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Metal deposition and electrocatalysis for
elucidating structural changes of gold electrodes
during cathodic corrosiont

Mohamed M. Elnagar, "= Ludwig A. Kibler = * and Timo Jacob "=/ *

Several electrochemical conversion reactions occur under high cathodic currents, where electrocatalysts
can experience substantial alterations in their surface structure through cathodic corrosion, influencing
their electrocatalytic performance. Thus, understanding the structural changes of metal surfaces upon
cathodic polarization is crucial for the rational design of active and stable electrocatalysts in the context
of a transition towards green technologies. In this work, we probe the structural changes of Au surfaces
after cathodic corrosion in 10 M NaOH and 10 M KOH at different potentials, using metal deposition and
electrocatalytic surface-sensitive reactions. Cathodic polarization increases the electrochemically active
surface area and alters the distribution of crystal facets, as evidenced by underpotential deposition of Pb
and the electrochemical behaviour in 0.1 M H,SO,4. The Au electrode surfaces obtained in NaOH and
KOH exhibit different distributions and sizes of (111)-facets. The electrocatalytic activity of the restructured
Au electrodes towards the formic acid oxidation reaction (FAOR) and the hydrogen evolution reaction
(HER) is evaluated. The nanostructured Au electrodes obtained after polarization in NaOH show superior
HER activity compared to those obtained in KOH, which is related to the formed nanostructures and the
influence of low-coordination sites. Furthermore, the FAOR activity of the Au electrodes with higher (111)-
contribution, achieved through polarization in 10 M KOH, is comparable to well-ordered Au(111) single
crystals, emphasizing the key role of terraces in FAOR rather than surface steps as active sites responsible
for the extraordinary HER activity. To further explore the electrocatalytic performance, we demonstrate
the electrochemical fabrication of Pd—Au bimetallic nanostructures with varying contributions of (111)-
facets, obtained through a combination of cathodic corrosion and electrodeposition. Remarkably, the
electrocatalytic activity of Pd films on nanostructured Au electrodes towards FAOR in HCIO4 and H,SO4
solutions is significantly enhanced compared to as-polished Au electrodes and is dependent on the con-
tribution of (111)-facets. The present findings are relevant to the stability and long-term performance of
cathodes in a variety of applications including electrosynthesis.

is the key element for the future progress and application of
these electrochemistry-related technologies."*'* Typically, the

Electrochemical energy conversion systems, including alkaline
water electrolysis for H, production, electroreduction of CO,
(CO,RR) to hydrocarbons, N, reduction reaction (NRR), oxygen
reduction reaction (ORR), and cathodic electro-conversion in
organic electrosynthesis, and many more, are gaining momen-
tum as a sustainable route for the production of “green” fuels
and industrially relevant chemicals."

Indeed, the development of active, selective, and affordable
electrocatalysts with high stability and long-term performance

Institute of Electrochemistry, Ulm University, 89069 Ulm, Germany.

E-mail: ludwig.kibler@uni-ulm.de, timo.jacob@uni-ulm.de

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3gc01614e

6238 | Green Chem., 2023, 25, 6238-6252

aforementioned electrocatalytic reactions take place in the
presence of alkali metal or organic cations at high cathodic
current densities. Under these conditions, the electrocatalyst
can undergo substantial changes in its surface structure, i.e.
roughness, surface morphology, grain boundaries, crystallo-
graphic orientation, and surface defects through a phenom-
enon known as cathodic corrosion."” > Despite cathodic cor-
rosion being a degradation pathway that might be relevant for
electrocatalyst stability and long-term performance, they
remain primarily empirical observations in research commu-
nities dealing with energy conversion reactions that occur
under reductive reaction conditions.

Cathodic corrosion is an electrochemical etching process
that restructures and possibly dissolves metal surfaces upon

This journal is © The Royal Society of Chemistry 2023
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polarization at sufficiently negative potentials in the presence
of non-reducible cations.’®?*"*” It is demonstrated that metal
corrosion under cathodic polarization can arise in a range of
conditions, from mild (at pH 7 and E = —1 V vs. SHE) to extre-
mely harsh conditions (such as in a 10 M NaOH or KOH elec-
trolyte and E < —5 V vs. SHE).'>*®*? For instance, Pt dis-
solution at moderate negative potentials during ORR in water
and organic media was observed.>**° In highly-concentrated
electrolytes such as 10 M NaOH, the cathodic corrosion of Pt
starts already at —1.3 V vs. SHE, resulting in highly anisotropic
etching.®® In this context, the final surface structure and
etching features of the metal electrodes upon cathodic polariz-
ation are governed by the electrolyte properties (i.e., nature
and concentration of the cation, temperature, conductivity, vis-
cosity, etc.), the polarization time, the applied electrode poten-
tial, and the electrochemical properties of the metal
itself.'®18:192633 Normally, the restructuring of metal surfaces
can have a significant impact on its kinetics, intrinsic activity
and selectivity, stability, and reaction mechanisms in (electro)
catalysis.?>?>***35 Thus, cathodic corrosion can also be benefi-
cially applied to tailor the surface structure of an electrocata-
lyst, thereby wunveiling sites with favorable catalytic
properties.>>?> As such, cathodic corrosion holds promise as a
powerful, affordable, and green electrochemical technique for
the synthesis of catalytically low-dimensional
materials.?*3°73°

Therefore, an in-depth understanding of cathodic corrosion
and the subsequent structural changes of metal surfaces/elec-
trodes is of central importance for research, development, and
technological applications. This knowledge is necessary to
obtain a consistent picture of the structural evolution of elec-
trocatalysts during various electrochemical conversion reac-
tions under highly reducing conditions, thus ultimately facili-
tating the rational design of active and corrosion-resistant
electrocatalysts.

