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Traditional methods to study electrochemical (EC) processes, although successful, are based on current/voltage
measurements, providing information about performances rather than offering a direct observation of chemical
and structural changes occurring at the electrode surface. These processes are localized at the electrode-
electrolyte interface, the structure of which is the main determinant of their behavior, but most surface sensi-
tive experimental techniques are limited to ex situ conditions, owing to the need for an ultra-high vacuum
environment. In this contribution, we report operando X-ray absorption spectroscopy in total external reflection
geometry (Refle-XAFS) at P64 beamline (DESY, Hamburg), using a simple and versatile EC flow cell designed for
multimodal surface sensitive studies with hard X-ray scattering and spectroscopy techniques. We show that the
Refle-XAFS method can be used to study chemical surface changes of industrial alloys and model electrodes in
harsh electrochemical environments, without being limited to thin film samples. The surface passive film
development and breakdown of a corrosion-resistant Ni-Cr-Mo alloy and the electro-oxidation of polycrystalline
gold (poly-Au), relevant for fundamental studies on water electrolysis, were investigated. Despite the strong
attenuation of the beam by the electrolyte and the PEEK walls of the EC cell, nanoscale surface oxide films were
detected using beam energies down to 8 keV. The passivity breakdown region of Ni alloy 59 in 1 M NaCl at pH 7
and pH 12 was identified, showing differences in the composition of the surface oxides during anodic polari-
zation. The electro-oxidation of poly-Au in 0.05 M HySO4 was observed, showing a progression from two-
dimensional Au'*/3* to three-dimensional thick Au®" surface oxide/hydroxide during OER.

1. Introduction

Various fields of modern research and technology are linked to
electrochemical (EC) phenomena, e.g. corrosion [1,2], electrocatalysis
[3,4] and energy storage [5,6]. These processes involve charge separa-
tion and transfer at the interfaces, most often inducing chemical and
structural changes to electrode surfaces region that can strongly affect
the material properties [7-9]. EC measurements such as cyclic voltam-
metry (CV) or electrochemical impedance spectroscopy (EIS) are highly
sensitive to such changes but do not directly identify chemical and

structural modifications of the electrode-electrolyte interface. Comple-
mentary surface sensitive techniques, e.g. X-ray photoelectron spec-
troscopy (XPS), Auger electron spectroscopy (AES), low energy electron
diffraction (LEED), are often limited to ex situ ultra-high vacuum (UHV)
environments, due to a too small inelastic mean free path of the elec-
trons and photo-electrons [2,10,11].

Real operando experiments on such systems can give new insights on
the actual reaction mechanisms [9,12,13], but imply that measurements
are performed while the sample is submerged in the electrolyte and
under EC polarization. In these conditions a probing source that can
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penetrate the electrolyte and carry out information without undergoing
excessive attenuation is needed, such as a modern synchrotron-based
hard X-ray source, characterized by an extremely high brilliance and
photon energies ranging typically from around 10 keV to greater than
100 keV. In this energy range and below, the attenuation of X-rays
through a medium is dominated by photoelectric absorption in-
teractions, whose cross-section (probability) is proportional to E~3,
where E is the beam energy. As a result, the higher the X-ray beam en-
ergy, the lower is the attenuation of the beam by the electrolyte. Hence,
soft X-rays based techniques are complicated by the high attenuation
through air and electrolyte of low energy X-rays, similarly to electrons
and photoelectrons based techniques [14-17].

Thus, a valuable option to perform successful operando measure-
ments would be to use hard X-ray methods based on photon-in photon-
out processes, where only high energy photons are involved. X-ray
diffraction (XRD) is indeed a photon-in photon-out based technique and
is not limited to low beam energies, but amorphous oxides are
commonly formed at the electrode-electrolyte interfacial region during
EC reactions, making a direct identification of species using diffraction
based methods more complex [9,18,19]. As an alternative to XRD and
XPS techniques, X-ray absorption spectroscopy (XAS) is a fingerprinting
technique that can also be measured via photon-in photon-out processes,
providing local structural and chemical information independently on
the sample crystallinity [20].

