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Abstract: In this article, we present an in-situ and in-operando time-resolved X-ray Absorption
Spectroscopy (XAS) technique which exploits a combination of Grazing Incidence XAS
(GIXAS) and Fixed Energy X-Ray Absorption Voltammetry (FEXRAV), the Grazing Incidence
FEXRAV (GI-FEXRAV). A case-study is also outlined. Palladium ultra-low loadings were
deposited above Au polycrystalline iso-oriented substrates adopting three different deposition
methods: surface-controlled electrochemical methods, direct electrodeposition and physical
vapour deposition. These catalytical surfaces were prepared for the investigation by Gl-
FEXRAV of the Pd oxidation/dissolution phenomenon that could occur when the metal is used
in the anodic compartment of Direct Alcohol Fuel Cells (DAFCs) or in electrochemical
reformers. Moreover, we report a robust, low cost and versatile procedure to obtain wide and
flat iso-oriented gold substrates that can mimic monocrystalline gold (1 1 1) in the
electrochemical response. The use of GI-FEXRAYV for the in-operando characterization of the
catalysts, in conjunction with the designed experimental cell and our flexible Au-based
electrochemical substrates show an invaluable potential in the in-operando study of
fundamental phenomena in heterogeneous electrocatalysis model systems and, due to
itsversatility, paves the way to further studies on a wide selection of electrochemical systems.

1. INTRODUCTION

Electrocatalysis is subject to an ever-growing research interest, being one of the driving forces of the green revolution,
the global effort which will lead to a change of paradigm from today’s fossil fuels consumption to low-cost energy
availability from renewable sources. Specifically, electrochemical conversion of alcohols and Small Organic Molecules
(SOM) in direct liquid fuel cells (FCs) or in electrochemical reformers is now under the spotlight for its potential impact
in energy conversion and storage [1-7]. A successful implementation of FCs technologies will require the optimization
of the electrode materials, to achieve both performance and stability [8]. It is undoubted that, in order to permit the
widespread diffusion of such devices, a major research effort is required to decrease electrocatalysts load and increase its
durability (especially when using elements which are considered as critical raw materials[9]). For these reasons it is
paramount to develop efficient techniques to characterize the reactions occurring on the electrocatalysts surfaces in
operative conditions.



Many techniques are proposed today for the study of the performance of electrochemical conversion devices. Among
them, time resolved electrochemical XAS methods are promising because X-rays are able to probe selectively the
chemical evolution of single elements, even if inside complex matrices like in real devices. XAS is particularly useful for
the study of heterogeneous electrocatalysts, like metallic nanoparticles [8,10-13], or for atomically dispersed
electrocatalysts like the XPc systems (X=Fe,Ni,Co). [14-19] Specifically, some XAS methods permit a better
understanding of the nature and Kinetics of the processes occurring at the surface of an electrode, by probing its fast
operando changes. As an example, quick-XAS could permit a rapid acquisition of portions of the absorption spectra
during electrochemical stimulus, but it is not implemented in every XAS beamline. [20] On the contrary Fixed Energy
X-Ray Absorption Voltammetry (FEXRAV) [21] can be easily adopted in every synchrotron XAS line, despite its
loadout. FEXRAYV is an operando technique that exploits a fixed energy XAS acquisition on the working electrode during
a potential variation of an electrochemical (EC) cell, enabling the acquisition of kinetic data on the evolution of chemical
systems subjected to electrical stimulus. The technique can probe selectively one element at a time, even in complex
matrices, by giving time resolved information on the speciation and/or structure evolution of that element and its
surrounding atoms. FEXRAV has already demonstrated its usefulness as a tool to study the chemical behavior of
electrocatalysts during duty cycles. Studies on Fe, Ag and Ir oxidation [21-23] are present in literature. The use of such
technique in our group was, in the past, devoted to the characterization of palladium deactivation phenomenon in direct
ethanol and formate FCs, both in half-cell [24,25] and working fuel cell [26] configurations. By increasing anodically the
potential of the working electrode, we were able to follow: 1) the oxidation of the Palladium on the surface of the
electrocatalyst [27,28] and 2) its dissolution in form of hydroxipalladiates [24]. In these experiments, we exploited a
powdered catalyst composed by palladium nanoparticles dispersed in a carbon matrix [29], a benchmark of the systems
commonly used in fuel cell stacks. Despite being real systems, nano-dispersed catalysts represent a challenge for live-
characterization. As an example, due to the complexity of their surfaces, it is difficult to perform identical location studies
at different stages of their working life, and thus to correlate variations in their performances with precise changes
occurring in a precise region of the electrocatalysts. Moreover, XAS is a bulk technique, which is able to sample a material
in all its depth. This makes XAS an effective technique for high surface-to-volume samples, like nanoparticles systems,
the smallest the particles the better. Limitations to this approach could in fact arise when the abovementioned ratio
decreases. Let us consider as an example a unimodal dimensional distribution of spherical nanoparticles subjected to
electrochemical stimulus as a working electrode. Only a portion of the nanoparticles, the outer shell, participates in the
electrochemically induced reactions, while the core remains unmodified during the process. Still, the incident X-rays
sample all the catalyst volume. The obtained XAS absorption signal will be then mediated; a small portion of the
absorption signal will be due to the chemical changes occurring on the element of choice at the surface, while a usually
bigger portion of the signal will be caused by the absorption from core of the particles, unaffected by the electrochemical
stimulus. It is consequently easy to understand that the extent of this mediation effect will be dependent on the particle
size. Big particles will lead to lower surface-to-bulk signal ratios, increased acquisition time and decreased chance to
probe fast speciation changes at the electrochemical interface, ultimately rendering this method unfeasible for the study
of fast kinetic systems. On the contrary, by decreasing the nanoparticles dimensions we’ll increase the overall
electroactive volume, and thus the surface-to-bulk signal ratio.

