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ABSTRACT: Molecular understanding of the electrochemical oxidation of metals and Au oxide

the electro-reduction of metal oxides is of pivotal importance for the rational design of \E <E
catalyst-based devices where metal(oxide) electrodes play a crucial role. Operando reduction
monitoring and reliable identi cation of reacting species, however, are challenging tasks DFT
because they require surface-molecular sensitive and speci ¢ experiments under reaction 0

conditions and sophisticated theoretical calculations. The lack of molecular insight under
operating conditions is largely due to the limited availability of operando tools and to date
still hinders a quick technological advancement of electrocatalytic devices. Here, we
present a combination of advanced density functional theory (DFT) calculations
considering implicit solvent contributions and time-resolved electrochemical surface-
enhanced Raman spectroscopy (EC-SERS) to identify short-lived reaction intermediates
during the showcase electro-reduction of Au oxide (AuOx) in sulfuric acid over several
tens of seconds. The EC-SER spectra provide evidence for temporary Au-OH formation
and for the asynchronous adsorption of (bi)sulfate ions at the surface during the
reduction process. Spectral intensity uctuations indicate an OH/(bi)sulfate turnover period of 4 s. As such, the presented EC-SERS
potential jump approach combined with implicit solvent DFT simulations allows us to propose a reaction mechanism and prove that
short-lived Au-OH intermediates also play an active role during the AuOx electro-reduction in acidic media, implying their potential
relevance also for other electrocatalytic systems operating at low pH, like metal corrosion, the oxidation of CO, HCOOH, and other
small organic molecules, and the oxygen evolution reaction.
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1. INTRODUCTION

The rational design of e cient electrocatalysts and of e ective
measures against metal corrosion requires detailed molecular
understanding of the underlying reaction mechanisms and thus
of the surface chemistry under realistic working conditions.” *
Elucidating catalytic reaction pathways by monitoring and
identifying reaction intermediates, such as adsorbed OH
species, can provide the necessary insight to strategically
modify the electrode surface structure and/or material
composition to engineer surface reactivity, selectivity, and
stability.* However, detection and reliable identi cation of
surface reaction intermediates under reaction conditions are
demanding® and require sophisticated experimental and
theoretical tools. Due to the typically low residence times
( s to s°7) of the molecular adsorbates at the surface and a
limited number of available active surface sites,® experimental
techniques with high sensitivity are required. The need for
measurements under realistic working conditions additionally
poses technical challenges due to the liquid environment and
the necessary potential control. For example, the detection of
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reacting OH species during electrocatalytic oxygen reduction
or noble metal corrosion reactions constitutes a huge challenge
on the route to clarifying proposed reaction mechanisms.” **
The combined e orts of advanced theoretical calculations and
highly sensitive spectro-electrochemical tools that provide
surface-molecular sensitivity and chemical speci city under
realistic working conditions are therefore required.

One of the most widely spread electrochemical (model)
systems of fundamental interest, for example, as an electro-
catalyst, catalyst support, or corrosive material, is the Au
electrode. Often during electrocatalytic reactions, an Au oxide
(AuOx) Im is formed on the Au surface, which decisively
alters the Au electrode’s properties. However, despite long-
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standing research e orts, the formation mechanism(s), the
exact nature of the electrochemically generated AuOx, and its
electro-reduction pathways are still not fully understood.
Understanding the mechanism of formation and reduction of
surface AuOx is of particular importance to improve, for
example, protocols for anodic catalytic oxidation of small
organic molecules and to enhance water splitting e ciency at
anodic potentials where, at least partly, the required oxygen
atoms are provided by the oxide surface.’” Under OER
conditions, Partly hydrated AuOx™ and likely incorporated
OH species™ compose the catalytically active sites, as pure
AuOx is thermodynamically unstable. In the reverse ORR
reaction, Au-OH species have been postulated to promote high
ORR activity."® Furthermore, Au-OH species are of particular
importance for the electrocatalytic oxidation of CO and
HCOOH, where CO/HCOO and adsorbed OH can react to
form CO,.'**" Hydroxyl groups available at an (Au) catalyst
surface are known to substantially in uence reaction rates and
are as such of crucial interest for the CO and alcohol oxidation
both in liquid and in gas phase catalysis.®

Based on the observation of an unusually broad and
asymmetric vibrational band around 580 cm !, Weaver and
co-workers hypothesized that the AuOx surface  the starting
point for electro-reduction as well as water splitting s
composed of a “wide multiplicity of surface oxide structures
formed simultaneously, possibly involving di erent coordina-
tion geometries and hydration states of the Au atoms”.’
However, clear-cut experimental evidence to identify di erent
(hydr)oxide species during Au electro-reduction/oxidation in
acidic media has remained elusive due to the scarce availability
of operando spectroscopic techniques and the chemical
complexity of the broad AuOx feature. In neutral and alkaline
media, electrochemical shell-isolated nanoparticle-enhanced
Raman spectroscopy (EC-SHINERS) revealed an OH-bending
mode at 790 and 807 cm !, respectively, indicating the
involvement of OH species in the oxidation/reduction
mechanism.*®?° In acidic media, it is typically assumed that
AuOx reduction and Au oxidation also proceed via the
formation of Au-OH intermediates.”* For example, Au-OH
species have been proposed as key intermediates during oxide
Im formation??* or during the oxygen evolution reaction
(OER)? at low pH. However, Au-OH species at low pH have,
to the best of our knowledge, not yet been observed
experimentally to date, and as such a validation of the
proposed oxidation/reduction mechanism is still missing.

