KOH at different voltages vs. RHE for 60 seconds.

The insets in (a) and (b) show a close-up of the oxidation region. The current scale of the

double-layer region is enlarged 30 times. (c) EASA factor and (d) ratio of (111)/(110) surface

facets after polarization of Au in KOH solutions of different concentration as a function of the

voltage applied for 60 seconds.
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Figure 4: (a) and (b) are the same data as in Figures 3c and 3d after correction for the IR drop.

3.3.2. SEM analysis

We systematically investigated how the applied electrode potential and the KOH
concentration impact the surface morphology in the cathodic corrosion process. Local
structural changes induced for of Au surfaces in 10 M KOH after polarization at different
potentials for 60 s are shown in Figure 5. A schematic illustrating different regions of the Au
wire is shown at the top above the SEM images in Figure 5a-j. Cathodic corrosion starts at the
tip of the Au wire and gradually spreads to the rest of the wire as a function of the applied
voltage and time. For constant time of 1 min, the corroded length of the wire exposed by 2
mm to the electrolyte is larger at more negative potentials, complete corrosion is observed at
-2 V vs. RHE (Figure 5k). Not only the corroded area increases at more negative potetial, also
the extent of corrosion features is more severe. After polarization at -1.5 V vs. RHE, the Au tip
is restructured showing a corrugated surface with step edges of 90°, while triangular pits
appear at a distance from the tip (Figures 5a and 5b). By lowering the applied potential to -2
V vs. RHE, the surface becomes rougher and small clusters of irregular nanoparticles appear
at the tip. At the same time, the density of the triangular pits away from the tip is increased
(Figures 5c and 5d). Further change of the applied potential to values negative of -2 V vs. RHE
generates highly rough surfaces, again with nanoparticles at the tip and triangular pits away
from the tip. While nanoparticles become denser and preferentially-oriented at the tip, they
also start to cover the surface away from the tip. It seems that the process of cathodic

corrosion locally proceeds via the same mechanism, albeit it is much faster at the tip of the
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wire, where the electric field is much stronger. Moreover, the quantity of the well-defined
triangular pits increases after polarization at voltages up to -3.5 V vs. RHE (Figures 5e, f). on
the other hand, as can be seen in Figures 5g-j, the amount of such well-ordered triangular pits
is substantially lower for electrodes polarized at -4 V and -5 V vs. RHE. Furthermore, the
number of the nanoparticles significantly increases compared to that of triangular pits. These
trends obtained from SEM analysis are consistent with the electrochemical behavior, as shown
in Figure 3. The electrochemical characterization shows that the EASA increases with more
negative corrosion potential (Figure 3c). Both the formation of nanoparticles and the partial
dissolution of the surface help to increase the surface area. Moreover, the smaller
contribution of (111)-facets after polarization at voltages negative of -3.5 V vs. RHE may be

due to the decrease in the density of the well-defined triangular pits of (111)-texture.
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Figure 5: SEM micrographs of Au electrodes corroded in 10 M KOH for 60 s at (a, b) -1.5 V, (c,
d)-2V, (e f)-3.5Vand (g h)-4V,(ij) -5V vs. RHE. The scale bar is 300 nm. (k) Corroded
length of the Au wire electrode as a function of the applied potential. A schematic illustrating

the local structure of the corroded wire is shown above the SEM micrographs.
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To determine the effect of KOH concentration on local structural changes of the Au surfaces,
we compare SEM images after polarization for 60 s in 5 M, 10 M, and 20 M of KOH at -1.5 V
and -3 V vs. RHE. The corrosion features are more pronounced after treatment in 10 M KOH
compared to 5 M and 20 M, as observed in Figure 6. Still, a similar trend as a function of the
applied potential for the cathodically corroded electrodes in 10 M KOH is noticed compared
to polarization in 5 M and 20 M. For example, small etching pits at the tip are detected for the
polarized wire at -1.5 V vs. RHE in 5 M KOH (Figures 6a and 6b). The density of triangular pits
increases further, the structure becomes relatively ordered after polarization at -3 V vs. RHE
(Figures 6¢ and 6d), thus indicating higher EASA and the presence of (111)-facets. Comparing
the corrosion behavior of Au induced by varying the concentration reveals the following
features. The level of corrosion is more severe as well as the triangular pits are more well-
defined and larger after polarization at -1.5 V (Figures 6e and 6f) or -3 V vs. RHE (Figures 6g
and 6h) in 10 M compared to 5 M KOH (Figures 6a-d). Further increase of KOH concentrations
to 20 M induces the formation of corrugated surfaces with more disordered pits (Figures 6i-l)
but still more corroded than those obtained after polarization in 5 M. These results are
complemented with the electrochemical data which show that polarization of Auin 10 M KOH
at -3 V vs. RHE generates well-defined (111)-surfaces compared to the polarization in 5 M and
20 M electrolyte. These findings highlight that the SEM analysis and cyclic voltammetry results
are complementing each other concerning the development of surface roughness and

preferential faceting as a function of KOH concentration and applied potential.
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-1.5V vs. RHE -3V vs. RHE

