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The activity and stability of an electrocatalyst is governed by the structural and chemical
changes occurring at the solid-liquid interface. While single crystal electrodes have
often served as model systems to elucidate structure—function relationships, extending
these insights to more realistic polycrystalline electrodes requires experimental
techniques with spatial resolution that can operate under electrochemical conditions.
Herein, the electro-oxidation of a polycrystalline gold electrode is investigated in situ
using two-dimensional surface optical reflectance, electrochemical near ambient
pressure X-ray photoelectron spectroscopy, and tomographic surface X-ray diffraction.
This combination of techniques provides surface-sensitive chemical and structural
information. In the case of the polycrystalline gold, a surface orientation-dependent
oxidation behaviour is found where both the onset and growth of oxides/hydroxides are
affected. Our approach provides an enhanced understanding of the dynamic behaviour
of complex electrodes under harsh environments, enabling grain-resolved insight into
electrochemical processes.

Introduction

Understanding the electrochemical (EC) behaviour of noble metals under oxi-
dising conditions is essential for a rational design of better electrocatalysts for
applications such as proton exchange membrane electrolysers and fuel cells.™?
The surfaces of these catalytic materials undergo dynamic structural and
compositional changes under reaction conditions, including oxidation,
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dissolution, and restructuring of active sites.>* Hence, in situ and operando
characterisations of electrode surfaces under realistic EC conditions are crucial to
establish structure—-function relationships.> Au electrodes are often used as model
systems in this context due to their well understood EC features, allowing for
association between EC behaviour and observed surface structural and compo-
sitional changes. Many EC processes, such as water splitting and the oxidation of
CO or other chemicals, are closely related to the oxidation of the electrocatalyst,
and Au electrodes have been used for fundamental studies and experimental
benchmarking.>” It has in previous studies been argued that the oxidation of the
electrocatalyst is linked to dissolution and instabilities,® even for corrosion
resistant alloys® and noble metals.****

In this context, low-index single crystals have frequently been used as model
electrodes,*® while industrial materials are in general polycrystalline. To mimic
such materials, high-index surfaces with a more complex surface structure can be
used,” ™ and facile oxidation at steps,'® for example, have been reported. An alter-
native is to directly study polycrystalline samples, in which the model electrode
consists of grains with various crystalline orientations. Such an electrode would
enable a direct comparison of different surface orientations between grains under the
same EC conditions. A polycrystalline surface, however, introduces the additional
requirement of spatial resolution on the applied experimental techniques.

Surface reconstructions have often been studied with excellent spatial reso-
lution using traditional electron-based methods, which, due to the short mean
free path of electrons, are in most cases limited to low pressure environments.
Traditional EC methods, such as cyclic voltammetry (CV) only provide indirect
information about changes in the surface structure and lack spatial resolution,
with some exceptions.” Scanning probe microscopy (SPM) may also be used in
liquids,® but can suffer from instabilities under oxidation conditions, primarily
due to bubble formation, surface wettability, electrolyte evaporation and tip
degradation.?® Photoemission electron microscopy (PEEM) provides chemical
information of the surface with spatial resolution, but is limited to pressures of
107> mbar,> though higher pressures have been reached.?” Surface X-ray
diffraction (SXRD) has been used to study reactions at electrode surfaces,"
provides sufficient surface sensitivity and, as a photon-in, photon-out method,
has no issues with penetration of the electrolyte, but has no spatial resolution.
Electrochemical near ambient pressure X-ray photoelectron spectroscopy (EC-
NAPXPS) may also be applied to EC systems through the so-called dip-and-pull
method but is typically limited in spatial resolution.*

In this contribution, we characterise the surface orientation-dependent
oxidation of a polycrystalline Au surface with three different surface sensitive in
situ techniques, with spatial resolution. The first technique, two-dimensional
surface optical reflectance (2D-SOR), provides a direct image of the surface with
a lateral resolution around 5 pm and high temporal resolution, which allows us to
follow changes in the reflectance that can be related to surface oxidation. The
small X-ray beam at the HIPPIE beamline at MAX IV (50 pm) and precise sample
manipulation enables spatially resolved EC-NAPXPS which provides grain specific
spectroscopic data, revealing the presence or absence of oxides/hydroxidest on

+ Oxide/hydroxide will be used throughout the contribution due to the uncertain nature of the specific
oxidised Au species formed.
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the surface. Finally, with tomographic SXRD (TSXRD), we follow the roughening
of individual grains during oxidation. Either potential step experiments or CV
were performed in parallel with all three methods. Although the CV measure-
ments lack spatial resolution, they are used as electrochemical reference points to
link the different surface sensitive experiments together.