Experimentally, electrochemical surface-enhanced infrared
absorption spectroscopy (EC-SEIRAS) has provided molecular
insight into potential-dependent ion adsorption on Au
electrodes® but is limited to higher wavenumber regions
(typically >1000 cm ). The low wavenumber region between
0 and 1000 cm *, however, carries relevant information on
molecule-metal surface interactions. Raman spectroscopy
covers lower wavenumber regions and is less hindered by
absorption of water in comparison to IR spectroscopy. The
usually rather low Raman scattering cross-sections can be
elegantly bypassed by EC-SERS, where nanoscale-rough metal
surfaces enhance the otherwise weak Raman signals and
provide the required high surface-molecular sensitivity and
chemical speci city,”® su cient even for time-resolved
measurements in the sub-second regime.? In terms of theory,
recent progress in density functional theory (DFT) simulations
considering implicit solvent models allows advanced calcu-
lations of molecular vibrations at solid liquid interfaces,

potential-dependent stability investigations, and a reliable
interpretation of experimentally gathered spectroscopic data.?’

Here, we aim to identify the short-lived reaction
intermediates during the electro-reduction of AuOx with a
combined experimental and simulation approach. Advanced
DFT calculations that consider electrolyte contributions on an
implicit level together with a powerful experimental approach
based on potential-jump EC-SERS experiments allow us to
elucidate the evolution of reactive surface species, such as OH,
Au oxide, and sulfate species, over several tens of seconds in
increments of 0.5 s under reaction conditions in acidic media.
The EC-SER spectral ngerprint gives evidence for temporary
Au-OH formation, for the existence of an Au oxide phase
resembling the bulk Au,O; coordination, and for the presence
of sulfate ions at the surface. Spectral intensity oscillations of
OH and sulfate bands with a period of about 4 s suggest that
the mechanistic steps are strongly coupled. Our results allow us
to propose a mechanism for oxidation/reduction reactions
where adsorbed OH species are likely to play an important role
at low pH, for example, in the OER and oxygen reduction
reaction (ORR) and in corrosion phenomena.

2. METHODS

2.1. Experimental Section. The polycrystalline Au
electrode (EDAQ ETO053-1 Au disc electrode, 3 mm Au disc
in 6 mm OD PEEK body) was electrochemically rougBhened
following the procedure by Tian and co-workers.”™ The
roughening was performed in 0.1 M KCI (99.999%, Suprapur,
Merck) solution with an Au wire as a counter electrode (0.5
mm diameter, Alfa Aesar, Premion, 99.9985% metals basis)
and a commercial Ag/AgClI reference electrode (3 M KClI, SI
Analytics). The Au electrode was kept at 0.3 V vs Ag/AgCI
for 30 s, then ramped to 1.2 V vs Ag/AgCl with a scan rate of 1
V/s, and held at this potential for 1.2 s. Afterward, the
potential was ramped back to 0.3 V vs Ag/AgCl with an
adjusted scan rate of 0.5 V/s and again held at 0.3 V vs Ag/
AgCI for 30 s. This procedure/cycle was repeated 25 times
leading to a brownish/red color of the Au electrode.
Subsequently, the Au electrode was thoroughly rinsed with
and stored in MilliQ water (Millipore-Q, 18 M cm) to
remove any possible contaminants adsorbed during the
roughening procedure. The Au electrode was additionally
cleaned by immersion in 0.1 M H,SO, for 1 h before sample
mounting.

The EC-SERS setup is home built and based on an Olympus
50x long working-distance objective (NA = 0.5, working
distance = 10.6 mm), a red HeNe laser (632.8 nm, linearly
polarized, max. output power = 35 mW), and a Horiba iHR
550 spectrograph with a nitrogen-cooled CCD detector
(Symphony 11, Horiba) controlled by LabSpec 5 software. A
backscattering con guration with an edge Iter and a 600
lines/mm grating was employed for the reported experiments.
An additional CMOS camera (MC 1362, Mikrotron)
temporarily coupled into the beam path with a beam splitter
allowed proper focusing of the laser beam onto the Au surface.
The laser power of 20 mW at the laser focus spot was
measured in air and is comparable to the laser power reported
in other EC-SERS studies.”® Due to optical aberrations at the
glass window, the power was estimated to be reduced to
around 5 to 7 mW at the sample. Acquisition times between
0.5 and 1 s were used. To compensate for changes in the
overall SERS background, we analyze background-subtracted
data (see the Supporting Information for details). A

https://dx.doi.org/10.1021/acscatal.0c02752
ACS Catal. 2020, 10, 12716 12726


http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02752/suppl_file/cs0c02752_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c02752?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

1.8

o
o

(A)

1.6 L 60
1.4

1.25V -40

1.24
20

al
0 100 200 300 400 500 600
3 Time/s

1.04

E vs. Pd-H/V

0.8

,Wo w1 / Aysuap uaun)

N
o

0.6

630

620
£610 ,
S600] -,
g 590
= 580
@ ! '
8_570 3. -
ﬁ 560 ,:.
e

540 METIA AN

v
530 ————— ¥

Tima after potential jump /' s

Peak area / arb. units

(B) EC-SERS
intensity /

arb. units

[5 000 arb. units

(D)- ~560 cm'?