Figure 6: SEM micrographs of Au electrodes corroded in 5 M KOH for 60 s at (a, b) -1.5 V and
(c, d) -3 Vvs. RHE, 10 M KOH at (e, f) -1.5 V and (g, h) -3 V vs. RHE and 20 M KOH at (i, j) -1.5 V
and (k, 1) -3 V vs. RHE. Scale bare is 300 nm. SEM images of the tip-region (green-rimmed) are

different to those obtained away from the tip (red-rimmed).
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3.4. The electrocatalytic behavior of Au after cathodic corrosion

While tailoring surface properties is used to design new catalysts, the (electro)catalytic
response of an electrode surface sheds light on its surface structure. This is especially true for
so-called structure-sensitive reactions, which can inversely be used to study dynamics of
structural changes [48]. From both of these fundamental points of view, the electrocatalytic
behavior of the nanostructured electrodes obtained by cathodic corrosion has been
investigated towards the formic acid oxidation reaction (FAOR) and the hydrogen evolution
reaction (HER). We first examine the electrocatalytic activity of electrodes, which were
polarized in 10 M KOH and characterized by a different extent of (111)-facets (see Figure 3d),
and then compared those with the behavior of an Au(111) single-crystal. Figure 7a displays
current-potential curves for the various Au electrodes in 0.1 M HCIO4 and 0.1 M HCOOH at a
scan rate of s = 10 mV s to study FAOR.

As can be seen in Figure 7b, the specific activity of the electrodes was obtained by normalizing
to the EASA by using data from Figure 3d. The FAOR starts around -0.35 V vs. MSE for all Au
electrodes under study. However, the formic acid oxidation current depends on the
contribution of (111)-facets. The oxidation current is significantly enhanced as more and more
(111)-facets are present. Furthermore, the bell-shaped curve of formic acid oxidation with a
step-up in current corresponding to a phase transition within the strongly bound formate on
(111) surface at 0.52 V is exceedingly pronounced for the (111)-nanostructured electrodes.
Essentially, the sharpness of this step-up in the current (kink) for FAOR is correlated to the
contribution of (111) facets [49]. The trend observed for this kink is in excellent agreement
with the systematic series of sulfate spikes for Au in H2SO4 (Figure 3b). So far, this sudden
change in the current for FAOR at 0.52 V has only been reported for large and well-ordered
Au(111) single crystal surfaces [50,51]. This is a marked sign about the high-quality of the

“Au(111)” electrodes through simple fabrication by cathodic corrosion.

The HER activity of the fabricated Au electrodes was tested in 0.1 M H,SO04 electrolyte solution
at a scan rate of s = 1 mV s™%. Slow negative scans are shown in Figure 7c to compare quasi-
steady-state HER activities for the nanostructured Au surfaces with different (111)-
contribution and the polycrystalline Au electrode. The HER onset potential for the
polycrystalline gold is around -0.74 V vs. MSE, which is similar to the behavior of Au(111)

single-crystals [42,52]. Remarkably, the HER onset potential is shifted to more positive
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potentials (lower overpotentiall) at around -0.66 V vs. MSE (0.05 V vs. RHE) for the
nanostructured electrodes with a higher (111)-contribution. It is obvious that the
nanostructured electrode with the maximum (111)-contribution “Au(111)” (blue curve) is
more active for HER than Au(111), and even more active than other planar Au single crystal
surfaces. Therefore, the role of low-coordination sites, the impact of nanostructures is
considered [53]. Moreover, the differences to of FAOR activity is stunning: “Au(111)” and
Au(111) show almost identical behavior. Low-coordination sites do not seem to be very active
for FAOR, despite their enhanced HER activity. These electrocatalytic reactions are not only
sensitive to structural changes, the importance of terraces, steps, and defect sites for the
reaction mechanism can efficiently be identified. The reactive centers of maximum activity for

HER and FAOR seem to be related to different atomic ensembles.
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Figure 7: (a) Current-potential curves of polycrystalline gold in 0.1 M HCIO4 + 0.1 HCOOH at a
scan rate of 10 mV s~ before and after polarization in 10 M KOH at different voltages for 60
seconds leading to “Au(111)” quasi-single-crystal-behavior. (b) Same data as in (a) with
current normalized to electrochemically active surface area. (c) Current-potential curves of
polycrystalline gold in 0.1 M H,SO4 at a scan rate of 1 mV s™* before and after polarization in

10 M KOH at different voltages for 60 seconds.
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3.5. SERS-activity of the preferentially oriented electrodes

Pyridine is considered an ideal molecule for fundamental investigations of adsorption of
neutral molecules at the electrified solid/liquid interface as well as for surface-enhanced
Raman spectroscopy (SERS). It is therefore ideally suited to test new SERS substrates.