The aim of this research was to push this concept to the limit, by proposing a technique enabling the XAS
characterization of ultra-thin layers of catalyst deposited on a flat surface, where the absolute majority of the surface
atoms participate to the electrochemical changes occurring at the surface. Specifically, we propose a case-study which
connects whit our previous studies on Pd and FEXRAV. [24-26] We produced ultra-low loading Palladium films of
different thicknesses on polycrystalline iso-oriented Au (111) base-substrates. Pd and Pd-Au alloys are extremely
efficient in the electrochemical conversion of alcohols and SOM in direct liquid FCs [3,30-36]; nevertheless, they show
limitations in the performance along with the limited stability under strong anodic overpotentials that can sometimes
occur in DAFCs [37,38]. One of our goals was to probe Pd-Au surfaces stability toward bare alkaline electrolyte, like the
base electrolyte used in DAFCs. Our previous studies [24-26] in which FEXRAV was adopted in half-cell and fuel-cell
configurations, demonstrated that the use of fuel-containing alkaline electrolyte (Fuel = Ethanol, Formate) produces a
decrease in performance under oxidative potentials, but hinders Pd dissolution from the working electrode. Hence, our
purpose to use bare alkaline electrolyte puts ourselves in the worst-case scenario in which both oxidation and dissolution
co-exist, In addition, we used a flat submonoatomic-like catalytical architecture in which the vast majority of the Pd atoms
participate to the electrochemical reactivity.

In summary, in the present article, we report:

1) the procedure to prepare the Au polycrystalline iso-oriented (111) surfaces, to be used as base electrodes for the
growth of different electrocatalyst layers. These surfaces show a high degree of reproducibility, robustness, and an
electrochemical response which mimics the one that can be expected for monocrystalline (111) gold surfaces;

2) the adopted experimental set-up for Grazing Incidence FEXRAV, comprising the cell design and the acquisition
settings and geometry and

3) a case study for the application of the GI-FEXRAV, where palladium was grown into different thicknesses on the
Au iso-oriented surfaces, and tested towards oxidative stress in bare alkaline solution.



The variation of Pd deposit depth permitted to explore the limits of the technique. Moreover, to the best of our
knowledge, no trace of large base electrodes as the ones presented in this article is available in literature, especially taking
into consideration such defined response towards surface-limited electrochemical processes. The versatility of these
substrates, in conjunction with the GI-FEXRAYV technique, paves the way to the operando characterization of a vast
variety of different electrocatalysts.