To understand the overall electrocatalytic behavior of metal
electrodes, it is essential to correlate surface structure and
activity over a wide range of length scales.***° From this perspec-
tive, electrocatalytic properties of simple electrochemical reac-
tions can unambiguously resolve and characterize the surface
structure of metal electrodes at a macroscopic scale in addition
to approaches using anion adsorption or electrodeposition of
foreign metals, e.g. by underpotential deposition (UPD).*"**

In this regard, both the formic acid oxidation reaction
(FAOR) and the hydrogen evolution reaction (HER) are promi-
nent structure-sensitive model reactions that allow for investi-
gating the structure and dynamics of electrode surfaces. For
example, the electrocatalytic HER has been employed to probe
the kinetics of potential-induced surface reconstruction of Au
(111) in contact with either 0.1 M H,SO, or 0.1 M HClO.*
Similarly, FAOR has been used to examine the alterations
upon adsorption and self-assembly of the 4-mercaptopyridine
on Au(111), as well as to monitor the kinetics of surface oxi-
dation of Au(111).***> Furthermore, hydrogen and formic acid
are ideal energy carriers, that have garnered considerable

active
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attention as prototype reactions in the advancement of sus-
tainable energy technologies.*®

Thin metal overlayers on well-defined substrates have
emerged as promising model systems in electrocatalysis, show-
casing remarkable influences of the substrate’s chemical nature
and crystallographic orientation, as well as the overlayer thick-
ness, on electrocatalytic activity.*”>° For instance, Pd electrode-
position onto Au electrodes leads to the formation of pseudo-
morphic overlayers with single-crystalline features aligned to
the substrate’s crystallographic orientation, providing exciting
prospects for fine-tuning electrocatalytic properties, while pre-
venting the absorption of hydrogen into the Pd bulk.*”***°

Moreover, Pd electrodeposited onto Au or Pt single crystals
are well-established model systems that have been investigated
for their electrocatalytic activity in the oxidation reactions of
methanol, formic acid, and carbon monoxide.’*>® However,
the investigation of Pd electrodeposition on cathodically-cor-
roded Au electrodes remains unexplored. By leveraging the
fundamental knowledge gained from studies of single-crystal
electrodes, we may elucidate the structural changes occurring
in metal electrodes during cathodic corrosion, a more complex
system, and correlate them with electrocatalytic activity.

In this contribution, the electrodeposition of Pd overlayers
is combined with electrocatalytic HER and FAOR for explicat-
ing the structural changes that occur on the electrode surface
during the cathodic corrosion process. To achieve this objec-
tive, Au surfaces were polarized at different negative potentials
vs. RHE for 60 s in 10 M of KOH or NaOH. Previously, we
demonstrated that the cathodic polarization of polycrystalline
Au electrodes in KOH and NaOH alters substantially the crys-
tallographic orientation of surface facets, in which the (111)-
facets are enriched but to a different extent.?**! Furthermore,
well-defined octahedral Au nanocrystals and triangular pits are
formed by using NaOH and KOH solutions, respectively.”>*"
Here, we examined the electrocatalytic behavior of these nano-
structured Au electrodes towards HER and FAOR, aiming to
understand the impacts of cathodic corrosion on the surface
structure and catalytic activity of metal electrodes. Moreover,
we employed cathodic corrosion and electrodeposition of Pd
overlayers to modify the structure and composition of Au elec-
trodes and demonstrated to which extent this strategy can
enhance their electrocatalytic activity towards FAOR. This work
not only advances our understanding of the structural changes
in metal electrodes during cathodic corrosion, probed by
electrocatalytic reactions but also provides a promising strategy
for developing highly active electrocatalysts for various techno-
logical applications.

2. Experimental

2.1 Chemicals and solutions

Ultrahigh-purity water (18.2 MQ c¢m, TOC < 3 ppb) was used
for the electrolytes, and for cleaning cells and glassware. The
electrolyte solutions were prepared using H,SO, (suprapur,
Merck), HCl (suprapur, Merck), PdCl, (99.999%, Sigma-

Green Chem., 2023, 25, 6238-6252 | 6239
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Aldrich), Pb(NO;), (99.5%, Merck) NaOH (99.99%,
Semiconductor grade, trace metals basis, Sigma-Aldrich), and
KOH (99.99%, Semiconductor grade, trace metals basis,
Sigma-Aldrich). The electrolytes were deaerated by bubbling
with N,, before and during the experiments.

2.2. Electrochemical experiments

2.2.1 Electrode preparation. The polycrystalline Au electro-
des used in the experiments were cut from a commercial wire
(MaTecK, Jiilich, Germany, 99.995%, @ = 0.25 mm) with a wire
cutter to a length of 3 cm. The Au wires were then rinsed with
ultra-pure water before undergoing electropolishing. About
1 cm of each Au wire was electropolished in 0.1 M H,SO, elec-
trolyte at 10 V for 10 s at room temperature (19-22 °C). The
resulting brown Au oxide was removed from the surface by dis-
solving it in 1.0 M HCI, and the electrode was rinsed again
with ultra-pure water before flame-annealing. The cleanliness
and surface quality of the Au electrodes in 0.1 M H,SO, were
tested using cyclic voltammetry. Electropolishing was repeated
until a clean and reproducible cyclic voltammogram was
obtained for the Au surface.

2.2.2 Cathodic polarization of Au electrodes. Once the Au
electrode was characterized in 0.1 M H,SO,, it was rinsed
thoroughly with ultra-pure water to remove any remaining
sulfate before being transferred to a homemade three-elec-
trode polypropylene cell for the cathodic corrosion experi-
ments. The cell included a working electrolyte of NaOH or
KOH, a HydroFlex RHE electrode (Gaskatel) as a reference elec-
trode, and a titanium coil (MaTecK, Jiilich, Germany, 99.7%)
as a counter electrode. During the experiments, a 2.0 mm
length of the Au wire was immersed in the electrolyte, and a
constant negative potential was applied for 60 s. Subsequently,
the Au electrode was removed, rinsed with ultra-pure water to
remove any residue, and transferred for either SEM analysis or
electrochemical characterization.