The electrochemical behavior of the Au electrodes in 0.1 M pyridine + 0.05 M HCIO4 at scan
rate of s =50 mV s is shown in Figure 8a. The cyclic voltammogram for the polycrystalline Au
electrode (black curve) shows an anodic peak at around -0.45 V vs. MSE corresponding to an
orientational change of adsorbed pyridine, where the upright configuration is present. The
peak potential depends on the pyridine concentration [54,55]. For the nanostructured
electrodes, this peak is more pronounced at it appears together with a shoulder and a spike.
An additional peak at around 0 V vs. MSE emerges for the nanostructured electrodes, which
is related to another phase transition where the adsorption of a second layer of pyridine was
suggested [14,19]. These peaks, which are characteristic features for Au(111) surface, are

more marked for the Au electrodes with a higher (111)-contribution.

There is no Raman effect for smooth surfaces, because they do not provide surface plasmon
resonance (SPR) [56]. Therefore, most of the studies have been restricted to randomly
roughened substrates with ill-defined surfaces. Spectral analysis is then hampered which
limits the practical applications of SERS. In this regard, shell-isolated nanoparticle-enhanced
Raman spectroscopy (SHINERS) was developed, in which the Raman signal amplification is
provided by gold nanoparticles covered by ultrathin SiO; or Al,O3 [57, 58]. Gold-core silica
shell (Au@SiO3) nanoparticles are used to enhance Raman signals from species on atomically
flat single-crystal surfaces. Still, the fabrication of clean single-crystal surfaces decorated with
SHINERS nanoparticles is quite difficult and involves multiple steps. Therefore, introducing
simple methods for the preparation of clean SERS substrates with preferentially-oriented
surfaces is extremely important and promising. The Raman activity of adsorbed pyridine on
the nanostructured Au electrode with the maximum (111)-contribution “Au(111)” was studied
in 0.1 M pyridine + 0.05 M HCIO4 with SERS. No SERS signal could be detected on the untreated
Au surface in the considered spectral range, as can be seen in Figure 8b. In contrast, the SERS
spectrum of pyridine on the nanostructured electrode displays three bands. The two peaks at

1012 and 1039 cm™ are associated with the vi ring breathing mode and the vi2 symmetric
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triangular ring deformation mode of pyridine, respectively. In addition, the third peak at 933
cmis related to the presence of perchlorate (ClOy) ions [59,60].

These observations indicate that these preferentially oriented electrodes can be used as
substrates for SER spectroscopy and are supposed to be more advantageous compared to
randomly roughened electrode surfaces for in-situ monitoring of electrochemical and

electrocatalytic reactions.
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Figure 8: (a) Current-potential curves for polycrystalline gold in 0.05 M HCIO4 + 0.1 M pyridine
at a scan rate of 50 mV s™! before and after polarization in 10 M KOH at different voltages for
60 seconds (b) Raman spectra of polycrystalline gold in 0.05 M HCIO4 + 0.1 M pyridine before
(black curve) and after (red curve) polarization in 10 M KOH at -3.5 V vs. RHE for 60 seconds.
Spectra were obtained with a 633 nm laser at a power of 1.7 mW and an acquisition time of

20s.

4. Conclusions

The stability of polycrystalline Au electrodes after polarization at negative potentials in highly
concentrated KOH electrolytes (5-20 M) has been investigated. Cyclic voltamograms and SEM
micrographs reveal that cathodic corrosion of Au wires can alert the facet distribution and
enhance the electrochemically active surface area depending on the applied potential and on
the KOH concentration. The hydrogen evolution seems to be a key element in the cathodic
corrosion process. Furthermore, high near-surface concentration of K* is supposed to be
crucial for cathodic corrosion because the highly negative potentials can only be achieved with

appropriate counter-charges.
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Structuring of polycrystalline Au electrodes in 10 M KOH at -3V < E <-4V vs. RHE leads to the
generation of novel nanostructures with preferential (111)-texture and large EASA. The
electrochemical measurements are complemented with SEM micrographs with respect to
structural properties, such as EASA and crystallographic orientation.

The electrocatalytic activity of the nanostructured Au electrodes has been investigated
towards the hydrogen evolution reaction (HER) and for the formic acid oxidation reaction
(FAOR) in acidic media. The nanostructured Au electrodes with a high (111)-contribution
behaves almost identically to an Au(111) single crystal towards FAOR. Furthermore, the
combination of properties of Au(111) single crystals and Au nanoparticles shows enhanced
HER activity, presumably due to the presence of highly-active low-coordination sites. The
presence of low-coordination sites which is demonstrated by HER and supported by SEM do
not seem to be very active for FAOR, despite their enhanced HER activity. In this way, the
“Au(111)” surfaces can be used to identify electrocatalytically active enters.

In contrast to pristine Au wires and to well-ordered Au(111) single crystals, the
nanostructured electrodes with preferential Au(111) facets show surface-enhanced Raman
activity (SERS). These preferentially oriented electrodes can directly be used for SER

spectroscopy for in-situ monitoring of electrochemical and electrocatalytic reactions.
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