Traditionally XAS is performed by scanning the incident beam en-
ergy through an absorption edge and measuring the transmitted beam
intensity or the secondary fluorescence signal. However, transmission
mode measurements are inherently bulk sensitive, as the beam probes
all material in its path, and so they can only provide surface information
for samples with very high specific surface areas, such as nanoparticles
[21-24]. To achieve nanoscale surface sensitivity using
synchrotron-based X-rays on a large flat surface, the beam can be
focused and aligned at shallow incident angles, adopting a so-called
grazing incidence (GI) geometry. In this configuration, our EC flow
cell enables us to study features of surfaces at the nanoscale in operando
conditions, using a multimodal approach based on hard X-rays and
photon-in photon-out processes [9,18,25-27]. GI-XAS in fluorescence
mode has provided a sufficiently high signal-to-noise ratio for nm-thin
films samples grown on a substrate [28-35]. However, fluorescence
mode works only if the element of interest is exclusively located at the
surface, whilst too thick films, macroscopic defects or substrates con-
taining the same element of the film can introduce bulk fluorescence
signals and self-absorption phenomena [32,36].

A good choice in the case of thick samples, such as single crystals or
industrial alloys, is to use a mirror polished surface and set the incident
angle below the critical angle for total external reflection (TER) [37,38],
to measure the totally reflected beam intensity as a function of the
incident beam energy, also known as Refle-XAFS [39-53]. In this
configuration the reflectivity of an ideally perfect flat surface is almost
100 % and the energy dependent reflectance R(E) in the vicinity of a
core-level absorption edge is dominated by XAS features, revealing
exclusively surface chemistry and atomic structure details down to a few
nm depths, independently on the sample thickness. Differently from
transmission and fluorescence modes XAS measurements, R(E) is
affected by both the real and imaginary part of the energy dependent
refractive index [n(E) = 1 — 8(E) — iB(E)] of the surface, making the
extraction of the absorption coefficient more complicated [43,45,46,49,
51]. Furthermore, the information depth slightly changes with the en-
ergy, especially across the absorption edge, while roughness and clus-
tering of the surface can affect the contribution of different components
in the spectra [43,45,54]. Thus, an accurate estimation of the contri-
bution of near-surface species and the surface roughness requires
modelling of R(E), e.g. using the Fresnel theory and the distorted wave
born approximation [38,39]. However, traditional data reduction with
e.g. the Athena software, which is part of the IFEFFIT EXAFS data
analysis software [55], has been shown to work for qualitatively
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identifying the main components on the surface and to follow the evo-
lution of surface species in a semi-quantitative way [39].

The Refle-XAFS method has always been employed using deposited
thin films on a substrate and it is not broadly adopted and well explored,
especially in the case of operando EC studies where the signal-to-noise
ratio is significantly reduced by electrolyte attenuation and only very
high energy X-rays (tens of keV) were used [43,44,47]. In the past de-
cades, these experimental complications resulted in demanding sample
preparations and elaborated EC setups that were also often difficult to
combine with other surface sensitive techniques. Thanks to recent de-
velopments in synchrotron radiation, better beam focus and stability
and higher photon flux can provide a higher surface signal, opening new
possibilities to synchrotron-based operando surface studies in EC
environments.

In this contribution, we demonstrate that Refle-XAFS under elec-
trochemical conditions can be performed at energies as low as 8 keV
using a simple and versatile setup based on the same cylindrical cell used
recently for multimodal measurements based on X-ray scattering tech-
niques and surface optical reflectance (SOR) [9,18,25,27,56]. In
contrast to previous studies using the Refle-XAFS technique, where
sputtered films on large and flat substrates were studied, the results
demonstrate that more relevant and easily-produced samples can be
characterized in operando conditions as well on a modern high-brilliance
synchrotron beamline. The capabilities and features of the technique are
discussed along with two case-studies: A) The passive film development
and breakdown of Ni alloy 59, a corrosion resistant Ni-Cr-Mo industrial
alloy, whose corrosion behavior is related to its electrocatalytic activity
towards the oxygen evolution reaction (OER) [9,16,57,58]. B) The
electro-oxidation of a polycrystalline Au (poly-Au) electrode surface, to
investigate the oxidation and degradation of model electrocatalysts
during water electrolysis [17,59-61].

2. Materials and methods

Fig. 1 illustrates schematically the principle and layout of the Refle-
XAFS setup for surface characterization under electrochemical condi-
tions. As a result of TER, an evanescent wave propagates along the
surface and its intensity I(y) decays exponentially towards the bulk. As
shown in Fig. 1a, samples were hat-shaped to fit in the PEEK (poly- ether
ketone) EC flow cell [56,62]. The top surface of each sample, where the
beam impinges at a grazing angle such that TER occurs, was mirror
polished as follows: a hat-shaped poly-Au with large grains (Fig. S1) and
two Ni alloy 59 samples were fabricated and polished by Surface Prep-
aration Laboratory (SPL, Netherlands) with an average roughness Ra <
0.03 pm. Two other hat-shaped Ni alloy 59 samples were fabricated and
polished by Alleima AB (Sweden), the polishing procedure is shown in
supplementary information (Table S1). The elemental composition of Ni
alloy 59 (Table S2 and S3) and the microstructure (Fig. S2) are shown in
the supplementary information.