2.2.3 Metal deposition. The Pd overlayers on Au electrodes
were obtained by electrodeposition from 0.1 M HCI + 0.1 mM
PdCl, at 0.4 V vs. Ag/AgCl for around 10 min. The resulting Pd-
coated Au electrodes were then removed from the electro-
chemical cell, rinsed with ultrapure water, and transferred to a
separate cell for either electrochemical characterization in 0.1
M H,S0, or for studying FAOR.

Underpotential deposition (UPD) of Pb for characterization
of the Au surface was performed with 0.1 M NaOH + 1.0 mM
Pb(NO3), solution between —0.6 V and 0.05 V vs. Hg/HgO.

2.2.4 Investigation of FAOR and HER. The electrocatalytic
activity of the electrodes toward FAOR and HER was examined
using a conventional three-electrode glass cell (refer to
Fig. S1}). The counter electrode utilized was a graphite rod,
and the reference electrode, connected to the cell through a
Haber-Luggin capillary, was a saturated mercury/mercurous
sulfate electrode (MSE). For the investigation of FAOR, the
cyclic voltammetric experiments were performed with either
N,-saturated 0.1 M HCIO, + 0.1 M HCOOH or 0.1 M H,SO, +
0.1 M HCOOH. For studying HER, the measurements were
carried out with an N,-saturated 0.1 M H,SO, solution.

6240 | Green Chem., 2023, 25, 6238-6252
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2.3. Instruments

All electrochemical measurements were conducted using a
HEKA PG510 potentiostat. The morphological changes of the
Au wires after cathodic polarization were observed using a
ZEISS LEO 1550 VP scanning electron microscope (SEM) at an
acceleration voltage of 10 kV.

3. Results and discussion

3.1. Electrochemical characterization

The cyclic voltammogram of Au surfaces in aqueous H,SO, is
extremely sensitive toward the coordination of the atoms on
the electrode surface.>*® Thus, the voltammograms of Au
electrodes in 0.1 M aqueous H,SO, were recorded for the so-
called double-layer and the surface oxide regions at a scan rate
of s =50 mV s™. Fig. 1a and b depict two sets of the first cycle
of current-potential curves for Au electrodes before (black
curve) and after cathodic corrosion in 10 M NaOH (at —1.2 V
and —1.5 V) and 10 M KOH (at —1.3 V and —1.6 V vs. RHE) for
60 s. By identifying the distinct features in both regions, which
correspond to different surface sites, we can obtain detailed
information about the changes in the surface structure of the
Au electrodes upon cathodic corrosion.”® In particular, several
fingerprint reactions including anion adsorption and adlayer
phase transitions are considered for the characterization of the
polarized Au surfaces.>® The current in the voltammetric pro-
files is normalized to the electrochemically active surface area
(EASA).

The cathodically-polarized electrodes preferentially exhibit
the characteristics of Au(111) surfaces but to a varying extent
depending on the chemical nature of the cation and applied
potentials, as can be observed in Fig. 1a and b. In the
double-layer regime, the cyclic voltammograms demonstrate
an enhancement in the anodic peak at around 0.60 V vs.
RHE, which is attributed to the lifting of the (111) or (100)
surface reconstruction by specific adsorption of sulfate
anions.>® More specifically, an anodic spike at 1.10 V and a
cathodic spike at 1.06 V vs. RHE, which are attributed to a
two-dimensional phase transition within the sulfate adlayer
on Au(111)-domains, appear after cathodic polarization.>® The
sulfate spikes observed after polarization of Au electrodes in
KOH are significantly sharper and have a higher charge
density compared to those in NaOH, indicating the formation
of larger Au(111) terraces. The broadening observed in the
voltammograms of Au electrodes in the range between 0.8 V
and 1.2 V vs. RHE after polarization in NaOH at E < —1.5 V
vs. RHE might be a sign of an increased defect density. In
the oxide formation regime, the anodic current peaks at 1.61
V, 1.41 V, and 1.38 V vs. RHE are assigned to the oxidation of
(111), (110), and (100)-oriented domains of the Au surface,
respectively.>**> The relative charge density of these anodic
peaks directly reflects the distribution of the facets present
on the surface of the Au electrodes. The increase in the
number of (111)-sites upon cathodic polarization is also
reflected by the significant enhancement of the surface oxi-

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Cyclic voltammograms for Au electrodes in 0.1 M H,SO, at a scan rate of 50 mV s~ before and after cathodic polarization in (a) 10 M NaOH
and (b) 10 M KOH at different applied potentials vs. RHE for 60 s. The current scale of the double-layer region is amplified 30 times. (c) Calculated

EASA factors and (d) ratio of (111)/[(110), (100)] surface facets.

dation peak at 1.61 V vs. RHE. Interestingly, the charge
density of this peak is larger for Au electrodes polarized in
KOH compared to those polarized in NaOH, revealing a
larger amount of (111)-sites. Accordingly, the sharpness of
the sulfate spike and the intensity of the surface oxidation
peak are correlated.