We show with EC-NAPXPS that differences in the 2D-SOR reflectance observed
for the different grains during electro-oxidation correspond to surface oxidation
at different potentials for each grain. Thus, the change in the 2D-SOR reflectance
can be explained by the difference in refractive indices for metallic and oxidised
Au. The thicknesses of the oxides/hydroxides formed on each grain can be
calculated using the refractive indices of bulk Au and Au,Oj;, the change in
reflectance, and Fresnel's equations. These calculations can then be compared to
the corresponding thickness values obtained by EC-NAPXPS. The intensity vari-
ations in the TSXRD have a similar behaviour to the 2D-SOR but exhibit differ-
ences that reflect the distinct sensitivities of the techniques.

Methods

Sample

The polycrystalline Au sample (Surface Preparation Laboratory) has a surface
diameter of 7.5 mm. It has a hat-shape with 4 mm height and 14 mm base
diameter. The sample was initially mirror polished. For the 2D-SOR experiments,
the sample was cleaned in nitric acid, rinsed in ultrapure water (mQ, 18.2 MQ),
and finally flame annealed and cooled in air.** For the EC-NAPXPS and TSXRD
experiments, the sample was flame annealed and subsequently cooled in air.

EBSD

The electron backscatter diffraction*® (EBSD) measurements were performed at
the Department of Geology at Lund University using an Oxford Instruments
Symmetry S2 detector connected to a high-resolution field emission scanning
electron microscope (FE-SEM; Tescan Mira3) and Oxford Instruments AZtec
software for data collection. The scan was performed with a 30 um step size, 20 kV
accelerating voltage, and a 70° stage tilt.

2D-SOR

2D-SOR is a method for studying changes at a surface.>**® By measuring the re-
flected light from a light-emitting diode (LED) incoming at normal incidence,
oxide thicknesses down to 2-3 A can be detected.>® 2D-SOR can be used to study
samples in high-pressure environments or liquids, if there is optical access to the
sample, and can be used for operando studies of polycrystalline surfaces®** with
a lateral resolution of approximately 5 um. More details of the method can be
found in ref. 28.

The 2D-SOR setup, illustrated in Fig. 1, consists of a 660 nm red LED (Thorlabs
M660L4), and the reflected light was measured using a 1936 x 1216 pixel, 12-bit
monochrome complementary metal oxide semiconductor (CMOS) camera (uEye
UI-3260CP). The EC measurements were performed using the polyether-ether-
ketone (PEEK) EC flow cell described in ref. 32. The cell is a three-electrode
system, with the polycrystalline Au sample as the working electrode, a Au rod

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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CMOS Camera

Navitar 12X

Microscope
LED: 660 nm

Fig. 1 Drawing of the 2D-SOR setup for EC measurements. Red (A: 660 nm) LED light is
shone on the polycrystalline Au sample (WE), and the reflected light from the sample is
measured using a CMOS camera. The microscope system allows for the CMOS camera to
be focused on the sample surface. Figure adapted from ref. 32, under CC-BY 4.0 license.

as the counter electrode, and leakless miniature saturated Ag/AgCl (eDAQ, ET072)
as the reference electrode. The CV was performed in 0.1 M H,SO, with a potential
range of —0.1 to 2.0 Vryg, at scan rate of 20 mv s L

EC-NAPXPS

The EC-NAPXPS measurements were performed at the HIPPIE beamline at MAX
IV in Lund, Sweden® using the dip-and-pull method.*® HIPPIE is a soft X-ray
beamline that offers a dedicated solid-liquid endstation for EC dip-and-pull
experiments in a vacuum chamber with a controlled gaseous environment of 5
x 10~® mbar up to 30 mbar. The chamber consists of a top manipulator where the
EC sample holder can be mounted and a bottom manipulator that holds a beaker
filled with electrolyte cooled to 10 °C using a water-cooled copper plate.

The PEEK EC sample holder functions as part of a 3-electrode setup shown in
Fig. 2, where the working electrode (the polycrystalline Au sample) is secured to
the sample holder. The sample was, together with the counter (Pt foil) and
reference (leakless miniature Ag/AgCl, eDAQ ET072-1) electrodes, dipped into the
electrolyte beaker filled with degassed 0.05 M H,SO, for EC measurements using
a Bio-Logic SP200 potentiostat. A controlled background pressure of approxi-
mately 14 mbar of water vapour was applied during the measurements. The
electrodes were dipped into the electrolyte (Fig. 2a) and held at a potential before
subsequently being pulled out of the electrolyte and brought near the photo-
electron analyser (Fig. 2b).**** A coordinate system (Fig. 2c) for the incident

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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Fig. 2 The experimental procedure in ambient pressure environment. (a) The electrodes
are dipped, and EC measurements are performed. (b) The electrodes are pulled out of the
electrolyte for XPS measurements. (c) The movement of the sample (working electrode)
while probing with XPS (black arrows indicate the probing path). A coordinate system was
established from the identified grains from EBSD.

photon beam was created. During XPS measurements, the sample was moved
continuously to minimise beam-induced effects.