Time after potential jump / s

Figure 1. EC-SERS potential jump experiments. (A) Applied electrode potentials as a function of time for the potential jump sequence (black line)
and the corresponding current vs time traces (blue line) in 0.1 M H,SO, (D,0-based electrolyte). (B) EC-SERS intensity map as a function of time
for the rst 38 s after the potential-jump from 1.65 V to 1.25 V vs Pd-H, recorded at 0.5 s spectral acquisition time. Top: Averaged EC-SER raw
spectrum (black line). (C) Comparison of peak positions of the double peak feature in the 530 to 630 cm ! spectral region in H,O- and in D,0O-
based experiments. (D) Peak areas of the 560 and 613 cm ! Raman bands as a function of time after the potential jump from 1.6 to 1.2 VV vs Pd-

H in H,O-based electrolyte.

Schlumberger (S 1286 Electrochemical Interface) potentiostat
controlled by CorrWare software was used for the EC-SERS
measurements. An Au wire (0.5 mm diameter, Alfa Aesar,
Premion, 99.9985% metals basis) and a freshly prepared
hydrogen-loaded Pd wire (Pd-H; 0.5 mm diameter, MaTecK,
99.95% metals basis) were used as counter and reference
electrodes, respectively. The Pd-H reference electrode was
prepared by applying 10 V between the Pd wire and an Au
counter electrode in 0.1 M H,SO, until the evolution of
hydrogen gas roughly corresponded to the oxygen gas bubble
formation. The Pd-H reference electrode was freshly prepared
before each experiment and, for a pH of 1 (as used in this
study), corresponds to the reversible hydrogen electrode at pH

0 (i.e., SHE). The aqueous electrolytes were 0.1 M H,SO,
(96%, Suprapur, Merck) prepared from either MilliQ water
(Millipore-Q, 18 M cm, Merck) or deuterated water
(deuterium oxide, 99.9 atom % D, Sigma-Aldrich). The
electrolytes were degased with Ar (Westfalen, 6.0 N) before
transfer to the Te on cell. The Te on cell and all glassware
were boiled in - 40% HNO; (' 65%, Sigma-Aldrich). The glass
cell window (thickness: 1 or 2 mm, diameter: 254 mm,
PLANO GmbH) and Kalrez-F sealing ring (6 mm x 2 mm,
VOXTEC) were cleaned in Piranha solution (H,SO, (96%)/
H,0, (30%) ratio of 3:1). After chemical cleaning, all items
were boiled in MilliQ water three times with thorough rinsing
using fresh MilliQ between each boiling step.

Additional CV measurements were performed with a
Metrohm Autolab PGSTAT 30 multipotentiostat using

12718

NOVA 2.1.2 software. The working electrode was a
polycrystalline Au electrode used for the EC-SERS experiments
but without the additional roughening procedure. An Au wire
and a Pd-H wire were used as counter and reference
electrodes, respectively. The Pd-H reference electrode was
prepared according to the procedure speci ed above. Argon
gas (Westfalen, 6.0 N) was used to degas the 0.1 M H,SO,
electrolyte (Milli-Q based) for 30 min and to blanket the
solution. To electrochemically clean the working electrode, ve
CV scans between 0.55 and 1.6 V vs Pd-H were performed
before each measurement at a 100 mV/s scan rate.

2.2. Computational. DFT calculations were ?erformed
with the Quantum-ESPRESSO (QE) distribution,***° using
the Perdew Burke Ernzerhof exchange-correlation function-
al** and pseudopotentials® ** from the Standard Solid State
Pseudopotentials library®> (SSSP v1.0 e ciency). Plane-waves
up to a kinetic energy of 45 Ry (360 Ry) were included in the
basis set for the expansion of the wavefunction (electron
density). The Au surface was modeled by means of a 5-layer
Au(111) slab constructed from the relaxed bulk lattice
constant a = 4.151 A. The two uppermost layers were allowed
to relax, while the remaining atomic layers were kept frozen in
the bulk con guration. Periodic replicas of the slab were
separated by 15 A of vacuum, and a real-space dipole
correction was applied along the surface normal.®*® We
considered a (2x2) supercell of the primitive surface unit
cell, using a -centered (11x11x1) k-point mesh to sample
the rst Brillouin zone. A Marzari-Vanderbilt smearing®’ with a
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width parameter of 0.02 Ry was employed. Spin-polarized
calculations were performed for the interfaces that presented a
nonzero magnetic moment.