The diameter of the polished surfaces was 7.5 mm, while the inner
diameter of the cell was 8 mm. The cell inner diameter defines the length
of the path of the X-rays through the electrolyte, which is the main
contributor to the beam attenuation during operando experiments.
Furthermore, the beam is attenuated through the two 200 pm thick
PEEK walls of the EC cell.

At the P64 Beamline [63] (DESY, Hamburg) the EC cell was mounted
such that the normal to the sample surface was oriented along the y
direction, within the working table plane, as shown in Fig. 2. Linear and
tilt stages allowed sample translation and tilt along y-axis, a rotation
stage allowed sample rotation around z-axis, to set the incident angle.
Beam size was set to 150x150 pm [2] and beam energy was scanned
across the investigated absorption edges, namely the K-edges of Mo
(19.99 keV), and Ni (8.33 keV) and the Lg-edge of Au (11.92 keV). At-
tempts were also made to probe the Cr K-edge (5.99 keV), but this was
not possible due to the excessive attenuation at this energy. At each of
these energies, the critical angle was calculated for the Ni and Au
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Fig. 1. (a) Schematic illustration of a Refle-XAFS configuration combined with the present EC flow cell. (b) Example of a normalized Refle-XAFS spectrum at the Ni
K-edge (8331.5 eV) measured in this experiment. (c) Schematic illustration of the TER principle, Iy corresponds to the incident beam, Iy to the totally reflected beam

and 0 to the incident angle.

Fig. 2. Operando Refle-XAFS configuration setup at the P64 beamline at PETRA
111, DESY, Hamburg. I, indicates the incident X-ray beam, while I indicates the
reflected beam; the spatial reference system adopted is the same used in Fig. 1.

substrate at the interface with vacuum, pure H,0 and pure H3SOy4, using
the Center of X-ray Optics (CXRO) database [64]. A table of the calcu-
lated critical angle values is shown in supplementary information
(Table S4). Accordingly, the incident angle was set below the lowest
critical angle of the metal substrate (Au or Ni) depending on the ab-
sorption edge energy to be measured. As a result, the poly-Au studies
were performed at ~0.2° (~3.5 mrad) incident angle, while for the Ni
alloy 59 samples angels of ~0.1° (~1.7 mrad) for Mo K-edge and ~0.2°
(~3.5 mrad) for Ni K-edge were used, respectively.

The reflected beam was measured with a photodiode (PD) placed 30
cm away from the sample along the reflected beam path. The PD was
covered with strips of lead foil to produce a 1 mm slit defining the de-
tector acceptance. The TER position for the PD was found after sample
alignment, by scanning the PD and measuring the intensity along the y-
direction to find the first maximum close to the direct beam,

corresponding to the totally reflected beam, as shown in supplementary
information (Fig. S3).

The incident beam intensity was measured with an ion-chamber
placed upstream from the EC cell (Fig. 2). A second ion-chamber was
placed downstream from the PD along the direct beam direction (Fig. 2)
and was only used to measure spectra in transmission mode from foils or
pellets of known compounds used as references. The gas composition of
both ion chambers was set to 100 % N5 to measure the Ni K-edge, 10 %
Kr - 90 % Ny for the Mo K-edge, and 10 % Ar - 90 % N for the Au Ls-
edge, with a total pressure of 1050 mbar. Refle-XAFS spectra were ac-
quired while a constant polarization was applied and with static elec-
trolyte, which was refreshed at each potential step before starting the
measurements. Several scans, 120 s long, were recorded and averaged,
with typical total measurement times of 6 min. EC measurements were
performed using an Autolab PGSTAT101 potentiostat. A Pt rod was used
as counter electrode and an eDAQ ET072-1 leakless miniature Ag/AgCl
as reference electrode (RE). The miniature RE was first calibrated with
respect to a standard Ag/AgCl RE showing a shift of -5 mV.

The EC cell, tubing and glassware were cleaned with 30 % HNOj3
followed by rinsing with ultrapure Milli-Q (mQ) water (18.2 MQ). The
Ni alloy 59 sample was sonicated in acetone for 15 min and then rinsed
with mQ water. Operando measurements were performed in a 1 M NaCl
electrolyte at pH 7 and adding NaOH to adjust the pH for electrolyte at
pH 12. At each pH, two Ni alloy 59 samples were used: one to measure
the Mo K-edge and one for Ni K-edge. Spectra were measured from the
Open Circuit Potential (OCP) to above passivity breakdown with po-
tential steps of 100 mV. Before performing Refle-XAFS measurements on
the Ni alloys, a constant electrochemical polarization was applied for 10
min while recording the current with the beam shutter closed, then the
shutter was removed and Refle-XAFS measurements were performed,
while EC potential was still applied.