The XPS spectra were measured in normal emission using an incident photon
energy of 1200 eV, with a beamline slit size of 1 pm, and pass energy of 100 eV for
the Au 4f core level. The incident photon beam size of 50 pm was small enough to
resolve individual grains of our polycrystalline Au surface. Peak fitting of the XPS
spectra was performed using Python and the LMFIT package.** More details are
available in supplementary information (SI) Section 6.

Initially, each grain was probed with XPS at open circuit potential (OCP)
conditions, where the electrodes were dipped and pulled without any applied
potential. For applied potential measurements, a CV was first performed with
a potential range of 0.25-1.85 Viyyg at 50 mV s tand subsequently polarised until
a steady-state current was reached before pulling the electrodes out for XPS
measurements of each grain. The applied potentials were 1.4 Vyyg, 1.5 Vryg, 1.6
Vgrug, and 1.7 Vrgge. An example of a full EC measurement procedure for a grain is
shown in SI Section 5.

TSXRD

TSXRD is an extension of SXRD***” where diffraction signals from the poly-
crystalline surface are assigned to the grains of the surface to circumvent the lack
of spatial resolution of SXRD. The assigned crystal truncation rods (CTRs) or
super lattice rods (SLRs) can then be studied as in conventional SXRD studies.
The diffraction measurements were performed at the Swedish Materials Science
Beamline (P21.2) at PETRA III at DESY in Hamburg.*® The X-ray photon energy

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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was 38 keV and the spot size was 100 x 20 um (horizontal x vertical). An angle of
incidence of 0.11° was used, which is just below the critical angle for total
reflection for Au at this X-ray energy. This angle resulted in a beam footprint
covering the length of the sample. When measuring CTRs, a Pb mask was placed
over the detector with rings covering all Bragg spots for the first four Debye-
Scherrer rings of Au at this beam energy and sample-detector distance (Fig. 3b).

The same PEEK EC flow cell as described for the 2D-SOR experiment was used
(Fig. 3a), which has been described in previous studies.*** The three-electrode
setup consisted of the polycrystalline Au sample as the working electrode, a Pt
rod as the counter electrode, and a mini hydrogen reference electrode (Mini-
HydroFlex, Gaskatel). The CV was performed in 0.05 M H,SO, with a potential
range of 0.2-1.75 Vgyg, at a scan rate of 10 mV st During the TSXRD
measurements, fresh electrolyte was constantly flowed through the cell using
inflow and outflow peristaltic pumps (Masterflex L/S Easy-Load II).

The sample surface was mapped at OCP with tomographic grazing incidence
X-ray diffraction (TGIXRD) as described in ref. 41. For this, a repetitive rotational
measurement was performed, measuring the Bragg reflections. The repetitive
measurement procedure consists of a series of single rotational measurements
with the beam at different offsets from the rotational axis (Fig. 3c and d), resulting
in a measurement pattern where the whole sample is measured at a large angular
range. Here, 77 rotational scans were performed between horizontal steps of 100
pm. Each rotational measurement was a 200° rotation during continuous
measurements of 0.15 s exposures, corresponding to 0.5° per detector image. The
resulting map provided coordinates for each grain during the subsequent

(a) Detector

Beam

=—WwE
I COM

(b)

Pbmask  Beamstop

Fig. 3 Measurement procedure and setup for TSXRD. (a) A simplified drawing of the
sample in the EC-cell. More details are shown in Fig. 1. (b) The detector masked with
circular Pb mask to cover all Bragg spots. (c and d) The measurements procedure for the
whole surface. While keeping the centre of rotation at the sample centre, the sample is
moved such that the X-ray beam moves to different offsets from the sample centre as
shown in d. The overlap of measurements with many of these offset rotations will provide
a measurement of the whole surface at a large angular range. (e) The measurement
procedure for the fast measurement. The centre of rotation is moved to the COM position
of the grain of interest. The sample is then rotated back and forth for a small angular range
covering a signal of interest.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2026
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measurements. The repetitive rotational measurement procedure was repeated
with the Pb mask in place to measure the surface signals. The CTRs were assigned
to grains by comparing their reciprocal positions to the Bragg reflections of the
bulk structure and by studying their occurrence over the sample to the grain
coordinates as further discussed in SI Section 1.

Diffraction was measured during separate runs of the CV for each grain of
interest. In each run, a CV sweep was performed and a single CTR was measured
during continuous azimuthal scans back and forth over a 4° range with the
rotational axis at the centre of mass (COM) of the grain of interest (Fig. 3e). Each
scan was measured with 8 exposures of 0.15 s during constant rotation, as above
corresponding to 0.5° per image.

As a complement, a second experiment was performed, where the grains were
measured in series using a scanning SXRD approach. Here, a CTR of each grain of
interest was measured as above after each other. To keep the EC conditions more
consistent between measurements, the scanning SXRD was measured while
applying small polarisation steps of ~5 minutes at potentials across the oxidation
peaks (0.3-1.7 Vgug), and then back to reducing potentials. These results are
shown in Fig. S4.