2. EXPERIMENTAL
2.1. Polycrystalline Iso-oriented Au (111) substrate preparation and characterization
2.1.1. Electrode production

Wide polycrystalline Gold (1 1 1) substrates were prepared using sputtering methods, by deposition of two metals onto
glass microscope slides (Supplied by Agar Scientific). The glass surfaces were used as a cheap inert support for the
deposition of the metals, due to their wide surface (3x1 inches) and certified continuous flatness (within .00011" per inch).
Prior to deposition, glass slides were cleaned by the following cycle: a) a 10 minutes sonication cycle in Acetone (technical
grade), b) rinsing using milli-q water, ¢) a 10 minutes sonication cycle in EtOH 99.9% d) rinsing using milli-q water and
e) drying under nitrogen flux. A magnetron sputtering device for the preparation of Scanning Electron Microscopy (SEM)
samples, an EMITECH K575X Turbo Sputter Coater was used to produce: a) a 150 nm thick tantalum deposit above
glass as bond coat and b) a 70 nm thick gold deposit above tantalum. Metallic layer thicknesses were determined by
measuring the weight of some test deposits on a glass slide surface; for the calculus, a homogeneous growth of the films
on the surface was considered. Thickness of the layers was defined a priori in order to minimize ohmic drop of the
electrodes. Base substrates were produced with two different coverages: a) full slide coverage, for the electrochemical
tests, and half-slide coverage for the XAS experiment (Figure 1). This second coverage variation, obtained by simple
masking of the glass slide during the PVD process, was needed in order to prevent current overflow of the potentiostat
during FEXRAV experiments. For the sputtering process, a Ta 99,99% disk (Goodfellow) and an Au 99,99% foil
(Goodfellow) were used as targets; Argon was adopted as process gas for both the physical vapor processes.

Once prepared, the deposits were heat treated to favor the surface rearrangement of the (1 1 1) oriented surface [39].
We tested two different annealing procedures: oven- and flame annealing. Oven annealing was performed using an electric
oven (Nabertherm) with the following heating cycle: 1) heating from 25°C to 600°c in 1 hour, 2) 3 to 6 hours at 600 °C,
cooling from 600°C to 25°C in 2 hours. During the whole process, oven chamber was fluxed with N2. Flame annealing
process was performed placing the glass slides face up on a thick copper surface and by designing slow inward spirals
toward the surface whit a butane flame, in order to minimize thermal shock. We observed a precise reproducibility of the
electrochemical measurements only in the surfaces in which no change in brightness or reflectivity was visible after the
annealing process, both for oven and flame annealing.

Figure 1 — Appearance of a substrate just before its use in the GI-FEXRAV experiment. In the image the overall dimensions are also
reported

2.1.2.Electrode characterization

Surface morphology was investigated using a TESCAN GAIA 3 FIB/SEM. Images of the surface were acquired in
beam deceleration mode (BDM) using a landing energy of 2 keV and a low beam current (25 pA).
AFM was also performed on the various sample surfaces prior and after the annealing procedures using a MFP3D Asylum
Research AFM, in order to define changes in surface roughness. For each different heat-treated batch, 4 different samples
were analyzed by performing three AFM acquisitions at the sides and in the center of the glass slide. Roughness data
were extracted from AFM images using Gwyddion software [40] and mediated in and between the batches.



2.2. Pd thin film deposition and characterization

Three different palladium deposition processes were used in this study: 1) an electrochemical surface-controlled
procedure to produce an ultra-low loading of Pd on the surface of the Au electrodes, 2) a direct electrochemical
(galvanostatic) palladium deposition and 3) a Physical Vapor Deposition of Pd onto the electrodic surfaces. The
preparation methods will be described in the following sections. Both the electrochemical depositions were performed
inside the designed cell (2.3.2) using a Par 2263 Potentiostat/Galvanostat. Pd surface testing was performed using two
different electrolytic solutions: a) NaOH 1M (Sigma Aldrich) + EtOH 1M (AnalaR Normapur 99,9%, WWR Chemicals)
for the comparison of the electrochemical response between the different palladium loadings and b) NaOH 2M (Sigma
Aldrich) for the in-situ XAS experiments.