The increase in EASA and alterations in facet distribution
after cathodic polarization in 10 M NaOH and 10 M KOH at a
wide array of applied potentials were analyzed by cyclic vol-
tammograms (Fig. 1c and d). The EASA is calculated by
matching the double-layer capacity of the cathodically-cor-
roded and as-polished Au electrodes at 0.11 V vs. RHE. At
this potential, there is neither a Faraday reaction nor an
adsorption process, allowing for the determination of the
EASA."®*> The facet distribution of the Au electrodes is
assessed by dividing the charge density of the peak associ-
ated with (111)-facets by the charge density of the peaks
related to (100) and (110)-facets in the oxidation region of the
cyclic voltammograms. Polarization of Au electrodes in KOH
results in a considerably larger EASA and increased abun-
dance of (111)-facets compared to NaOH, especially at highly
negative potentials. The EASA is increasing by lowering the

This journal is © The Royal Society of Chemistry 2023

applied potential during cathodic corrosion in both electro-
Iytes. The maximum EASA factors are about 3.7 and 5.9 after
the cathodic polarization of Au electrodes in 10 M NaOH and
10 M KOH at -2.0 V and —-2.1 V vs. RHE, respectively.
Furthermore, the ratio of (111)-facets compared to (110)- and
(100)-facets is enhanced by polarizing the Au electrodes at
more negative potentials until £ = -1.5 V for NaOH and E = -
1.6 V vs. RHE for KOH before it decreases by further lowering
the applied potentials. The maximum ratio of (111)-facets
compared to other facets are 1.4 and 2.5 after the cathodic
polarization of Au electrodes in 10 M NaOH and 10 M KOH,
respectively. While the EASA monotonically increases with the
applied voltage, there seems to be a potential region, where
(111) facets are preferentially formed. The specific adsorption
of alkali metal cations and/or the stability of Au facets at
highly negative surface excess charge might play an important
role in such behavior.

Underpotential deposition (UPD) of Pb has been extensively
used to probe the surface structure of various Au electrodes,
including bulk poly and single crystals, as well as nano-
structures, as it provides unique fingerprints of the
surfaces.’®™° Different crystal facets can display characteristic

Green Chem., 2023, 25, 6238-6252 | 6241
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peaks linked to various orientations in both acidic and alka-
line media. Therefore, we utilized Pb UPD to examine changes
in the surface structure of Au electrodes upon cathodic cor-
rosion in NaOH and KOH.

Fig. 2a-c compare the Pb UPD voltammograms of Au
electrodes in 0.1 M NaOH + 1.0 mM Pb(NO;), at a scan rate
of s = 50 mV s~' before and after cathodic corrosion. The Pb
UPD curve for the as-polished Au electrode shows two strip-
ping peaks at around -0.52 V and -0.31 V vs. Hg/HgO,
corresponding to terraces (<4-atom width) and steps of Au
(110), respectively.””>® Furthermore, the peak at —0.44 V is
related to Au(111) facets, while the small peak at —0.39 V vs.

View Article Online

Green Chemistry

Hg/HgO is attributed to Au(100) facets.’”>® After cathodic
polarization in NaOH and KOH, significant changes in the
facet distribution and EASA are observed. The peak associ-
ated with (111)-facets is markedly enhanced, accompanied
by a decrease in the (110)-facets, but to varying degrees
depending on the nature of the cation and the applied
potential. The contribution of (111)-facets significantly
increases after polarization in both electrolytes by polarizing
Au electrodes at more negative potentials, reaching a
maximum at around —1.5 V for NaOH and —-1.6 V vs. RHE
for KOH, before slightly decreasing with further lowering of
the applied potential. Interestingly, the splitting of the peak

b
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Fig. 2 Voltammetric profiles of the Au electrodes after cathodic polarization for 60 s in (a) 10 M NaOH and (b) 10 M KOH at various potentials com-
pared to (c) the as-polished Au electrode in 0.1 M NaOH + 1.0 mM Pb(NOs), at a scan rate of 50 mV s™*.
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corresponding to (111)-facets after cathodic corrosion indi-
cates the formation of different sizes of (111)-domains.’”>*
The narrower (111)-domains produce a peak at —0.44 V for
the lead dissolution, whereas the peak at —0.42 V vs. Hg/
HgO is linked with wider (111)-domains, as revealed by the
investigation of Pb UPD on an Au(775) electrode.?”*® For a
clear overview, the ratio between both peaks was calculated
by dividing the charge density of the wider (111)-domains
peak by the charge density of the narrower (111)-domains
peak (Fig. S27).

Fig. 2a—c and Fig. S2at demonstrate that the cathodic polar-
ization of Au electrodes in KOH generates Au electrodes with
much wider (111)-domains and having higher crystallinity
than those obtained in NaOH. Moreover, the shape of the peak
associated with (111)-facets following polarization in KOH at E
< —-1.6 V is comparable to that observed for Au(111) single
crystals, whereas this peak is considerably broader after polar-
ization in NaOH at E < —1.2 V vs. RHE (Fig. 2a and b). Notably,
the trends obtained for the ratio between (111)-domains after
polarization in NaOH and KOH (Fig. S2t) are in line with the
systematic series of sulfate spikes and the ratio of the (111)-
facets for Au in H,SO, (Fig. 1a, b and d).

Additionally, Pb UPD can be used to estimate the real
surface area of an electrode.”® The EASA factors were deter-
mined by dividing the charge density of the anodic peaks of
the UPD process between —0.6 and 0.05 V vs. Hg/HgO for the
cathodically-corroded Au electrodes by that of the as-polished
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Au electrode (178.3 pC cm™?). Remarkably, the EASA values
obtained from the Pb UPD (Fig. S2b¥) are comparable to those
obtained for Au in H,SO, (Fig. 1c).

3.2. SEM analysis

The SEM micrographs demonstrate that the cathodic corrosion
of the Au surfaces generates etch pits and octahedral nanocrys-
tals when treated in NaOH, while the use of KOH results in the
formation of spherical nanoparticles and triangular pits. The
extent of these cathodic corrosion features varies depending
on the applied electrode potential. Thus, we conducted a sys-
tematic investigation to monitor the changes in the surface
morphology of the Au electrodes after polarization at different
applied potentials.