Results

We have followed the electro-oxidation of a polycrystalline Au sample using 2D-
SOR and TSXRD during CV, and EC-NAPXPS after applying constant polar-
isation. As a reference, Fig. 4a shows a map** of the surface with grain orientations
characterised ex situ by EBSD. The study focuses on the three grains marked as 1-
3. As shown by the stereographic triangle in Fig. 4a, the orientation of grain 1 is in
between a (100) and a (110) orientation, corresponding to an open (210) surface
orientation (Fig. 4b). Grain 2, which can be approximated as a (554) surface
orientation, has larger (111) oriented terraces separated by (110) steps (Fig. 4c).
Finally, grain 3 can be approximated as a (552) surface which has smaller (111)
terraces and more prominent (110) steps, relative to grain 2 (Fig. 4d). Fig. 4e

‘%

Current density (uA/cm?)

Poly-Au in 0.05 M H,50s
Reduction 02- 175 Vae
Scan rate 10 mV/s

16

o 12 1.4
1110) Potential (Vaue)

Fig.4 (a) EBSD grain map of the polycrystalline Au sample with orientations defined in the
triangle.*? (b—d) Surface models of grains 1-3. (e) CV from the TSXRD experiment using the
polycrystalline Au sample surface in 0.05 M H,SO,4 with 10 mV s™* scan rate. The red
crosses mark the two main features within the oxidation peak. Arrows indicate the scan
direction.
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shows the CV of the polycrystalline Au sample, performed separately. As the
measured current density includes contributions from all EC processes on all
grains, we lack grain specific information. The main features of the CV are the
broad positive feature between 1.3 and 1.6 Vgyg during increasing potential,
indicating oxidation of the surface, and the sharper negative peak just below 1.2
Vrug during decreasing potential, indicating reduction of the oxide/hydroxide. In
addition, there is a weaker broad feature between 1 and 1.3 Vgyy, prior to the
oxidation, which we relate to H,O, oxidation** (SI Section 9). This reaction does
not affect surface oxidation and will therefore not be discussed further here. The
oxidation peak is broader than what is typically seen for single crystal gold elec-
trodes.**** Within this broad peak, two main peaks can be distinguished.

2D-SOR

To facilitate comparison between the different methods, we have chosen to
present some published data* but have expanded the analysis to include the
oxide thickness for the three grains of interests. Additionally, results from 10
grains can be found in SI Section 4. The 2D-SOR measurements are presented in
Fig. 5. Note that Fig. 5a and b are adapted from ref. 32, but Fig. 5c is entirely new.
In the representative 2D-SOR image in Fig. 5a, some of the grain boundaries are
clearly visible and the three grains of interest are easily identified. Fig. 5b shows
the normalised reflectance as a function of time, overlaid with the CV measured
simultaneously. The normalised reflectance (R/R,) is obtained by dividing the raw
SOR reflectance (R) with the initial averaged SOR reflectance (R,). From 30 s to
70 s, a slow linear decrease in reflectance is observed, which could be attributed to
the charging/discharging of the electrochemical double-layer capacitance or

(b) 1.000 0:2 €
\ “to1 3
(a) 1:000 0.995 Z
R/R, =
/Ro & 0.0 >
5 0.990 D
0.995 — -01g
Grain 1 o
0.985 —— Grain 2 -0.2 @
0.980 Grain 3 5
: _030

0.990 20 70 0.3

Tlme (s)
c

() 0.5 &
0.985 A 01 §
. a 2 —dh & <
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< — o
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0.8 1.0 1.2 1.4 1.6 1.8 2.0
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Fig. 5 2D-SOR of the three grains during CV. (a) A normalised 2D-SOR image of the
surface at an applied potential of ~1.5 Vgyne with the grains marked, adapted from ref. 32,
under CC-BY 4.0 license. (b) The normalised reflectance as a function of time for each
grain, adapted from ref. 32, under CC-BY 4.0 license. (c) The negative time derivative of
the normalised reflectance as a function of potential. The potential range of the CV was
—0.1t0 2 Vgye at 20 mV st and performed in 0.1 M H,SO4. The arrows indicate scan
direction.
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adsorption/desorption of oxygenated species. When approaching the onset of the
broad Au oxidation peak (70-85 s), a rapid drop in reflectance is observed for all
grains, which returns close to the initial values after the onset of the reduction
peak of the CV (~140 s). The decrease in reflectance observed for the grains
suggests the formation of a surface Au oxide/hydroxide.