2.2.1.Ultra-low loadings of Pd on Au from electrochemical UPD+SLRR

For the production of the ultrathin deposit of palladium, we used a two-step method, consisting in Under Potential
Deposition (UPD) + Surface Limited Redox Replacement (SLRR) [41,42]. Particularly, we exploited: 1) the UPD of
copper on the substrate iso-oriented polycrystalline surfaces and 2) the SLRR between palladium and copper. An H2SO4
0.1M + CuSO4 1mM solution was used as electrolyte for the Cu UPD step. The copper adlayer (1 ML) was obtained by
applying 0.05V at the WE for two minutes. After this step, SLRR was performed by substituting the electrolyte with an
HCIO4 0.1M + PdCI 0.1mM solution for five minutes. Cu UPD was chosen due to the extended literature present on its
use as sacrificial metal for the galvanic exchange. Moreover, Cu UPD process was also useful as a benchmark to assess
the quality of the surface atomic orientation of the obtained gold electrodes, by comparison with the cyclic voltammetries
on monocrystalline (1 1 1) Au [42,43].

2.2.2.Pd on Au from direct electrodeposition

For the direct deposition of Pd, a 0.1 mM PdSO, + 0.1 M H>SO, solution was used. Here we performed a galvanostatic
deposition using a current of 10 mA/cm2 until the total charge of approx. 10 monolayers (MLs, 1 full pseudo-morphic Pd
monolayer on Au (111) = 445 C/cm2) was counted.[44]

2.2.3.Pd film from PVD

The PVD deposition of Pd was performed on one of the previously prepared gold electrodes carefully masked by paper
tape on the glass side (Figure 1) using a KORVUS PVD machine equipped with a quartz crystal microbalance. The
balance was calibrated just before the deposition by acquiring the balance correction factor. This absolute value was
calculated by comparison between the nominal thickness of a thin Pd deposition, and its real value, obtained by FIB/SEM
cross-sectioning methods [45].

2.2.4.EPMA characterization

Samples were analyzed using a JEOL-JXA 8230-EMPA device at the joint laboratory LaMA (Earth Science
Department, University of Florence — CNR-1GG). The analytical conditions were 15 kV of accelerating voltage with 20
nA of beam current. The counting time was 40 s for Au and Pd. The primary standards used for calibration were Au and
Pd pure metals, provided by Astimex Ltd. To determine the actual Pd loading in the samples we processed microanalysis
data with the software Badger Film. [46]

2.3. GI-FEXRAYV experiment
2.3.1.XAS Experiment and Beamline

XAS experiments are usually performed by impinging X-Rays at an angle between 45° and 90° with respect to the
surface of the material we want to investigate. The 90° set-up is used when the absorber in the sample is concentrated
(high interaction volume), and we are able to acquire the transmission signal.

The 45° geometry is used to acquire the fluorescence signal with a detector placed at 90° with respect to the beam
direction. This is typically useful when the absorber is diluted or simply when the sample is too thick to allow the passage
of the beam.

In the study of metal nanoparticles in a carbonaceous matrix, just like for the Pd/C catalyst used in our previous
experiments [24-26], we are going to obtain a XAS signal (in both fluorescence and transmission) strongly determined
by the electrochemically inert bulk of the metallic nanoparticles, to an extent higher the bigger the NPs dimensions are.
To overcome this limitation, we could in principle decrease the dimension of the particles, to the point in which all the
atoms of the single particles participate to the surface reactivity. Pushing this concept to the limit, we could imagine a



surface where the atoms constituting the catalyst layer are disposed forming one monolayer (ML) or less. This new
catalyst leads to new spectroscopic challenges. In order to maximize the electrocatalyst sampled volume (Figure 2) we
can adopt the Grazing Incidence X-ray Absorption Fine Structure (GIXAFS) experimental geometry, which exploits very
low incidence angles (< 0.5°).
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Figure 2 — Side (X-Y plane) section view of X-Ray/Thin layer sample interaction during a Grazing Incidence XAS
experiment. For thin layers, an increase in interaction volume can be obtained with the decrease in the incidence angle
between surface and beam

Here the GIXAFS data at the Pd K-edge (E = 24350 eV) were collected at the LISA beamline [47] operative at the
European Synchrotron Radiation Facility (ESRF) in Grenoble (France) on a dedicated experimental station [48] in the
course of two different experiments (MA-3431 and CH-6101) prior and after the ESRF Extremely Brilliant Source (EBS)
and BM-08 beam upgrades [49]. For the first experiment (MA-3431), samples were measured after the first part of the
BMO08 refurbishment [50] using a pair of flat Si (111) monochromator crystals. For both MA-3173 and MA-3431 a pair
of Pt-coated cylindrical mirrors (E cutoff ~ 40 keV) was used for harmonic rejection and for the vertical focus on the
sample (beam size ~2000 (H) um x 150 (V) um). Experiment CH-6101 was performed after the ESRF upgrade to EBS;
samples were measured with the complete BMO8 setup [50], using a pair of flat Si (311) monochromator crystals and Pt
coated toroidal focusing mirrors (Ecutoff =~ 40 KeV), beam size was ~150 (H) pm x 150 (V) pum.