Fig. 3a-j demonstrate changes in the local structure of Au
surfaces after cathodic corrosion in 10 M NaOH for 60 s at
different electrode potentials ranging from —1.0 Vto —1.9 V vs.
RHE. The corresponding SEM images are accompanied by a
schematic illustration on the top, which highlights the
different regions of the Au wire. Upon applying a potential of
—1.0 V vs. RHE in 10 M NaOH, the entire surface being in
contact with the electrolyte shows etch pits indicating Au dis-
solution (see Fig. 3a and b). The density of etch pits is higher
at the tip than for the rest of the wire. Subsequently, by lower-
ing the applied potential (E < —1.0 V vs. RHE), octahedral
nanocrystals are formed. The growth of these nanocrystals
occurs through dissolution and metal redeposition, as we pre-

2 mm

Fig. 3 SEM micrographs of Au electrodes after cathodic polarization in 10 M NaOH for 60 s at (aand b) -1.0 V, (cand d) -1.2 V, (e and f) =1.5V, (g
and h) -1.7 V, and (i and j) —=1.9 V vs. RHE. The scale bar in the SEM images is 300 nm. A schematic illustrating the local structure of the corroded

wire is illustrated above the SEM micrographs.
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2 mm

Fig. 4 SEM micrographs of Au electrodes after cathodic polarization in 10 M KOH for 60 s at (a and b) 1.1V, (cand d) -1.4 V, (e and f) -1.6 V, (g
and h) —2.0 V, and (i and j) —2.1 V vs. RHE. The scale bar in the SEM images is 300 nm. A schematic illustrating the local structure of the corroded

wire is shown above the SEM micrographs.

viously demonstrated.?" The expansion of the area covered by
the octahedral nanocrystals becomes more prominent as the
applied potentials become more negative. When Au surfaces
are polarized at —1.2 V vs. RHE, octahedral nanocrystals grow
at the tip of the wire (about 170 pm in length), while rectangu-
lar etch pits are detected at the rest of the wire, as shown in
Fig. 3c and d. On the other hand, octahedral nanocrystals of
different ordering and sizes are primarily formed on the entire
corroded area after polarizing the Au wires at potentials
ranging from —1.5 V to —1.9 V vs. RHE, as illustrated in
Fig. 3e-i. Smaller and more well-defined octahedral nanocrys-
tals are noticed at most of the corroded wire (around
1.6-1.8 mm in length), whereas bigger octahedral nanocrystals
with shape imperfections are visible at the rest of the wire. The
size of the nanocrystals formed at the majority of the corroded
wire (yellow-highlighted) decreases as the applied potential is
lowered. Furthermore, the octahedral nanocrystals are more
well-defined after polarization at —1.5 V compared to those
obtained at —1.2, —1.7, and —1.9 V vs. RHE.

For comparison, we show the SEM images of Au surfaces
after polarization in 10 M KOH at electrode potentials between
—1.1 V and —2.1 V vs. RHE for 60 s (Fig. 4a-j). The corroded
length of the wire exposed to the electrolyte increases at more
negative potentials. After polarization at —1.1 V vs. RHE, only
around half of the immersed wire (0.9 mm) is corroded, while
complete corrosion occurs at E < —1.4 V vs. RHE. The extent
and severity of corrosion features are more pronounced at
more negative potentials. After polarization at —1.1 V vs. RHE,

6244 | Green Chem., 2023, 25, 6238-6252

a corrugated surface is observed at the tip, while triangular
pits appear at a distance from the tip (Fig. 4a and b). The
surface becomes rougher, and small clusters of irregular nano-
particles form at the tip upon lowering the applied potential to
—1.4 V vs. RHE (Fig. 4c and d). Furthermore, the density of the
triangular pits away from the tip increases. Further decrease of
the applied potential to values negative of —1.4 V vs. RHE
results in the formation of denser and preferentially-oriented
nanoparticles at the tip (Fig. 4e—j). The area which is covered
with these nanoparticles increases, where one can observe
nanoparticles on the entire wire, but still, the number of nano-
particles is significantly lower on the rest of the wire than at
the tip region. Additionally, the quantity of the triangular pits
rises after polarization at potentials up to —1.6 V vs. RHE.
Nevertheless, the number of well-ordered triangular pits is
substantially lower for electrodes polarized at lower potentials
(E<—1.6 Vvs. RHE).

The differences in surface morphology between the tip
region and the rest of the wire after cathodic corrosion in
NaOH and KOH may be attributed to variations in the electric
field due to the geometric effects. From a crystallographic
standpoint, both octahedral nanoparticles and triangular pits
reveal the presence of (111)-facets.®®®" Examination of cyclic
voltammograms and SEM micrographs reveals that following
polarization in 10 M NaOH, the EASA of Au electrodes is
larger, particularly after polarization at potentials E < —1.5 V
vs. RHE (refer to Fig. 1c), where the formation of the octa-
hedral nanocrystals is the prevailing feature. Further increase

This journal is © The Royal Society of Chemistry 2023
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in the EASA is anticipated at more negative potentials, attribu-
table to the smaller particle size and higher nanocrystal
density within the corroded region. Moreover, Au electrodes
with more well-defined octahedral nanocrystals exhibit a
higher contribution from the (111) facets. In the case of Au
electrodes polarized in 10 M KOH, the EASA demonstrates an
increasing trend with more negative applied potentials
(Fig. 1c), which might be due to the formation of additional
nanoparticles and the partial dissolution of the surface, as
indicated by the appearance of etch pits. Furthermore, as the
applied potentials are lowered, a significant increase in the
contribution of (111)-facets is observed, which can be linked to
the higher density of triangular pits and nanoparticles.
Comparing the Au electrodes after cathodic polarization in
NaOH and KOH indicates that the formation of triangular pits
leads to a significant enrichment of the (111)-facets, surpass-
ing the contribution of octahedral nanocrystals. Additionally,
the formation of small nanoparticles and etch pits is respon-
sible for the greater EASA observed after polarization in KOH
as opposed to NaOH. Theoretical calculations have proposed
that during cathodic polarization, alkali metal cations might
be specifically adsorbed and directly interact with the metal
surface upon shedding part of their solvation shells."
Therefore, the diverse surface morphologies observed and the
ratio of (111)-facets as a function of the employed alkali metal
cations may be due to their distinct adsorption tendencies and
chemical properties.