To account for the presence of the electrochemical
environment, we made use of continuum solvation as
implemented in the ENVIRON module® for QE. The slabs
were embedded in a polarizable dielectric medium with a water
dielectric constant of , = 78.3. A smooth cavity de ned as a
function of the valence electron density was employed to
de ne the boundary between the quantum-mechanical region
and the solvent region. In particular, we used the cavity
de nition from the revised self-consistent continuum solvation
model,**“° using the parameterization optimized for neutral
isolated systems (. = 0.005 au., i, =0.0001au, + =
11.5dyn/cm,and =0 GPa). The local cavity was augmented
with a nonlocal component aiming at avoiding the formation
of nonphysical dielectric pockets within regions of the system
that are too small to t a solvent molecule.**

-point vibrational frequencies were computed froma nite-
di erence approach as implemented in the atomic simulation
environment package.’” For a given relaxed structure, the
force-constant matrix was constructed from the forces
computed for a pool of displaced con gurations. In particular,
we considered two opposite 0.01 A displacements per
Cartesian direction and atom, including all interface atoms
and the Au atoms in the uppermost layer of the slab.

The surface electrochemical stability was investigated using
the computational hydrogen electrode (CHE) approach.*
Under the assumption that only proton-coupled electron
transfers occur and that the e ect of the potential bias consists
in a mere shift of the electron chemical potential, one can
estimate the formation energy of a given interface structure
using exclusively energies computed for neutrally charged
interfaces. The validity of the assumption underlying the CHE
was corroborated by additional test calculations performed
with a grand-canonical approach®’ where potential and pH
e ects were decoupled by treating the proton and the electron
chemical potentials as free variables (see Figures S1 S3 and
Supporting Information for further details).

3. RESULTS

3.1. Experimental Results. We performed EC-SERS
potential-jump experiments in which we employed the
potential-jump sequence shown in Figure 1A (black curve;
D,0-based electrolyte; see Figure S4 for H,O-based electro-
Iyte). The potential sequence starts and ends at a potential of
0.65 V vs Pd-H with a pristine Au surface with low sulfate
adsorption of less than 4% surface coverage®*“* followed by an
upward potential jump to 1.25 V vs Pd-H that mirrors the
downward potential jump to the resting potential after surface
oxidation at 1.65 V vs Pd-H. Note that experiments in H,O-
based solutions were performed with a 50 mV potential
di erence according to the observed shift of the reference
electrode potential during CV (Figure S5); i.e., the oxidation
potential was 1.6 V vs Pd-H and the resting reduction potential
typically 1.2 V vs Pd-H. Figure 1A also shows the recorded
current versus time traces for the applied potential steps (blue
curve). We nd a current plateau when jumping from 1.6(5) to
12(5) V vs Pd-H that di ers from the exponential current
decays observed for the applied potential jumps to other
resting potentials (Figure 1A; Figures S6 S8). The current
plateau can be slightly tuned in duration by potential variations
in the order of +£0.05 V around the reduction onset. For

potential jumps to more positive potentials than 1.25 V vs Pd-
H, the detected reduction currents are negligible and the AuOx
SERS peak remains stable over the course of tens of seconds;
i.e., the oxide reduction is signi cantly slowed down (Figures
S6 S8). For potential jumps to more negative potentials than
1.15 V vs Pd-H, the reduction currents show a fast exponential
decay (Figures S6 S8) and SERS peaks of reaction
intermediates are hardly detectable with our spectral
acquisition time of 0.5 s; i.e,, the AuOx reduction is too fast
to be followed in detail by EC-SERS.

Similar plateau-shaped I(t) traces have been observed earlier
during AuOx reduction experiments by Arvia and co-
workers.*® Following the approach suggested by the Arvia
group, we tried to t the plateau-shaped I(t) traces with two
functions, one assigned to an instantaneous and the other one
assigned to a progressive nucleation and growth model: 1(t) =
Pr[1 exp( PytD)]exp( Pyt?)orl(t)=P,[1 exp( Py
t)]-exp( P5t?). Here, t denotes time; P, incorporates the
growth-rate constant perpendicular to the surface, while P, and
P, are composed of the growth-rate constant parallel to the
surface, the number of nucleation sites, and the density and
molecular weight of the formed oxide phase. However,
satisfactory ts were not achieved despite the similarity of
the investigated system. A second tting attempt with a related
2D progressive nucleation and growth model suggested by
Garcia and Koper,*’ adjusted with variable exponential
parameters for di erent experimental conditions (resting
time and potential), I1(t) = RytReexp( Ryt?) + Rg-exp(
Ret), gave acceptable results (see Figure S9 for details).
Although Garcia and Koper investigated the CO oxidation on
Pt electrodes, they observed similarly shaped I(t) traces. In
their formalism, the parameters R;, Rs, Rs, and Rg include the
surface atom, terrace and step site densities, di erent oxidation
rates at those sites, and an OH formation rate. The interested
reader is referred to the work by Garcia and Koper*’ for a
detailed discussion of the model parameters. Note that, for our
data, only introduction of R, and R, as variable parameters in
the exponents provided acceptable tting results.