Reference spectra were measured in transmission-mode from pellets
of pure oxide and hydroxide compounds powders, the pellets were
prepared using cellulose as binder in the DESY chemistry lab. Pure
metals foils were provided by the beamline staff, and Ni-Cr-Mo alloy
foils were purchased from Goodfellow (UK). Depending on the
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concentration of the element in the alloy foils and on the absorption
edge energy of the investigated element, different thicknesses were
used. Based on the commercial availability of thin alloy foils with similar
composition to Ni alloy 59, a 10 pm foil of Hastelloy-B was used for the
Ni K-edge and a 50 pum foil of Inconel 625 was used for the Mo K-edge.
The Ni alloy foils compositions are specified in supplementary infor-
mation (Table S5).

The poly-Au sample was cleaned with 3 cycles of the following
stripping procedure: electro-oxidation at 10 V (0.2-0.3 Acm ?)in0.1M
H,SO4 with a graphite counter electrode for 20 s followed by dipping in
HCl with no EC potential applied for 3 min. The last stripping cycle was
followed by flame annealing with a butane torch and subsequent cooling
in an N atmosphere. The electrolyte was purged with Ar bubbling for an
hour before the experiment. Au Lg-edge absorption spectra were

a) Mo K-edge references
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measured in operando conditions at OCP and from 1500 mV to 2200 mV
vs Ag/AgCl with 100 mV potential steps in a 0.05 M H3SO4 solution. At
each potential step, before measuring Refle-XAFS spectra, fresh elec-
trolyte was flown in the cell and Cyclic Voltammetry (CV) from -100 mV
vs Ag/AgCl up to the potential step value was measured and then the
current was recorded under constant EC polarization while the shutter
was closed waiting for the current to stabilize for 5 min, without
exposing the sample to the X-rays. Then the shutter was removed and
Refle-XAFS measurements were performed, while EC potential was still
applied.

Refle-XAFS data processing was performed using the Athena package
[55]. The absorption-like data shown in the results and discussion sec-
tion were processed first by taking the logarithm of the ratio of Iy to Iy.
Then, a linear background line was regressed to the data in the pre-edge

b) Ni K-edge references
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Fig. 3. (a) Mo and (b) Ni K-edges reference spectra measured in transmission mode. (c) and (d) Mo and Ni K-edges measured in total reflection geometry at pH 7
from Ni Alloy 59. (e) and (f) Mo and Ni K-edges measured in total reflection geometry at pH 12 from Ni Alloy 59.
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region and a second-order polynomial was regressed to the data in the
post-edge region. Finally, the absorption edge-step was set to 1. The raw
data Ig/Ij are shown in Fig. S8.

3. Results and discussion
3.1. Ni alloy 59 passivity breakdown

In the first part we explore the application of operando Refle-XAFS to
corrosion studies of industrial alloys, using Ni alloy 59 as an example,
which we have previously studied extensively in neutral and acidic
electrolytes [9,16,65,66]. Corrosion resistant alloys are characterized by
the spontaneous formation of a nm-thin oxide film, referred to as passive
film, that protects the surface from corrosion [16,65,66]. It is well
known that at high anodic polarization, passivity breakdown occurs,
concurrently with a strong increase of the measured current, while a
corrosion product film can form on the surface [9,25]. The effects of
these features on the measurements will be discussed. Furthermore,
passivity breakdown behavior at pH 12 will be explored and compared
to the well-studied behavior at pH 7, relevant to understand the effect of
pH on the complex interplay between electrocatalytic activity, stability
and corrosion resistance of Ni-Cr-Mo alloys during OER.

All the EC potential values reported in this section are expressed on
the Ag/AgCl scale. Fig. 3 summarizes the results of the experiment,
showing normalized transmission mode X-ray absorption near edge
spectroscopy (XANES) and Refle-XAFS spectra at the Ni and Mo K-edges.
Transmission-mode and Refle-XAFS mode spectra are not entirely
comparable, due to different normalization parameters used and arti-
facts introduced by reflection and scattering phenomena [45]. A quali-
tative analysis can be done by observing intensities and energies of
pre-edge and near-edge features of the spectra [40]. Intensity changes
of these features are highlighted in the difference-XANES and
difference-Refle-XAFS spectra (Fig. S3), where the initial spectra
measured at OCP are subtracted from the subsequent spectra measured
at constant anodic polarization.