3.3. The electrocatalytic behavior of cathodically-corroded Au
electrodes towards FAOR and HER

Studying the electrocatalytic response of an electrode surface
is a useful tool to understand its surface structure. This is par-
ticularly relevant for structure-sensitive reactions, which can
be employed to investigate the dynamics of structural
changes.*®** From this perspective, the electrocatalytic activity
of the nanostructured Au electrodes, obtained through catho-
dic corrosion in 10 M NaOH and 10 M KOH at various applied
potentials, was evaluated with the FAOR and HER.

The electrocatalytic behavior towards the FAOR is investi-
gated by comparing the current-potential curves for the Au
electrodes in 0.1 M HCIO, + 0.1 M HCOOH at a scan rate of
10 mV s™!, as shown in Fig. 5a and b. To obtain the specific
activity of the Au electrodes for FAOR after cathodic polariz-
ation in 10 M NaOH and 10 M KOH as a function of applied
potentials, data from Fig. 1c and d were used to normalize the
current density to the EASA. While the electrocatalytic activity
of the Au electrodes differed according to the polarization con-
ditions, the onset potential of FAOR is comparable for all Au
electrodes, with FAOR starting at around 0.36 V vs. RHE, as
depicted in Fig. 5a and b. The bell-shaped curve, a character-
istic feature of FAOR on Au(111), is observed for Au electrodes
after cathodic corrosion in 10 M NaOH and 10 M KOH. As the
contribution of (111)-facets rises, the maximum current
density of the bell-shaped oxidation peak increases. More
importantly, the cyclic voltammograms of Au electrodes polar-
ized in 10 M KOH show a step-up (kink) in current at 1.23 V vs.

This journal is © The Royal Society of Chemistry 2023
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RHE, which corresponds to a phase transition within the
strongly bound formate on well-ordered Au(111) surfaces
(Fig. 5b).*>°* Interestingly, this kink is sharper as more (111)-
facets are present on the electrode surface. The formation of
wide Au(111)-terraces is evident from the appearance of this
kink, which is characteristic of large and well-ordered Au(111)
single crystal surfaces.*>®® These results demonstrate that
cathodic corrosion of Au in KOH leads to the formation of
much wider Au(111)-terraces compared to NaOH. Moreover,
the trend observed for this kink is in excellent agreement with
the systematic series of sulfate spikes for Au in H,SO, (Fig. 3b)
and the peaks related to Au(111)-domains in Pb UPD curves
(Fig. 2 and Fig. S21).

The electrocatalytic activity of the nanostructured Au elec-
trodes obtained through cathodic corrosion in 10 M NaOH
and 10 M KOH at various applied potentials is also studied for
HER in 0.1 M H,SO, solution at a scan rate of 1 mV s™*. We
evaluated the HER activity of the Au electrodes in the potential
regime where the IR drop is neglectable. Fig. 5c and d indicate
that the cathodically-corroded Au electrodes exhibit higher
HER activity compared to the as-polished Au electrode.
However, the HER activity varies depending on the polariz-
ation conditions. The onset of HER for the as-polished Au elec-
trode is ca. —0.03 V vs. RHE, which is comparable to the behav-
ior of Au(111) single crystals. In comparison, the HER starts at
lower overpotentials at ca. 0.05 V vs. RHE for Au electrodes
obtained after cathodic corrosion in 10 M NaOH and 10 M
KOH, which is comparable with that of polycrystalline plati-
num (ca. 0.08 V vs. RHE).®® The Au electrodes polarized in 10
M NaOH demonstrate much higher HER activity than those
obtained after polarization in 10 M KOH. Furthermore, the
HER activity of the Au electrodes increases after polarization in
both electrolytes by lowering the applied potential, reaching a
maximum at around —1.7 V for NaOH and —-2.1 V vs. RHE for
KOH. Further lowering of the applied potential to —2.0 V
during polarization in 10 M NaOH results in a significant
decrease in the HER activity. The unique electrocatalytic
activity of Au electrodes towards HER, observed after cathodic
polarization in 10 M NaOH, is attributed to the formation of
octahedral nanocrystals. These nanocrystals are known to
possess a variety of low-coordination sites such as steps, kinks,
defects, edges, corners, and open (111) surfaces, which provide
more active sites for HER.** The SEM micrographs presented
in Fig. 3 reveal that the size of the nanocrystals formed on the
majority of the corroded wire decreases as the applied poten-
tial is lowered to —1.7 V vs. RHE. This leads to an increase in
the density of nanocrystals, providing more active sites for
HER. In contrast, the Au electrode polarized at —2.0 V vs. RHE
has more flat facets and fewer edges and corners, as seen in
Fig. 3i and j. Consequently, it exhibits lower HER activity com-
pared to the other Au electrodes polarized at —1.5 V and —1.7
Vvs. RHE.

Notably, the nanostructured Au electrode with the highest
(111)-contribution, obtained after cathodic corrosion in 10 M
KOH at —1.6 V vs. RHE, exhibits a higher HER activity than Au
(111) and other planar Au single crystal surfaces. Hence, the
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Fig. 5 Current—potential curves of Au electrodes in 0.1 M HCIO4 + 0.1 M HCOOH at a scan rate of 10 mV s~! before and after polarization in (a) 10
M NaOH and (b) 10 M KOH at various potentials for 60 s. Current—potential curves of Au electrodes in 0.1 M H,SO, at a scan rate of 1 mV s™* before
and after polarization in (c) 10 M NaOH and (d) 10 M KOH at different potentials for 60 s. The current in a—d is normalized to the EASA.

role of low-coordination sites and the influence of nano-
structures that are stable under reaction conditions must be
considered.