Figure 1B shows an EC-SERS intensity map as a function of
time after a potential jump to the reduction onset (1.25 V vs
Pd-H resting potential, see Figures S10 and S11 and the
Supporting Information for further details) and the corre-
sponding averaged EC-SER spectrum (black curve). We
observe spectral features with peaks appearing at around 230,
350, 540 620, 750 850, 955, and 1030 1200 cm ! The
relative intensities of the di erent spectral regions undergo
dynamical changes on the second-timescale during the electro-
reduction of AuOx. Peak positions were determined with
Lorentzian peak tting after linear background subtraction (see
the Supporting Information for details). The results of the peak

tting are summarized in Table 1 for experiments in H,O- and
in D,0-based sulfuric acid electrolytes. The broad peak around
594 ¢cm ! (Table S1) splits into two peaks after a short delay of
approx. 1 to 3 s (540 620 cm ! wavenumber region, Figure
1C). The upper peak is located at higher wavenumbers in D,O
at 617.3 = 0.7 cm * compared to 612.6 + 0.2 cm ! in H,0.
The lower peak at 560.4 + 1.8 cm !in H,O is located at 5455
+ 29 cm ! in D,0O. The lower wavenumber peak at ca. 560
cm 1 shows oscillations in intensity that last between 50 and
100 s with an average oscillation period of 4.2 = 1.5 s for both
H,0O- and D,0-based electrolytes (Figures 1B,D and 3). The
full width at half maximum (FWHM) of the 560 and 613 cm !
peaks is 70 and 28 cm ! respectively, while the 594 cm !
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Table 1. Peak Positions in H,O and in D,O Electrolytes®

peak position in  peak position in peak
H,O (cm %) D,0 (cm b position peak assignment

2327+ 19 2339 + 09 SO.2 [ref.*®*]

350.5 = 0.6 3477 £ 12 Au--OH (weakly
bound) [exp./DFT]

5604 + 1.8 5455 £+ 29 Au-OH stretching
[exp./DFT]

612.6 + 0.2 617.3 £ 0.7 O-Au(-OH) [exp./
DFT]

7517 + 49 7497 + 16 O-Au-O [exp./ref.>]

7714 + 37 7837 + 11.2 O-Au-O [exp./ref.>]

853.0 + 1.9 850.7 + 2.0 SO,2 [DFT/ref?"]

956.6 + 1.0 9547 + 06 HSO, [exp./ref’*%%]

1030.6 + 5.9 1030.0 + 4.2 SO,2 [ref. #8495

1136.8 + 21.7 11351 + 29.7 SO,2 [ref**%

11909 + 338 11979 + 7.2 SO,2 [ref24444849)

@Fitted peak positions in H,O- and in D,O-based electrolyte solutions
after jumping from 1.6(5) to 1.2(5) V vs Pd-H (see the Supporting
Information for details) and peak assignment according to isotope
comparison, DFT calculations, and the literature. Black arrows: peak
up- or down-shift in D,O compared to H,O. ( ): within standard
deviation.

Au - OH/D
(A) (B)

AUOX - AU, qh

structure Au(111) + Au-OH/D
vacuum 558/534 cm™?
solvent 531/517 cm!

Au(111) + Au,0,
609 cm?
621 cm™?

Figure 2. lllustration of two of the most stable interface structures for
the calculations of Au-OH and AuOx and their vibrational frequencies
in a vacuum and the implicit solvent. Oxygen, hydrogen, and Au
atoms are shown in red, gray, and yellow, respectively. For each
structure, top and side views are presented. (A) Most stable OH/D-
adsorption con guration on the roughened Au surface (adatoms on
Au(111)) according to geometry optimization. (B) lllustration of an
oxidized structure originating from a ‘roughened’ surface including
two Au adatoms (per unit cell) with four oxygen atoms.

peak showing at 1.6 VV vs Pd-H has a FWHM of 130 cm ..
The bands at 350.5 + 0.6 and 956.6 + 1.0 cm *in H,O exhibit
a slight di erence in the peak position of about 1 to 3 cm ?
when comparing to D,O-based electrolyte experiments (347.7
+ 12; 9547 + 0.6 cm ). All other peak positions are
independent of isotope exchange (Table 1) according to
overlapping standard deviations determined from di erent
experimental rounds.

3.2. Computational Results. Au surfaces were generated
starting from the thermodynamically most stable Au
termination, i.e., Au(111). We have considered two
‘roughened’ surfaces in addition to the pristine Au(111) to
mimic the rough polycrystalline Au electrode used in the
experiments. Speci cally, we have modeled surfaces including
isolated Au atoms and rows of Au atoms (2 adatoms in the
p(2x2) substrate unit cell employed) adsorbed on the
Au(111) facet. These surfaces are chosen over kinked and

sjun “qJe / ea.e syead 9)e)nNg

Au-OH peak area / arb. units

* 0 G0t
M 06 V vs. Pd-H
0 5 10 15 20 25 30 35

Time after potential jump /s

Figure 3. Au-OH and (bi)sulfate EC-SERS intensity oscillations. EC-
SERS intensity oscillations of the Au-OH peak at 560 cm ! (black
circles) and of the (bi)sulfate peaks (blue squares) at an applied
potential of 1.2 V vs Pd-H. Light blue triangles and gray diamonds
indicate the background level recorded at 0.6 V vs Pd-H. The solid
black lines indicate the Gaussian peak ts to determine the Au-OH
oscillation period.

stepped vicinal surfaces since the low coordination number
(i.e., higher expected reactivity) of isolated adatoms and
adatom rows and their higher accessibility to oxygen atoms
make these structures more suited to form Au/O mixed layer
structures that result from the electrochemical oxidation/
reduction cycles. Vibrational frequencies were computed
considering vacuum conditions as well as an implicit solvent
model to account for the in uence of the aqueous electrolyte.
When accounting for the presence of the electrochemical
environment through implicit solvents, the computed
frequencies of the less polar oxide structures di er only
slightly from the ones in a vacuum by about 1 to 4 cm * (Table
S2). Only structures K and L (Table S2) di er by 7 and 12
cm ! respectively, indicating that for Au,0O; and Au,O,
screening e ects play a more important role than for less
coordinated AuOx structures. The OH-based structures shift
between 7 and 27 cm ! when taking solvent e ects into
account due to the strong OH dipole screening by the
dielectric medium.