Fig. 3a and b show reference XANES spectra at the Ni and Mo K-
edges, measured in transmission mode. Oxide and hydroxide reference
compounds were chosen based on previous observations on Ni alloy 59
samples with XPS [16,65]. In Fig. 3a around 20,009 eV at the Mo K-edge,
the Ni-Cr-Mo alloy foil exhibits a more pronounced pre-edge shoulder
than that of pure metallic Mo. For the Ni K-edge spectra in Fig. 3b both
pure metallic Ni and the Ni-Cr-Mo alloy foil exhibit a pronounced
pre-edge shoulder around 8334 eV. The absence of the pre-edge shoul-
der for metallic Mo, is attributed to the fact that metallic Mo has a
body-centered-cubic lattice (BCC), whilst metallic Ni and Ni-Cr-Mo alloy
have a face-centered-cubic (FCC) structure [67]. From the Mo K-edge
reference compounds spectra in Fig. 3a is possible to distinguish Mo+
from Mo®" oxides by looking at the presence of a distinct pre-edge peak
around 20,013 eV, which shows up only in the case of Mo®* compounds.
Furthermore, NaMoO4 shows a peak around 20,050 eV that can be used
to distinguish it from MoOs. In Fig. 3b Ni2" oxides/hydroxides com-
pounds exhibit a strong absorption white-line around 8346 eV, which is
absent in case of metallic reference spectra. These features will be the
main distinguishers in the qualitative analysis of the following
Refle-XAFS spectra.

Fig. 3c and d show Refle-XAFS measurements at pH 7 at the Ni and
Mo K-edges. The pre-edge shoulders observed in Fig. 3a and b for
metallic FCC structures at the Mo K-edge around 20,009 eV and at the Ni
K-edge around 8334 eV are also observed for both K-edges at OCP in
Fig. 3c and d, respectively. The presence of oxide components at OCP is
not directly evident from these spectra, suggesting that there are only
small amounts of Mo and Ni oxides/hydroxides compounds in the pas-
sive film. This is in agreement with previous XPS and AP-XPS studies on
the composition of the passive film of Ni alloy 59, showing a dominant
Cr®t oxide content [9,16,65,66]. From measurements at increasing EC
potential in Fig. 3c and d, we observe significant changes in the spectra
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from 0.8 V, attributed to passivity breakdown. In particular, a distinct
pre-edge peak at 0.8 V starts appearing around 20,009 eV at the Mo
K-edge (Fig. 3c) and the white line at the Ni K-edge grows in intensity
around 8346 eV (Fig. 3d). These peaks correlate with the formation of
Mo®* and Ni?* compounds, as seen by comparison with the reference
spectra in Fig. 3a and b. The absence of a peak at 20,050 eV at the Mo
K-edge in Fig. 3c suggests that MoOs is the main component observed.
Above 0.8 V, the contribution of Ni and Mo oxides/hydroxides compo-
nents grows significantly, suggesting a formation of corrosion products
on the surface as passivity breakdown occurred, in agreement with the
AP-XPS results [9]. At 1.1 V in Fig. 3c and at 1 V in Fig. 3d the
signal-to-noise ratio starts decreasing and the intensity oscillations
above the absorption edges are much weaker. Furthermore, the Ni
K-edge signal disappears completely at 1.1 V, suggesting a low amount
of Ni compounds present in the corrosion products at high anodic po-
larization. The overall decrease in the total reflected intensity is attrib-
uted to significant roughening of the surface, as discussed in the
supplementary information (Fig. S4) together with an interpretation
about how the absorption steps are affected by roughness.

Fig. 3e and f show Refle-XAFS measurements at pH 12 at the Ni and
Mo K-edges. At OCP in Fig. 3e and f, we observe the same spectra
measured at pH 7 (Fig. 3c and d). However, with increasing EC potential
the behavior at pH 12 appears different from that observed at pH 7,
especially at the Ni K-edge (Fig. 3f). In Fig. 3f changes in the spectra can
be observed already at 0.4 V, where the white line intensity around 8346
eV increases significantly with respect to OCP. Furthermore, spectra
observed at 0.6 V and 0.7 V in Fig. 3f exhibit a peak around 8353 eV
which does not correspond to either of the measured Ni2* reference
compounds (Fig. 1b). This peak has been commonly observed for
NiOOH in other XAS studies [68,69] and the EC potential range where
we observe this peak is compatible with that of Ni(OH); to NiOOH
transition, where Ni?t can be further oxidized to Ni*™ [69-71]. How-
ever, above 0.7 V in Fig. 1b the peak around 8353 eV associated to the
NiOOH component is not visible anymore, while the white line intensity
around 8346 eV keeps growing, indicating the growth of NiO/Ni(OH),
on the surface. For the Mo K-edge at pH 12 (Fig. 3e) we observe an
abrupt appearance at 1 V of the pre-edge peak around 20,009 eV,
characteristic of Mo®* compounds. The absence of a peak around 20,050
eV at the Mo K-edge in Fig. 3e again suggests the formation of mainly
MOOg.