The FAOR activity of the cathodically-corroded Au electrode
with the maximum (111)-contribution, is remarkably compar-
able to that of Au(111) single crystals.®® This suggests that low-
coordination sites, despite their enhanced HER activity, are
not very active for FAOR. The active centers for HER and FAOR
appear to be related to different atomic ensembles. In other
words, FAOR is most active on (111)-terraces, while HER is
extremely sensitive to low-coordination sites. These findings
demonstrate that FAOR and HER are not only structure-sensi-
tive reactions but also emphasize the importance of terraces,
steps, and defect sites in the reaction mechanisms. Therefore,
investigating electrocatalytic reactions with such cathodically-
corroded Au electrodes helps in the identification of active
sites that are absent for extended single crystal surfaces.

6246 | Green Chem., 2023, 25, 6238-6252

3.4. Electrochemical characterization of Pd overlayers on
cathodically corroded Au electrodes

The electrodeposition of Pd overlayers on Au single crystals
has been extensively studied.””>*® In this work, we utilize this
knowledge to demonstrate the electrochemical behavior of Pd
overlayers on cathodically-corroded Au electrodes, which
exhibit varying facet distributions, roughness, and surface
morphology. Cyclic voltammograms for Pd overlayers on Au
electrodes in 0.1 M H,SO, at a scan rate of s = 10 mV s, de-
posited from chloride-containing solution are shown in
Fig. 6a—c. The equilibrium potential for Pd deposition in 0.1 M
HCI + 0.1 mM PdCl, was measured with a flame-annealed
polycrystalline wire to be 0.4 V vs. Ag/AgCl (designated by the
vertical line in Fig. S31). There are no characteristic peaks for
the Au surface anymore, indicating complete coverage of the
substrate by Pd. In Fig. 6a-c, the voltammetric peaks observed

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Current—potential curves for Pd overlayers on (a and b) cathodically corroded and (c) as-polished Au electrodes in 0.1 M H,SO,4 at a scan
rate of 50 mV s™%. The Au electrodes were cathodically corroded for 60 s in (a) 10 M NaOH and (b) 10 M KOH before Pd deposition from a chloride-

containing solution.

between 0.2 V and 0.4 V are attributed to hydrogen
adsorption.’®®* Notably, the absence of the hydrogen absorp-
tion peak, which typically appears between the onset potential
of HER and around 0.1 V vs. RHE, indicates that the thickness
of Pd overlayers is not larger than two or three monolayers.>>®
In addition, we observe systematic changes in the oxide for-
mation regime at around 1.05 V vs. RHE, which are connected
to the contribution of (111)-facets of Au surfaces (Fig. 6a and
b). These observations imply that Pd electrodeposited onto

This journal is © The Royal Society of Chemistry 2023

cathodically-corroded Au electrodes grows epitaxially or even
pseudomorphically, as in the case of Pd on Au single crystal
electrodes, and thus adopts the crystallographic orientation of
the substrate.*”® Interestingly, the development of the peak at
1.05 V vs. RHE is consistent with the electrochemical behavior
of Au electrodes in H,SO, and the Pb UPD measurements.
These findings suggest that the (111)-facets of the cathodically-
corroded Au electrodes play a crucial role in the electro-
chemical behavior of Pd overlayers.
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3.5. Formic acid oxidation on Pd overlayers on Au electrodes
In the following, we present the electrochemical fabrication of
Pd-Au bimetallic nanostructures with varying the contribution
of (111)-facets by combining cathodic corrosion and electrode-
position for the first time. To demonstrate the sustainability
and versatility of this strategy to obtain clean and active Pd-Au
bimetallic nanostructures with tailored surface structures and
compositions, we investigate the electrocatalytic activity of
these bimetallic nanostructures for the FAOR in HCIO, and
H,SO, solutions. We selected these two electrolytes in order to
explore the competitive adsorption between intermediate
formate species and (bi)sulfate, compared to perchlorate.
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Fig. 7a and b illustrate the cyclic current-potential curves
for formic acid oxidation on Pd overlayers deposited on nano-
structured Au electrodes polarized at various potentials in 10
M NaOH and 10 M KOH, respectively. The oxidation of formic
acid on these Pd overlayers in 0.1 M HCIO, + 0.1 M HCOOH
electrolyte at a scan rate of s =10 mV s~ starts around 0.30 V
vs. RHE and shows a clear dependence on the contribution of
(111)-facets. The current in the voltammetric profiles is nor-
malized to the EASA. The red curves represent the positive
scan for FAOR on the Pd film on the as-polished Au electrode
for comparison.

The current values increase as the applied potential in the
positive direction is increased until reaching a maximum value

b

0.0 0.2 14

30
20
10

T T
| T BT

Ladl

30
20
10

30
20
10

jImA cm?
o

30
20
10

T T T 7 T T T 7 T T T 7

| NI TR ST SN U ST SR Y § N " -

04 06 08
E/Vvs. RHE

10 1.2

-
>

c«-:a 30

£ Pd/ Au poly

© 20 - 1MHCIO, + 0.1 M
| 10mvs’