All possible adsorption sites and high-symmetry con g-
urations have been sampled for OH adsorption on the three
surfaces. The lowest-energy structures have been considered
here, after verifying that they correspond to real minima (no
imaginary frequency present). Figure S12A C illustrates the
most stable OH-adsorption con gurations on the at and
roughened Au surfaces, while Table S2 (upper panel) reports
the computed surface-OH and surface-OD stretch frequencies.
For vacuum, the frequencies corresponding to OH/D
adsorbed on an Au adatom (Figure 2A) are 558 and 534
cm 1, respectively. When accounting for the solvent e ects, the
band frequencies are located at lower wavenumbers, also
showing a change in the Au-OH/Au-OD wavenumber ratio
(531/517 cm 1). Bridging OH species adsorbed on plain
Au(111) or on the ‘roughened’ Au surface show calculated
frequencies between 316 and 371 cm ! (see Table S2) and
exhibit down-shifts in peak positions of 3 to 6 cm * upon
isotope exchange.

Partially oxidized interfaces were generated by considering
oxygen adsorption with a coverage ranging from 0.25
monolayers (ML) to 1 ML on the three di erent Au surfaces.
For each surface stoichiometry, we have explored various initial
con gurations, testing oxygen adsorption in (combinations of)
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high-symmetry adsorption sites and structures built from
physical intuition. Structures that lead to stable interfaces after
geometry optimization (i.e., Cartesian components of all forces
smaller than 0.0002 atomic units (Ry/Bohr) with no imaginary
frequency) are illustrated in Figure S12D L. The maximum
frequencies calculated for these structures are shown in Table
S2 (lower panel). We nd that the Au-O structures that
involve minor surface reconstructions (Figure S12D F,I) are
characterized by a maximum frequency that does not exceed
500 cm *. Larger frequencies (>550 cm ') are observed for
the interfaces where one or multiple Au atoms are clearly
oxygen-coordinated. The largest frequency computed (vac-
uum: 609 cm ! solvent: 621 ¢cm 1), corresponding to the
structure illustrated in Figure 2B, is characterized by an Au
atom in a 4-fold coordination with oxygen, as also observed in
the form of bulk Au oxide Au,O,.°° The frequency computed
in the implicit solvent for a (partially) protonated structure
(i.e., adding an H atom to the structure shown in Figure 2B,
see Figure S13) is 601 cm *, and its frequency is located at 602
cm ! when H is replaced with D.

We have also investigated the relative electrochemical
stability of the various interface structures (Figures S1 S3)
based on the CHE, which was further veri ed by a grand-
canonical approach (see the Supporting Information for
details). Calculations show the clean Au(111) surface to be
the most stable interface up to a potential of 1.18 V vs Pd-H.
Oxygen atom adsorption is predicted to take place at potentials
between 1.18 and 1.22 V vs Pd-H, and for >1.22 V vs Pd-H,
the interface structure illustrated in Figure 2B becomes the
most stable according to CHE calculations.

4. DISCUSSION

4.1. EC-SERS Potential-Jump Approach. EC-SER
spectra reveal dynamically evolving spectral features (Figure
1B and S10, S11) when the applied resting potential is around
the reduction onset at 1.2 V vs Pd-H and if the Au electrode
has been previously oxidized (Figure S11A vs Figure S11C
F), which we attribute to di erent reaction intermediates.
Depending on the chosen resting potential, the time required
to reduce the surface oxide ranges from several seconds to
minutes (Figure 1A, Figures S7 and S8). This observation is in
agreement with the literature where the Au oxide reduction
reaction has been reported to occur on a broad window of time
scales from s to minutes depending on the applied electrode
potential.©46°6>7

EC-SER spectra always represent an ensemble response
from multiple SERS-hotspots at the surface.”® The observed
temporal evolution of the spectra is therefore an average
signature of the surface reactivity during the AuOx reduction.
As the SERS background retains its shape during the electro-
reduction of the surface, the plasmonic hotspot enhancement
can be assumed to remain su ciently constant throughout the
experiments (at constant reduction potential) to allow
quantitative analysis of relative peak intensities (Figure S14).
The SERS background intensity markedly increases for about
30 s upon reduction onset and then uctuates about +£10% at
longer times. We do not nd a correlation between
background and band intensities (see the Supporting
Information and Figure S14 for background/signal trace
comparison) at xed reduction potentials and thus assume
that mere chemical changes are re ected in the spectral
signatures.