The incident and reflected beams have been collected by two ion chambers, and a preliminary spectrum without the
sample was used to scale the reflected intensity to absolute reflectivity values. A Ge multielement detector, placed on the
side of the cell, at 90° with respect to the X-ray optical pathway, was used to collect the fluorescence signal. For each
sample, the angles were selected for the GIXAFS data collection, in order to maintain them higher in respect to the critical
angle for total reflection (incident beam angle < 0.5°). In fact, due to a slightly uneven distribution of the deposit on the
glass slide caused by the sputterer geometry, we were not able to work in total reflection mode (reflEXAFS). [51,52]

2.3.2.The Electrochemical Cell

The cell used for the experiment was designed to enable the particular experimental conditions required during
simultaneous electrochemistry and XAS on thin film. It was machined out from a bar of polymethyl methacrylate
(PMMA) at the INFN workshop of Sesto Fiorentino (Florence).

The following constructive criteria were considered during cell design:

a) the catalytical surface had to be placed face up on the bottom of the electrochemical cell;

b) an extended electrode surface had to be exposed inside the solution, in order to permit the lower possible angle for

the grazing incidence measurements, and to sample a bigger number of Pd atoms;

c) cell walls towards fluorescence detector had to be as thin as possible to minimize X-ray dampening;

d) an electrical contact has to be maintained between the outer and the inner part of the EC-cell without the introduction

of electrochemically unstable metals in contact with the solution;

e) the un-irradiated conductive film area has to be minimized, in order to decrease current during cyclic voltammetries,

and thus preventing potentiostat current saturation;

f) no electrode has to be on the optical beam pathway.



In order to overcome all these issues, we adopted the design visible in Figure 3.
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Figure 3 — Electrochemical Cell schematics: a) The rendering of the assembled cell, together with its photo, b) an exploded view of
the cell, depicting its different elements

In this configuration, the Electrochemical Cell is created between the sample surface (bottom) and the cell head (which
is a reversed basin). The sealing of the cell towards electrolyte spilling is granted by the high level of flatness of both the
sample surface and the machined bottom side of the cell head. The head tank is designed to hold approximately 10 cm3
of the electrolytic solution. The chosen geometry permitted the use of the GIXAS technique enabling the acquisition
geometry visible in Figure 4-a. Following design criteria a), b) and c) an extended portion of the sample surface was
placed in contact with the solution along the X-axis, and a wall thinning on the detector side permits to minimize the
dampening of the output fluorescence intensity (Figure 4). In agreement with criterion d), the electrical contact with the
potentiostat was granted by the continuous Au film which extends in the back of the cell (Figure 4, X-Y Section).
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Figure 4 — Various Cell views depicting its working principle

3. RESULTS AND DISCUSSION
3.1. Polycrystalline isoriented Au (111) substrate characterization

The substrates were prepared in different batches exploiting three different heat treatment methods, A pool of un-
annealed samples was used for comparison. The labelling of the samples, together with their description can be found in
Table 1.

Label Sample
a) Un-annealed
b) Flame-annealed
C) Oven-annealed 3h
d) Oven-annealed 6h

Table 1 — Label/Type correlation for the heat-treated samples

After the different heat treatments, no naked-eye change was noticeable among the samples. A SEM characterization
was performed to assess variations at the micro-to-nano level in the surface morphology (Figure 5), showing a strong
influence of the preparation method on the surfaces in the small scale. Un-annealed samples (Figure 5-a) showed a bumpy
structure, typical of a fast 3D grain growth, while the flame-annealing (Figure 5-b) lead to smoother surfaces,
contemporary highlighting the trenches between the deposit islands (as seen in the untreated samples). For the Oven-
annealed samples (Figure 5-c and -d), further increase in substrate homogeneity with the increase in process time (from
3 to 6 hours) was noticeable, with the loss of the gaps, and a strong smoothening of the surfaces. An interesting fact to
notice was the average increase on the voids (holes), which arise again for the 6 hours Oven-annealed samples with
respect to the 3 hours Oven-annealed samples. Concluding, SEM showed a progressive smoothing of the gold surface
which followed the trend Un-annealed < Flame-annealed < Oven-annealed 3h < Oven-annealed 6h.