In Fig. 5¢, the y-axis shows the negative time derivative of the normalised SOR
reflectance, and the x-axis shows the CV potential. The derivative of the change in
reflectivity reproduces the oxidation and reduction peaks in the CV (see Fig. S7a),
suggesting a change in the refractive index of the surface upon oxidation and
reduction. Furthermore, the potential for this change is different for each grain,
which was also reported previously,** clearly showing that the surfaces respond
differently to the EC conditions. The combined derivatives from the grains
reproduce the CV nicely. In a simplified model, the measured current density
from the CV is the sum of the current density of each grain. Furthermore, the
current density of each grain is proportional to the oxide/hydroxide growth rate.
Similarly, the change in normalised reflectance is proportional to the oxide
thickness, and therefore its time derivative is proportional to the oxide/hydroxide
growth rate. Note that an increase in the negative derivative of the reflectance
represents a decrease in the reflectance.

The SOR signal can be used to estimate the oxide thickness using Fresnel's
equations®=® (SI Section 3). The estimated oxide/hydroxide thicknesses of the
three grains across the Au oxidation peak, assuming the growth of a homoge-
neous Au®" oxide (Au,0;) film,' are presented in Fig. 6. Note that due to the lack
of refractive index value in the literature for Au** oxyhydroxide (HAuO,), the
thickness is estimated using the refractive index of Au,0;. The initial oxidation
step of grain 1 gives rise to an oxide thickness of ~2 A and is followed by a steady
increase to ~3.5 A at the highest applied potential. Grain 2 exhibits a two-step
increase in oxide thickness, first to ~1 A, and next to ~3 A, followed by
a steady increase to ~4 A at the highest applied potential. The oxide thickness of
grain 3 grows first to 2.5 A and at a slower rate to ~3.5 A at the highest applied
potential. The results for 10 grains are shown in Fig. S7.

EC-NAPXPS

The 2D-SOR study presented above and in ref. 32 suggests an oxide/hydroxide
growth at the surface of each grain, but as 2D-SOR has no chemical sensitivity,
direct evidence is lacking. For this, we turned to spatially resolved EC-NAPXPS. Au

0.15 —~
~ |— ¢Cv £
<4 Grain 1 5
§3 —— Grain 2 010E
£ Grain 3 2
L )
Z — 0.05©
S |— =
X1 o
(0] A g

0 — 0.00 ©

1.4 1.5 1.6 1.7 1.8 1.9
Potential (Vrue)

Fig.6 Oxide thicknesses derived from the change in reflectance. Only the forward scan of
the CV is shown, and the black arrow indicates scan direction.

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00129c

Open Access Article. Published on 01 May 2026. Downloaded on 5/2/2026 4:43:09 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

4f core level XPS spectra for grains 1-3 measured at different potentials, and their
deconvolution, are presented in Fig. 7. At open circuit potential (OCP) conditions
(0.91 Vgyg), the bulk Au doublet components of Au 4f;, and Au 4f;, are observed
at ~84.0 eV and ~87.6 eV, respectively. At the highest applied potential of 1.7
Vrug, New components shifted by about +1.5 eV relative to the bulk peaks are
observed. We assign these peaks to the existence of a Au oxide or hydroxide
species.***” In addition, new components shifted by —0.7 eV are assigned to Au
atoms at the interface underneath the oxide/hydroxide, as observed in gas-phase
studies of the oxidation of metals.**>* Surprisingly, this interface component
appears for grains 2 and 3 at 1.4 Viyg, though no oxide/hydroxide is present. We
speculate that at 1.4 Vgyyg, an ultrathin oxide/hydroxide is formed, but is
unstable?®*>*® due to a combination of beam damage and residual gas reduction
while being brought out of the electrolyte. The resulting surface is therefore rough
since diffusion of the remaining Au from the oxide/hydroxide is limited at room
temperature, leading to under-coordinated surface atoms that exhibit a lower
binding energy than that of the bulk Au.*****” Other explanations could be
possible, but will not be discussed further in the present contribution.

Focusing on the development of the oxide/hydroxide components at +1.5 eV
relative to the bulk, the different grains show slightly different behaviours. Grain
1 shows an oxide/hydroxide peak before grains 2 and 3, at 1.4 Vyyg. At 1.5 Viyg,
grains 2 and 3 also show the oxide/hydroxide components. These oxide/hydroxide
components increase in intensity with increasing polarising potentials up to 1.7
Vrag, indicating the formation of a complete thin oxide/hydroxide film.