4.2. ldenti cation of Reaction Intermediates.
4.2.1. OH/OD Intermediates. The broad and asymmetric
peak at 594 cm ! seen at 1.6 V vs Pd-H (Figure S15B),
which, according to the literature, originates from formed Au
oxide species,'® splits into two peaks after the potential jump
to the resting potential: one located at 560 cm ! and one at

613 cm L The 560 cm ! peak can be assigned to Au-OH
according to isotope exchange experiments that reveal a
di erence in the peak position of about 15 cm % Assuming
adsorbed OH species to behave like a simple harmonic
oscillator, we calculate the expected isotopic frequency shift

factor to be = [Mn = [16*1 5972 Using this
Mop 16+ 2

isotopic shift factor, we calculate the expected frequency in
D,0 electrolytes for the 560 cm ! peak to be 0.972:560.4 cm *

5447 cm !, which corresponds very well to the
experimentally obtained value of 5455 + 2.9 cm ! for Au-
OD species. The Weaver group reported a vibrational band at
520 580 cm ! in alkaline media that was attributed to Au-
OH.*®* In acidic solutions, potential-dependent spectral
features around 550 580 cm ! that partly down-shifted
upon isotope exchange were observed by the same group,
but their origin remained elusive.® Our DFT calculations
considering the implicit solvent predict that the 560 cm ! peak,
assigned to OH species attached to Au adatoms (Figure 2A), is
located about 14 cm ! higher than the corresponding Au-OD
species. This prediction is perfectly consistent with the
experimentally observed di erence in the Raman shift and
thus con rms the Au-OH/D assignment. While OH-
intermediates have been assumed to form during the AuOx
reduction in sulfuric acid electrolytes, ours is, to the best of our
knowledge, the rst spectroscopic observation of adsorbed
OH-species in acidic environment to date.

Another intermediate peak is observed experimentally at

351 cm ! (Figure 1B) that shows a slight down-shift in the
peak position of about 1 to 3 cm * when comparing H,O- and
D,0-based electrolyte (Table 1). In alkaline media, a feature at
360 420 cm ! has been attributed to Au-OH stretching.'%2%>°
Our DFT calculations suggest that the 351 cm ! peak
originates from Au-OH species in a bridge site surface
geometry (Figure S12A,C). The low frequency indicates that
these OH species are less strongly bound to the Au surface
than the ones with on-top geometry that portray a vibrational
shift of 560 cm ®. The calculations predict small frequency
di erences of 3 to 6 cm ! between adsorbed OH and OD
(Figure S12), which we indeed observe experimentally (350.5
cm in H,O vs 347.7 cm ! in D,0).

The appearance of Au-OH/D species suggests that jumping
to 1.2(5) V vs Pd-H, namely, by crossing the potential of zero
charge of AuOx of 1.29 V vs Pd-H* results in a su ciently
negative shift of the electron chemical potential to trigger
proton/deuteron adsorption and OH/D formation. Potential-
induced proton adsorption by the oxide surface can be
expected to lead to a temporal local depletion of protons in the
close vicinity of the surface and increase in surface pH, which
in turn temporarily stabilizes the formed Au-OH species.
Similar surface pH e ects on interfacial reactivity have been
observed for (bi)carbonate adsorption in acidic solutions.?® It
was shown that even at low pH (solution pH of 1.1) both
carbonate and bicarbonate species can be found on Pt(111)
electrodes, while the solution pH changes from 1.5 to 4.4 as
well as a function of the applied electrode potential favoring
carbonate adsorption at more positive potentials.
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Note, however, that DFT does not predict the Au-OH/D
interface structure in Figure 2A to be the thermodynamically
most stable one in the applied potential range (Figure S1 and
Supporting Information), which explains the challenge to
monitor such intermediate species experimentally. In principle,
the employed implicit model could underestimate the solvation
energy of the adsorbed OH/D species for which hydrogen
bonding also plays a role. Nonetheless, if we accounted for an
additional stabilization of the interface structures by a
downward shift of the corresponding formation-energy curves
(Figure S1) by few hundreds of meV, we would still obtain the
same qualitative picture, i.e., metastable Au-OH/D.

One possible explanation for the discrepancy between
experimental and simulation results is that reaction kinetics
are not captured in the interface stability analysis that we have
carried out but likely play an important role for the temporal
stability of Au-OH/D under the given experimental conditions.
Particularly, the temporal increase in surface pH due to
potential-induced interfacial proton/deuteron depletion, Au/O
place exchange, and (bi)sulfate co-adsorption could play a
signi cant role in the overall reaction kinetics (see the
discussion below).