Figure 5 — SEM of the sample surfaces after: a) un-annealed, b) Flame-annealing, c) Oven-annealing for 3 hours and d) Oven-
annealing for 6 hours.

To further quantify the degree of smoothness of the surfaces, AFM characterization (Figure S1) was used to extract
sample roughness. The trend seen during SEM characterization was confirmed from the data acquired from the rasterings,
as visible in Table 2.

a) b) c) d)
R.[nm] | 3.7%05 29+0.2 26+0.7 24+03
Rq[nm] | 4.9%03 36+03 331 3.0+04
R: [nm] 30+2 20+ 2 22+8 17+1
Run [NM] 23+2 16+2 15+4 127+06

Table 2 — Roughness parameters for the samples: a) Un-annealed, b) Flame-annealed, c) Oven-annealed 3 hours and d) Oven-
annealed 6 hours, where Ra is the arithmetic average height, Rq the root mean square roughness, Rt the maximum height of the
profile and Rim the mean of maximum peak-to-valley height

Finally, to assess the degree of atomic order of the Au surfaces, we tested the different batches of annealed and un-
annealed samples towards the copper UPD. It is known that polycrystalline gold surfaces, when subjected to temperatures
above 500°C, tend to rearrange following a herringbone pattern, iso-orienting each single grain surface by the Au (111)
structure [39,53]. This gold property is particularly important, as it permits to create ordered structures, which can be used
effectively for surface limited electrochemical reactions. Amidst them, the Under Potential Deposition (UPD)
phenomenon can be effectively achieved [54-56]. Among the different UPDs that can be used, Copper shows two
different deposition peaks, related to two different Cu coverages on the surface: The 0.6 monolayer (ML) coverage starting
at 0.25 V, and a 1 ML coverage occurring at 0.10 V vs. Ag/AgCI/KCI sat. (Equivalent respectively to approx. 0.35 V
approximately [57,58]. Being part of the UPD + SLRR process, Copper deposition is also a good benchmark of the order
reached by surface Au atoms after the gold heat treatments. In Figure 6 the cyclic voltammetries produced using the gold
surface as working electrodes at a scan speed of 50 mV/s are reported. An important change in the peaks definition was
visible between the un-annealed samples CVs (black) and the heat-treated ones, both for the flame-annealed and the oven-
annealed, whit a good resemblance between Flame-Annealed and 6h Oven Annealed CVs, the traces of which almost
overlap in the Cu UPD potential region (around 0.00 V vs Ag/AgCI/KCl sat. ).

Surprisingly, our gold surfaces showed only a small broadening of the cathodic UPD peaks related to the deposition of
0.6 ML and 1.0 ML of copper on surface.
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Figure 6 — Cyclic voltammetries of the electrodes in a H2SO4 0.1M + CuSO4 1 mM solution showing the typical UPD peaks