By taking the intensity ratios of the fitted components of metallic bulk Au and
oxide/hydroxide, assumed as Au,O;, the oxide/hydroxide thicknesses can be

Grain 1 Grain 2 Grain 3
1.7 Veue
1.6 Vigue
3
o
B 1.5 Veue
"
C
k]
£
1.4 Vpue
[ Bulk Au ‘
[ Interface
1 Au oxide/
hydroxide
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92 90 88 86 84 8292 90 88 86 84 8292 90 88 86 84 82
Binding energy (eV)

Fig. 7 Fitted XPS spectra of Au 4f core level at different EC conditions in 0.05 M H,SO4,.
The spectra are Shirley background subtracted.
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Fig. 8 Oxide thickness of Au,Os (dotted lines and solid dots with error bars), derived from
the intensity ratio between the Au oxide/hydroxide and bulk Au peaks from the fitted XPS
spectra as a function of potential together with the forward direction of the CV (black line).
The potential range of the CV was 0.25-1.85 Vgye at 50 mV s~

estimated as shown in Fig. 8. Details of the calculation, and thicknesses using
HAuO,, are described in SI Section 7. A CV measurement taken prior to applying
the various polarisation potentials is overlaid to indicate the broad Au oxidation
peak. Although grain 1 is initially oxidised at 1.4 Vg with an oxide/hydroxide
film of ~1.2 A, there is no increase in the thickness until beyond the broad Au-
oxidation peak at 1.6 Vgyg to ~1.7 A. Grain 3 exhibits a similar behaviour as
grain 1, with a thickness of ~0.9 A at 1.5 Vgyg, and ~1.0 A at 1.6 Vgyyg. In contrast,
the oxide/hydroxide thickness of grain 2 increases in a linear fashion, from ~0.7 A
at 1.5 Vgyg to ~1.3 A at 1.6 Vgyg. The values reported here indicate that less than
a single layer of oxide/hydroxide (~2 A) is formed on the various grains across the
oxidation peaks. At the highest applied potential of 1.7 Vg, the oxide/hydroxide
thicknesses of the three grains are estimated to be ~3.0 A, ~3.1 A, and ~2.3 A,
respectively. Between 1.6 and 1.8 Vpyg, the CV shows no significant change in
anodic current, suggesting no new surface reactions are taking place. The
increase in anodic current past 1.8 Vgiyg marks the onset of OER, but no
measurements were recorded at higher polarisation potentials.

TSXRD

Prior to the SXRD measurements, the surface was mapped with TGIXRD with the
result shown in Fig. 9a, in relatively good agreement with the map from EBSD in
Fig. 4a. This diffraction map provided coordinates for the COM positions of the
grains, enabling fast measurements. Furthermore, it was used in the selection of
the CTRs studied for each grain as further discussed in SI Section 1. Since the
expected oxide/hydroxide is amorphous** and will not be visible with diffraction,
the focus here will be the changes in the Au surface structure, observed by
following the changes in a selected CTR for each grain. The selected CTRs are
shown as magnified detector images in Fig. 9b (see Fig. S3 for full images). For the
intensities reported in Fig. 9, the selected CTRs were measured individually
during separate CVs to maximise the time resolution. The intensity far from the
corresponding Bragg spot was used as a region of interest as defined in Fig. 9 and
a background area of the same size was subtracted to compensate for any fluc-
tuations in general intensity.
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(b) Grainl Grain2 Grain 3

Intensity (a.u.)

Fig. 9 (a) The grain map from TGIXRD with the grains of interest marked. (b) A magnified
section of the detector image as the maximum intensity registered for each pixel during
the 4° rotation for each grain (fullimage in Fig. S3). The COM position of the corresponding
Bragg reflection (red) is hidden by the Pb mask and labelled in bulk coordinates. The white
box marks the region of interest defining the CTR intensity in Fig. 10. The region of interest
begins 1 A~ (grain 1), 2 A=t (grain 2), and 0.3 A~* (grain 3) from the corresponding Bragg
reflection.

In Fig. 10a, the normalised intensity variation of the CTRs over time together
with the CV is shown. Before the oxidation peak, the three grains show different
smaller changes. Grain 1 has a slowly decreasing intensity, grain 2 has an
increasing intensity and the intensity of grain 3 remains constant. A similar but
opposite behaviour for the corresponding intensities is observed after the
reduction peak. The initial increase in intensity for grain 2 could be the lifting of
a reconstruction,** with a corresponding formation after the reduction, but with
the lack of visible SLRs, this cannot be confirmed.

As the potential is increased to that of the oxidation peak (1.3-1.4 Vgyg),
a reduction in the intensities for all grains is observed. A small shift between the
drop in intensity is observed, in which grain 1 has the earliest onset followed by
grains 2 and 3. This variation in oxidation onset is also seen in the potential steps
measured with scanning SXRD (Fig. S4). Increasing the potential further, grain 2
has a second oxidation step. This is all in agreement with the observations in the
2D-SOR.