The trends of the main components observed with increasing EC
potential at pH 12 and 7 are highlighted and compared using linear
combination fitting (LCF), making use of spectra at low and high EC
potentials as internal standards. Specifically, we used the OCP spectra
and 1.1 V spectra measured at pH 12 for the Mo K-edges and the OCP
spectra and 1 V spectra measured at pH 12 for the Ni K-edges. The results
are plotted in Fig. 4 together with the steady-state current values
measured after 10 min under constant EC polarization.

Fig. 4a shows steady-state current values measured after 10 min at
constant EC potential for pH 7 and 12. At pH 7, the abrupt current in-
crease after 0.8 V observed in Fig. 4a takes place at the same EC potential
at which we observe a significant increase of MoOg3 (Fig. 4b) and NiO/Ni
(OH), (Fig. 4c), where passivity breakdown and OER are expected to
take place [9].

At pH 12 in Fig. 4a the current increases already at 0.7 V, but up to
0.9 V is not exponentially increasing and concurrently the Ni(OH), to
NiOOH transition is observed in Fig. 3f. The temporary presence of
NiOOH is not taken into account in the LCF since the internal standards
do not contain NiOOH, indeed a larger discrepancy in the fitting is
observed at 0.6 V and 0.7 V, e.g. in Fig. S9. An exponential increase of
the current at pH 12 is observed only from 1 V, when MoOs is suddenly
detected (Fig. 4b). The overall higher amount of Ni%t compounds
observed for the entire experiment at pH 12 with respect to pH 7 is
highlighted in Fig. 4c.
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3.2. Au electro-oxidation

In this section we apply Refle-XAFS to a poly-Au electrode as a model
system to study the electro-oxidation of Au surfaces [17,59-61]. Such
surfaces have been studied previously by in situ high energy surface XRD
(HESXRD) and SOR [18], and though it is believed that gold oxide-
s/hydroxides form on these surfaces under OER conditions, these com-
pounds appear to be amorphous and so are not reflected in the XRD
signals. Previous studies have correlated Au®" to thick
Au-oxides/hydroxides formed in OER [7,59,72], whilst it is still under
debate if Au®" or Au'* species are formed before OER [7,17,73].

All the EC potential values reported in this section are expressed on
the reversible hydrogen electrode (RHE) scale. Fig. 5 summarizes the
results of the experiment. Fig. 5a shows CVs at increasing upper po-
tentials for poly-Au in 0.05 M HSO4. During the forward (anodic)
sweeps in the CVs, between 1.4 V and 1.75 V, the so-called oxidation
peaks are present (1), associated to at least a partial oxidation of the
surface atoms of different grains [7,17,18,59,60]. The subsequent
exponential increase of the current at higher EC potentials is associated
with the onset of OER (2), i.e. HoO splitting, which could be accompa-
nied by dissolution and oxidation of the electrode surface [7,17,18,59,
60]. From a pure EC point of view, the oxide thickness correlates to the
increase and shift of the reduction peak (3) between 1.25 Vand 1 V
during the backward (cathodic) sweep, where a more negative EC po-
tential is needed to fully reduce a thicker oxide/hydroxide to metallic Au
[7,17,18,59,60]. Hence, the increasing shift to lower EC potentials
observed in the reduction peak for increasing upper EC potential applied
suggests the further growth of a thicker oxide onto the surface during
OER. Furthermore, when significant OER current is measured, i.e. for
upper EC potentials above 2 V, new voltammetric features are observed
below 0.5 V (4) in the cathodic sweep and around 1.25 V (5) in the
anodic sweep. The cathodic current measured below 0.5 V (4) can be
correlated to the oxygen reduction reaction (ORR): even after refreshing
the electrolyte, a small amount of generated oxygen remained dissolved
in the electrolyte due to OER, resulting in ORR cathodic current
measured below 0.5 V (4) [74]. The ORR on Au has commonly been
associated with the reduction of O5 to both H,O and H50», the former
reaction has a thermodynamic EC potential (Eg) of 1.23 V and the latter
of 0.67 V [74]. Together with increasing ORR measured current, an
anodic current peak grows around 1.25 V (5) in the subsequent forward
sweeps, which is attributed to the splitting of H,O2 which was formed
during ORR [74].