4.2.2. Au Oxide Intermediates. Experimentally, we observe
a broad peak at 594 cm ! at 1.6(5) V vs Pd-H during Au
oxidation (Figure S15B). The calculations show that surface
oxide structures that involve minor Au surface restructuring
and that could be classi ed as oxygen-atom adsorption (Figure
S12D F,I side views) are characterized by maximum
frequencies that do not exceed 500 cm *. Larger frequencies
(>550 cm 1) are observed for interfaces where oxygen is found
in hollow or subsurface sites, which can be classi ed as
‘entangled’ surface-oxide structures. The DFT calculations
reveal various frequencies in the region between 580 and 600
cm ! (Table S2), indicating that the broad 594 cm ! peak
originates from multiple Au oxide/hydroxide structures, as
suggested already by the Weaver group,™ rather than from
single AuOx species. This hypothesis is supported by a recent
study of our group based on electrochemical tip-enhanced
Raman spectroscopy (EC-TERS) where we have identi ed at
least two distinct Au oxide species, Au,O; and Au,O, during
Au defect oxidation.®*

After the potential jump to 1.2(5) V vs Pd-H, the broad
AuOx peak at 594 cm ! splits into two peaks. While the
lower 560 cm * peak is due to Au-OH/D formation, the higher
wavenumber peak located at 613 cm * can be attributed to
Au oxide according to DFT simulations. The corresponding
structure is characterized by Au atoms in a 4-fold coordination
with oxygen (Figure 2B) whose computed frequencies
(vacuum: 609 cm !; solvent: 621 cm 1) are very close to the
experimentally observed one at 613 cm L. Such Au in a 4-fold
coordination with oxygen is typically found in bulk Au oxide,
Au,0,°° The FWHM of the 613 cm * peak is substantially
narrower (28 cm 1) than the one of the initial broad AuOx
feature at 594 cm ' ( 130 cm Y). The narrower FWHM of
the intermediate points to a structurally more ordered Au
oxide compared to the initial one, i.e., the broad mixture of
AuOx structures present at 1.6(5) V vs Pd-H seems to
converge to a coordination symmetry similar to bulk Au,O4
upon reduction. The experimentally observed slightly higher
peak position in D,O electrolyte (617 cm 1) compared to the
one in H,O electrolyte can be explained by partial protonation
of the interface structure. Adding H/D atoms to the (unit cell)
structure displayed in Figure 2B, the maximum frequencies

computed in the implicit solvent are 601 and 602 cm * for H
and D containing surfaces, respectively, (Figure S13). The
slight 1 cm ! di erence, however, could be within the
computational error. We therefore assign the 613 cm ! band
tentatively to four-fold O-coordinated AuOx similar to the
coordination of bulk Au,Os.

The spectral features at 752 and 771 cm ! that appear
during AuOx reduction are stable in the peak position (i.e., no
overlap within standard deviation, see Table 1) upon
electrolyte exchange. While our DFT results do not indicate
any vibrational signatures of AuOx in this frequency region,
Wang and Andrews calculated a maximum frequency of 770
cm L for O Au O complexes.”® Au oxide complexes can be
expected to form during Au oxide reduction and concomitant
Au dissolution™* but have not been identi ed to date during
electrochemical reduction experiments. Since the frequency
stability of the 752 and 771 cm ! peaks suggests that they can
be assigned to species that do not contain hydrogen or interact
closely with other hydrogen-containing species, contrary to
previous assignments from DFT?® and in accordance with the
work by Wang and Andrews, we attribute both peaks to O
Au O complexes.

4.2.3. (Bi)Sulfate Adsorbates. In addition to the peaks
assigned to OH- and oxide-intermediates, Raman bands that
can be assigned to (bi)sulfate (SO, ; HSO, ) ions at the
electrode surface appear during the surface reduction after the
potential jump (but not on the pristine Au electrode after
AuOx reduction). Most of the respective Raman shifts are
isotope independent and are thus assigned to SO,> modes.
The typically very broad FWHM in the range of 35 to 90
cm ! indicates a range of energetically nonequivalent
adsorption sites at the polycrystalline Au surface. In the
following, we refer to the positions of the peak maxima as
obtained from Lorentz ts.

The broad mode at 233 cm ! originates from Au O bonds
from adsorbed SO,? , analogous to SERS modes observed at
213 and 220 cm * for Cu- and Ag-(SO,? ), respectively.*®4°

For bidendate or higher chelating orders of sulfate
adsorption on transition metals, the S O stretching vibrations
can be found between 800 and 1300 cm 1.*° For example, 2
(bidendate) coordination geometry of SO,?> at Pd was found
to show a symmetric SO stretch at 865 cm ~°* Our DFT
calculations predict symmetric S O(Au) stretches at 836, 839,
and 854 cm ! for % (tridendate) coordinated SO,> on
Au(111) in the implicit solvent (Figure S16; Table S3). As
such, we attribute the experimentally observed mode at 853
cm ! to the tridendate ; of adsorbed SO, .

The higher frequency modes at 1031 (cf. mode observed at
1052 c¢cm ! in Cu-based SERS*®) and 1137 cm * can be
attributed to asymmetric 1 normal stretch modes of SO,? |
according to Mabrouk et al.,>* likely in a monodendate binding
geometry.* For tridendate adsorption, even higher asymmetric
stretch frequencies up to 1300 cm ! can be expected.”® Our
implicit solvent calculations determine a maximum frequency
of 1255 cm ! for the SO group pointing away from the Au
surface in the 3 geometry. Accordingly, we assign the SERS
band at 1191 cm * to an asymmetric SO stretch of tridendately
bound SO,2 . Similar bands were observed previously in
electrochemical IR spectroscopy between 1155 and 1220
cm 4% and in Cu-based SERS at 1200 cm %

Interestingly, there is one prominent SERS band at 957
cm ! that can be assigned to sulfate species but shows
distinctively di erent behavior from the other SO,> modes in
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