Just after the onset of oxidation in Fig. 10a, there is an initial minimum in CTR
intensity for grains 1 and 3, followed by a slight intensity increase. Later, at
potentials just prior to the reduction peak, the intensity decreases sharply for
grains 1 and 2, and slightly for grain 3 before the sharp increase at the reduction.
For oxidation to occur, movement of Au atoms relative to the equilibrium position
is required. What we observe clearly is that there are CTR intensity minima at
both the oxidation onset and oxidation reduction which could indicate that there
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Fig. 10 (a) The intensity variation in the region of interest defined in Fig. 9a (coloured) as
a function of time together with the CV (black). The intensity is normalised with the CTR
intensity at t = 0 s. The dashed lines indicate the last timestamp before the sharp intensity
drop. (b) The negative time derivative of the normalized CTR intensity as a function of
potential together with the CV. The colours of the intensity during the forward and
backward sweep have been separated as indicated by the arrows. The potential range of
the CV was 0.2—1.75 Vgye at 10 mV st and performed in 0.05 M H,SO4.

is a maximum in disorder as the oxide/hydroxide is initially formed and when it is
reduced.

To further facilitate the comparison of the CTR behaviour with the CV and the
2D-SOR behaviour, the negative time derivative of the normalised intensity is
plotted against the CV potential in Fig. 10b, where the shift in onset potential is
further shown. Here, the decrease in the intensity, observed close to the reduction
peak in grains 1 and 2 in Fig. 10a, appears as a sharp peak just before the
reduction peak in the return scan.

Discussion

In this contribution we have used a polycrystalline Au sample with grains large
enough for us to study the electro-oxidation and reduction of the different grains
in the same EC environment. To do this, we have used 2D-SOR, EC-NAPXPS and
TSXRD, combined with EC techniques. We have shown that the CV from the
polycrystalline Au surface exhibits a broad oxidation peak, and that the peak
shape can be qualitatively reproduced by the combination of derivatives of the
surface signals from 2D-SOR applied to individual grains. We have also shown
using EC-NAPXPS that the changes in the 2D-SOR and TSXRD signal are due to
the oxidation of the electrode into a Au oxide/hydroxide, and that the different
grains oxidise at different potentials. The change in the 2D-SOR reflectance signal
is therefore due to changes in the refractive indices from the Au to the oxide/
hydroxide thin film, while the change of the TSXRD signal is due to the rough-
ening of the surface caused by the electro-oxidation.
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The TSXRD results confirm what has previously been seen for similar SXRD
measurements of single crystals, that the CTRs decrease in intensity as the oxide
forms at the surface.** No SLR of the oxide/hydroxide is detected, since the EC
formed oxide/hydroxide is amorphous due to limited diffusion at room temper-
ature and thus not visible with diffraction. Furthermore, no initial surface
reconstructions are observed, despite the CTR behaviour indicating that this can
be the case for grain 2. This absence does not necessarily imply that such
reconstructions are absent, but rather that their signal may be too weak to detect.
Furthermore, it is possible that the surface preparation did not remove all
roughening of the surface. That the initial CTR intensity is recovered fully after CV
can indicate that the surface prior to the sweep was already rough, since there can
be significant roughening after the reduction after just one cycle.* In addition, in
the TSXRD, there is a surprising decrease in the intensity (seen as an increase in
the derivative) just after oxidation and before the reduction of the oxide/
hydroxide, which is not observed in the CV, EC-NAPXPS or 2D-SOR data. We
speculate that this is a disorder at the interface observable in the TSXRD but not
in the 2D-SOR caused by the restructuring of the Au atoms and the dissolution
increase that has been observed for a Au(111) surface.*

The results from the 2D-SOR and TSXRD show similar behaviour, where grain
1 show the earliest onset of oxidation, closely followed by grains 2 and 3. This is
also observed and confirmed in the EC-NAPXPS measurements. Furthermore,
a two-step oxidation is shown for grain 2 with both 2D-SOR and TSXRD. As further
discussed in SI Section 8, there are some variations in the setups and EC proce-
dure of the different methods, hindering complete comparability of the CVs.
However, the changes in the 2D-SOR and TSXRD signal relative to their respective
CV features show that there is a slightly earlier onset for the TSXRD as compared
to the 2D-SOR at oxidising potentials. This could be understood by the TSXRD
detecting a roughening of the surface before any oxide/hydroxide with a reason-
able refractive index can form. The short X-ray wavelength is able to detect atomic
scale roughening events, while the much longer red-light LED wavelength used
for the 2D-SOR is unable to do this. Despite these differences, we observe for all
grains that after an initial fast oxidation event, the oxidation rate slows down
considerably. This is a classic behaviour for the formation of a self-limited,
passive oxide film.?**%¢>

The 2D-SOR and the EC-NAPXPS provides data which can be translated into
oxide/hydroxide thicknesses and is summarised in Table 1, and Fig. 6 and 8 are

Table 1 Summary of oxide thicknesses (A) estimated from 2D-SOR and EC-NAPXPS,
assuming the Au oxide/hydroxide is Au,Os

Oxide thickness (A)

Potential 1.4 1.5 1.6 1.7

(VRHE)