Fig. 5b shows transmission mode XANES of Au(OH)3; and Au refer-
ences together with Refle-XAFS spectra measured at constant EC po-
tential. A nominal Au,O3 reference was also measured, but this showed a

a) Steady-state current

b) LCF Au(OH)s/Au
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spectrum identical to that of Au(OH)s, which we suspect is due to hy-
dration of the AuyO3 from exposure to air, since AuyOs is not thermo-
dynamically stable in these conditions [7]. The most obvious change of
the Au spectra is the increase in the white line around 11,919 eV, as the
EC potential is increasing. Investigations on the actual Au L3-edge
XANES for different oxidation states of gold have not identified a sig-
nificant contributions to the white line from pure Ault compounds [75].
A large white line increase should be proportional to the density of
unoccupied 5d states, which increases with increasing Au®*/Au ratio
[76,77]. Such changes are highlighted in Fig. 5c, where the spectrum
corresponding to OCP has been subtracted to each of the spectra
measured at different EC potentials. From Fig. 5c is possible to observe a
small increase in the white line already at 1.8 V, indicating the presence
of a small, oxidized component. At 2.2 V, the white line intensity is
significantly higher, and the spectrum in Fig. 5b resembles that of
reference Au(OH)s.

Fig. 6 summarizes the trends observed in the measurements. Fig. 6a
shows an exponential increase of the steady-state current after 2 V,
which is partially associated to a significant amount of OER occurring.
LCF (Fig. 6b) was performed using the OCP spectrum and Au(OH)j3
reference spectrum, showing a significantly steeper increase of hy-
droxide signal above 2 V, when current increases exponentially. For an
ideally perfectly flat surface, the volume of the probed (absorbing)
material can be estimated using the penetration depth of the evanescent
wave into the material along the surface normal. At energies in the white
line region of the Au L3-edge, where LCF was calculated, the penetration
depth at 0.2° incident angle is between 1.8 and 1.9 nm, according to
CXRO database [64]. This suggests that~ 63 % of the signal comes from
an absorbing volume with less than 2 nm thickness. Therefore, this is the
order of magnitude of the hydroxide thickness growing at high EC po-
tentials during OER, and only monolayers thicknesses at the initial
stages when the LCF shows less than 20 % of Au(OH)s, before OER.
Fig. 6¢ shows the measured specular reflectance signal intensity and the
absorption step size as a function of EC potential. The specular reflec-
tance signal intensity did not show significant changes during the
experiment. However, at 2.2 V, an increase in the absorption step size
and a small decrease in reflectance signal are observed. As discussed in
supplementary information (Fig. S4), the absorption step size is pro-
portional to the amount of absorbing material in the beam path, while
the reflectance is affected by surface roughness and refractive index.
When the Au -oxides or -hydroxides grow on the surface, the density of
absorbing atoms is lower than the pure Au metal, then the absorption
step size should in principle slightly decrease. It is proposed that what
could cause the increase in the absorption step size at high EC potential
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can be transmitted through islands, clusters and other 3D-defects
forming on the surface. In this case, the transmission through defects
contributes to the total volume of absorbing material probed by the
beam, which can increase the absorption step size. Roughening may also
lead to a reduced signal of the near surface species and an enhanced bulk
signal [42,43], but the large increase in the Au L3-edge white line in-
tensity associated to an increased amount of Au®' clearly shows that
further oxidation is taking place. Thus, the decrease in specular reflec-
tance signal intensity and the increase in absorption step size may
indicate that a larger volume of absorbing material is probed, associated
to the presence of 3D hydroxide islands growing on the surface at high
EC potentials.

Measurements were performed also above 2.2 V, however under
these conditions an anomalous behavior was observed that we associate
with beam damage. In particular, reducing white line intensities were
observed during successive Refle-XAFS scans, which we attribute to
formation and beam-induced reduction of a thick and unstable hy-
droxide [78]. In fact, moving the sample across the beam, thus illumi-
nating a new sample region, resulted in the reappearance of the
hydroxide signal. These spectra are plotted in Fig. S5 in supplementary
information. Sample beam damage produced a visible black stripe across
the sample, which was also investigated with SEM, see Fig. S6 in the
supplementary information.