HCOOH n

00 02 04

06 08 1.0 1.2

E /V vs. RHE

Fig. 7 Current—potential curves of Pd films on Au electrodes in 0.1 M HClO,4 + 0.1 M HCOOH at a scan rate of 10 mV s~. The Au electrodes were
cathodically polarized in (a) 10 M NaOH and (b) 10 M KOH at various potentials for 60 s compared to (c) an as polished Au electrode.
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of approximately 18 mA cm™> at 0.56 V vs. RHE for the Pd
films on the nanostructured Au electrodes polarized in NaOH
(Fig. 7a), which is almost double the maximum activity of the
Pd film on the as-polished Au electrode (9 mA cm™ at 0.61 V
vs. RHE). In comparison, the Pd films on Au electrodes polar-
ized in 10 M KOH exhibit slightly higher electrocatalytic
activity towards FAOR, reaching a maximum value of approxi-
mately 20 mA cm 2. Besides, the maximum current for FAOR
occurs already at 0.46 V vs. RHE for electrodes with a higher
contribution of (111)-facets (Fig. 7b). As the applied potential
is further increased, the activity decreases due to surface de-
activation caused by the formation of surface oxide species.>
After reversing the scan direction, a voltammetric peak with a
maximum at around 0.75 V vs. RHE appears for Pd overlayers
on both as-polished and nanostructured Au electrodes polar-
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ized in 10 M NaOH (Fig. 7a and c). This peak appears at a
higher potential (0.81 V vs. RHE) in the reverse scan and is
more pronounced for electrodes with a higher contribution of
(111)-facets on which Au electrodes were polarized in 10 M
KOH (Fig. 7b). This feature has been previously attributed to
the fast activation of the FAOR after the reduction of the Pd or
Pd-Au oxides.”>®® Notably, the currents from the negative and
positive scans overlap, suggesting that the reaction proceeds
essentially via direct HCOOH oxidation to CO, as supported by
previous studies.>**%¢”

Fig. 8a-c display cyclic current-potential curves for the oxi-
dation of formic acid on Pd films on nanostructured and as-
polished Au electrodes in 0.1 M H,SO, + 0.1 HCOOH electro-
lyte at 10 mV s~ after normalization to the EASA. Cyclic vol-
tammetric profiles reveal that the current for formic acid oxi-
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Fig. 8 Current—potential curves of Pd films on Au electrodes in 0.1 M H,SO,4 + 0.1 M HCOOH at a scan rate of 10 mV st The Au electrodes were
cathodically polarized in (a) 10 M NaOH and (b) 10 M KOH at various potentials for 60 s compared to (c) an as polished Au electrode.
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dation is significantly lower in the presence of sulfate, with the
current at 0.5 V vs. RHE being lower by a factor of more than 2,
indicating that the (bi)sulfate adsorption is a competitive
process hindering formic acid oxidation. However, the FAOR
starts on the fabricated electrodes at about 0.3 V vs. RHE in
the presence of sulfate ions, which is similar to what is
observed in the case of HClO,, revealing that the surface is not
blocked by (bi)sulfate adsorption at this potential. The FAOR
activity of the Pd overlayers on nanostructured Au electrodes
increases upon increasing the applied potential in the positive
direction up to ca. 0.5 V vs. RHE, where the activity is substan-
tially higher than that of Pd on as-polished Au electrode
(Fig. 8a-c). Furthermore, the Pd-Au nanostructures with a
higher contribution of (111)-facets show higher FAOR activity.
Interestingly, Pd-Au nanostructured electrodes have superior
electrocatalytic performance for FAOR in HCIO, compared to
bulk Pd single crystals, even after normalizing to the EASA.
Moreover, the Pd overlayers on cathodically-corroded Au electro-
des are much more active than on as-polished Au electrodes for
FAOR due to the different surface structures. These findings
demonstrate that cathodic corrosion of Au electrodes can not
only increase the EASA, but also provide new catalytically active
sites, thus enhancing the intrinsic activity of these electrodes.
Consequently, our work sheds light on the design and fabrica-
tion of high-performance Pd-Au bimetallic electrocatalysts by
tailoring the surface structure and composition and provides a
valuable foundation for future studies in this respect.

4. Conclusions

Extensive investigations have been conducted on the structural
stability of polycrystalline Au cathodes in concentrated alkali
metal hydroxide solutions, covering a broad range of applied
potentials. Substantial changes in the Au electrode surface
structure are systematically elucidated using structure-sensitive
electrocatalytic reactions (FAOR and HER), and metal underpo-
tential deposition (Pb and Pd), which provide unique finger-
prints and significant characterization of the surfaces before
and after cathodic polarization. The results demonstrate that
cathodic polarization may induce drastic changes in the
surface morphology, the crystallographic orientation of surface
facets, and the electrochemically active surface area (EASA) of
Au electrodes, thereby exerting a profound influence on their
electrochemical behavior and electrocatalytic performance.
The cathodic polarization of Au electrodes in concentrated
NaOH and KOH electrolytes leads to a distinct enrichment of
(111)-facets, albeit to varying extents. Notably, Pb UPD indi-
cates that cathodic polarization of Au electrodes in KOH
results in Au electrodes with much wider (111)-domains and
more single-crystalline nature than those polarized in NaOH.
By studying FAOR and HER, distinctly different active sites
formed during cathodic corrosion have been identified. The
FAOR activity of the cathodically-corroded Au electrode with
the maximum contribution of (111)-facets is remarkably
similar to that of well-defined Au(111) single crystals. However,
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the HER activity of cathodically-corroded Au electrodes is sub-
stantially enhanced compared to both as-polished and single-
crystal Au electrodes. Particularly, the nanostructured Au elec-
trodes acquired in NaOH exhibit superior HER activity, high-
lighting the pivotal role of low-coordination sites. To further
boost the electrocatalytic performance, we demonstrated the
electrochemical fabrication of Pd-Au bimetallic nanostructures,
which are engineered by varying the contributions of (111)-
facets through a combination of cathodic corrosion and Pd elec-
trodeposition techniques. Strikingly, the electrocatalytic activity
of Pd films on the nanostructured Au electrodes towards FAOR
in HCIO, and H,SO, solutions is substantially enhanced in
comparison to Pd films on as-polished Au electrodes. The find-
ings presented in this work provide deep insights into the struc-
tural changes likely to occur at cathodes under highly reducing
conditions, such as HER, CO, and N, reduction, as well as
cathodic electro-conversion in various (organic) electrosynthesis
reactions. In addition, cathodic corrosion holds promise as a
powerful, affordable, and green electrochemical technique for
the synthesis of catalytically active low-dimensional materials
for various technological applications.
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