Method XPS SOR XPS SOR XPS SOR XPS SOR
Grain 1 1.2 0.3 1.2 2.1 1.7 2.5 3.0 3.0
Grain 2 0 0.2 0.7 1.0 1.3 2.1 3.1 3.6
Grain 3 0 0.2 0.9 1.1 1.1 2.4 2.3 3.0
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presented side-by-side for comparison in Fig. S11. Excluding the 1.4 Vyyg, our
measurements agree qualitatively, though we note an underestimation of the XPS
thickness, which could be due to a slow reduction of the oxide in the ex situ gas-
phase H,O environment during the EC-NAPXPS measurements. The estimated
thickness values are very sensitive to the exact measurement procedure. For
instance, the rapid oxidation of grain 1 between 1.4 Vryg and 1.5 Viyyg is observed
with 2D-SOR, but not EC-NAPXPS. Here, it can be noted that also the EC-NAPXPS
shows a step with accelerated oxide/hydroxide growth for grain 2 at higher
potentials. Between 1.4 Vgyg and 1.6 Vgyg, the estimated oxide/hydroxide thick-
nesses correspond to less than a single layer of oxide/hydroxide (~2 A), suggesting
that the oxide/hydroxide does not fully cover the surface of the grains. Only well
above the oxidation peaks, a complete 2.3-3.1 A oxide/hydroxide film is found for
all grains, differing with previous X-ray reflectivity work measuring oxide thick-
nesses of Au(111) and Au(100) above the respective oxidation peaks, which is
modelled with two oxide/hydroxide layers and a thickness of around 5.5 A.5

From the measurements, it is clear that the surface orientation affects the
surface oxidation. This is further shown in SI Section 4, where the 2D-SOR eval-
uation from 10 grains displays clear similarities in oxidation behaviour for grains
of similar surface orientation. Grain 1 is a (210) surface, giving rise to a large
number of small steps and a more “open” surface, which could explain the earlier
onset of the oxidation compared to grains 2 and 3, which as (554) and (552)
surfaces are more “closed” with larger terraces. This can be compared to the
relatively later onset of oxidation at a (111) single crystal compared to the more
“open” (100) and (110) surfaces. (111) surfaces have previously been shown to
require higher overpotential for the oxidation reaction compared to the other low-
index planes.>*>**** Grain 2 shows a two-step oxidation behaviour both in 2D-SOR
and TSXRD. This grain has a (554) orientation which is quite close to a (111)
surface with relatively large terraces separated by steps. One possible reason for
the two-step oxidation is the formation of a first thin self-limited oxide/hydroxide
that hinders the subsequent oxidation until the system passes a threshold at
which further oxidation is enabled. This behaviour has been observed previously
for gas-phase oxidation®®* as well as for Au(111) in electrochemistry.'® Alterna-
tively, it could be a 1D oxide/hydroxide forming at the steps, limiting the
formation of the 2D oxide/hydroxide at the (111) terraces as previously observed in
gas-phase oxidation.*® Terrace size dependent oxidation behaviour has previously
been studied where the secondary oxidation peak is more prominent for the
surface orientations closer to (111) such as the (554) orientation.®” This behaviour
of the relative intensity of the first and secondary oxidation peak can also be noted
in the 2D-SOR measurements for all grains where the secondary peak is depen-
dent on the (111) terrace size for each grain (Fig. S6). Since grain 3 has much
smaller (111) terraces compared to grain 2, making the less coordinated atoms at
the steps the most prominent feature. Thus, a separation of terrace and step
oxidation is not expected.

Understanding of the system is strengthened by the combination of different
techniques, the simplest of which is 2D-SOR, which provides high temporal and
spatial resolution for operando measurements but requires other techniques to
determine the cause of the changes in reflectance. EC-NAPXPS has excellent
chemical and surface sensitivity, and allows for quantitative analysis, but can in
the present case not provide time-resolved or fully operando measurements.
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Finally, TSXRD can provide very surface sensitive structural information at the
atomic scale from operando measurements, but since diffraction is only sensitive
to periodic structures, it cannot directly detect amorphous oxides/hydroxides, and
quantitative analysis is not trivial.

Conclusions

We have used three different surface sensitive techniques, 2D-SOR, EC-NAPXPS
and TSXRD, to study the behaviour of grains with different surface orientations
of a polycrystalline Au sample during electro-oxidation/reduction experiments.
The results can be used to explain the broad oxidation peak observed in the CV,
consisting of contributions from several grains. We have shown qualitative
agreement between the different techniques in terms of relative oxidation onsets
and oxide/hydroxide thicknesses at the different grains. The study demonstrates
that it is possible to follow dynamic changes of electrode surfaces during CV in
harsh environments. Furthermore, the combination of techniques provides
complementary information of the system since they probe different surface
properties. Here we demonstrate the complexity of the polycrystalline electrode,
and how the different contributions can be disentangled. Our approach offers
insight into the dynamic behaviour of a more realistic electrode, enabling grain-
resolved understanding of the electro-oxidation process.
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