3.3. Setup evaluation

To validate the use of Refle-XAFS, the measurements were performed
also in fluorescence mode for both the case studies, where a higher
signal-to-noise ratio was measured but no changes in the fluorescence
spectra were observed with increasing EC potential. As an example, Ni
K-edge spectra measured operando at pH 12 in fluorescence mode in TER
geometry are shown in supplementary information (Fig. S7), high-
lighting that all the spectra are mostly equal to the bulk metallic Ni
spectrum. In fact, TER could also in principle be exploited in fluores-
cence mode to study surfaces of thick samples, but it is rather difficult to
avoid the incident beam impinging also on sample edges and on
macroscopic defects, significantly lowering the surface sensitivity. Refle-
XAFS instead is an inherently surface sensitive technique, as the detec-
ted totally reflected beam is the part of the beam that interacts only with
the surface region. In fact, though the beam size used in this experiment
leads to a beam footprint larger than the sample, these measurements
show that useful information is contained in the detected signal. There is
however a risk of artifacts and incomplete compensation for variations
in the photon flux, making e.g. the extended fine structure analysis
hazardous or impossible, but such effects are small enough that useful
near-edge spectra are nevertheless acquired.

AP-XPS studies on Ni alloy 59 have shown a higher sensitivity to
small changes in the passive film composition after anodic polarization
[16]. In fact, despite the passivity breakdown, the detection of corrosion
products using Refle-XAFS is slightly delayed with respect to AP-XPS
[9], suggesting a comparable but lower surface sensitivity of
Refle-XAFS. However, a lower surface sensitivity can be beneficial when
thicker films are grown on a substrate, or to study the subsurface region
of the sample.

Surface sensitivity is determined by the penetration depth of the
evanescent wave, so it is a function of the sample refractive index, beam
energy and incident angle, which are almost fixed. What can be
improved is the signal-to-noise ratio from the surface, for example by
optimizing the beam focus to maximize the number of photons reflecting
on the surface. Furthermore, in the ideal case that the entire beam is
focused enough to have a footprint smaller than the sample size, a
reduced diameter of the EC cell could be produced to reduce the beam
path across the electrolyte, and consequently the beam attenuation. This
would in principle open possibilities to detect lower concentrations of
species, to measure at lower absorption edge energies, and to measure
the small oscillations in the extended X-ray absorption fine structure
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(EXAFS) region. However, a more focused beam requires high stability
during the energy scans. In case there are inhomogeneities or not flat
surfaces, beam instabilities can induce artifacts in the measurements, as
the probed sample region can change significantly. Hence, a careful
consideration of the concentration of surface species and beam attenu-
ation needs to be done according to the samples to be studied and the
beamline capabilities.

Beyond the possibility to use Refle-XAFS, this EC cell design shows
also other advantages. First of all, the use of a bulk (mLs volume) elec-
trolyte configuration allows to perform experiments in a more repro-
ducible and scalable manner, and with the possibility to accommodate
large bubbles in the EC cell developed during OER without any issue.
Moreover, if species dissolve in the electrolyte, hard X-ray spectroscopy
techniques can be used to investigate the nature of dissolved species by
moving the beam above the surface, even by several mmg. Furthermore,
the cell allows 360° rotation using cylindrical samples, which is very
important, e.g., in the case of HESXRD measurements, where the sam-
ples usually need to be rotated in a wide angular range. Another relevant
advantage is that the cell can accommodate large scattering angles,
important for example in the case of wide-angle X-ray scattering (WAXS)
and X-ray reflectivity (XRR) experiments.

4. Conclusions

By using Refle-XAFS in operando conditions, we have investigated
the passivity breakdown of the industrial Ni alloy 59 and the electro-
oxidation of a poly-Au sample under stepwise increasing EC anodic
polarization. We have shown that our set-up is suitable for energies as
low as 8 keV, providing sub-nanometer surface sensitivity in real oper-
ando conditions. Reflectance signal intensity below the absorption edge
and absorption step size were correlated to changes in surface
morphology and composition.

The Ni alloy 59 corrosion studies show a similar passivity breakdown
potential as previous studies at pH 7 [9,16], identifying MoOs as the
main corrosion product forming in conjunction with the observation of
an exponential increase of the steady-state current. At this pH, only low
amount of Ni oxidizes to NiO/Ni(OH), at the passivity breakdown po-
tential. At pH 12 instead, NiO/Ni(OH), are observed on the surface at
lower EC potentials and in larger amounts, until passivity breakdown
occurs, while MoO3 forms as main corrosion product at higher EC po-
tentials with respect to pH 7.

Poly-Au electro-oxidation was also studied indicating the formation
of a thin 2D-(hydro)oxide at the oxidation peak, and the formation of a
thicker 3D-Aup03/Au(OH)s during the OER. Reduction of the Audt
signal was observed at high EC potentials, which we attribute to the
beam-induced reduction of a thick and unstable hydroxide.
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