3.2. Characterization of the Pd-Au electrodes at different loading for GI-FEXRAYV tests

Once deposited on the polycrystalline Au electrode, the palladium layers, prepared following the procedures described
in 2.2., were characterized both electrochemically, and by the use of EPMA, in order to assess the coverage and the
distribution of the film. The electrochemical characterization was performed using the Au-Pd surfaces as working
electrodes inside the GI-FEXRAV cell, in an NaOH 1M + EtOH 1M electrolyte, in order to track and compare the typical
Gold and Palladium voltammetric curves toward ethanol electro-oxidation. Results reported in Figure 7 showed an
interestingly precise trend among the samples. For the bare gold substrate (Figure 7-a), the typical Ethanol oxidation
peaks on Au (Au forward or Aus = 1.22 V vs. RHE and Au backward or Aup = 1.05 V vs. RHE) [59] were clearly visible
for both the scan directions, with a peak current on the forward scan of about 14 mA/cm2. For the surface-controlled Pd
sub-mono layer deposition on Au (Figure 7-b), the two series of peaks coming from the oxidation of EtOH on Palladium
(Pd forward or Pds = 0.81 V vs. RHE and Pd backward or Pd, = 0.67 V vs. RHE)[59,60] and on Gold were clearly
separated and visible, demonstrating the presence of two distinct surfaces acting differently in contact with the electrolytic
solution, and thus no alloying or synergistic effect. Same double-surface behavior was visible for the electrode produced
by direct electrodeposition of Pd (Figure 7-c). This time, the decrease in the Au peak currents was in line with an increase
of Pd coverage, which in turn seemed to be less active in respect to the surface-limited deposit. We reached complete Pd
coverage only for the Pd PVD deposition (Figure 7-d), where it was possible to notice the disappearance of the typical
Au peaks.
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Figure 7 — Comparison between Electrochemical responses in NaOH 1M + EtOH 1M from the different Pd-Au electrodes, scan
speed 50 mV/sec

Interestingly, the uncompleted coverage Pd deposit (UPD + SLRR) showed doubled max current densities in respect
to the direct electrodeposition and to the PVD deposition, suggesting a far bigger electroactive area of the former with a
lower metal loading in respect to the latter two cases with higher Pd content. The UPD+SLRR < Direct ED < PVD loading
trend was confirmed also by EPMA characterization, used to deduce an average Pd loading of the surfaces. Specifically,
a loading of 2.2 pg/cm? was extrapolated for the ultra-low Pd loading (UPD+SLRR), while for the Direct Pd
Electrodeposition and for the PVD electrodeposition processes, values of 5.6 pg/cm? and 8.4 pg/cm? were obtained
respectively. EPMA was used instead of XRF [61-63] because of the lower degree of permeation of electrons in the bulk
of the material in respect to x-rays, and consequently the higher sensitivity in respect to surface composition.

3.3. XAS experiment

GI-FEXRAV technique was tested on the three different Palladium-loaded Au electrodes. The use of different loadings
of Pd on the Au base electrodes gave us a chance to better describe the method and its present-stage limitations. The
sample prepared by UPD+SLRR, due to its ultra-low Pd loading, was useful to test the lower detecting capability of the
technique; as reported in paragraph 3.2, EPMA found the smallest Palladium loading on this Au surface. The second
sample, where the direct deposition of Pd took place, contained an intermediate loading of Pd. The third sample, the thick
PVD Palladium deposit, was equivalent to a low surface to volume particle dispersion, where only a small fraction of Pd
atoms (approx. 5%) participated to the surface reactivity. The samples were not tested towards GI-FEXRAV
consequentially. The Intermediate Pd loading sample was examined on the BM-08 beamline prior to ESRF-EBS upgrade,
while the Low and High loading samples were examined on the same line after the accelerator refurbishment. At the
present stage, we were able to study Pd to PdO transition using effectively the GI-FEXRAV technique on the intermediate
loading sample only, by following its oxidation back and forth, just like we performed before using powdered Pd/C
catalysts [25]. An unsuccessful attempt on the low loading sample was made during the first experiment (MA-3431) in
order to acquire the in-situ spectra (sub-monolayer). The same in-situ spectra were easily obtainable after ESRF-EBS
upgrade, during EXP CH-6101. Sadly, during this second turn, we had not enough time in order to perfect the beamline
set-up for a GI-FEXRAV data collection of the low Pd loading.

3.3.1. Ultra-low loadings of Pd on Au from electrochemical UPD+SLRR
We probed the Pd on the UPD + SLRR sample using Grazing Incidence XAS, ex-situ, in-situ and in-operando. The



ex-situ acquisition was first performed to acquire the initial situation of the Pd ultra-thin film. The acquired fluorescence
spectra (Figure 8) was compared with Pd and a PdO standard spectra using a linear combination fit technique, in order to
esteem the initial ratio between the two species, representing the absolute majority of the species present on the surface
in standard conditions. [24] The films resulted consisting by almost 2/3 of metallic Pd (63%), and by 1/3 of PdO (37%).
We tested the same electrode during an operando XAS, by assembling the EC cell in NaOH 2M and acquiring XANES
spectra after static potential tests (30 minutes hold) at increasingly higher potentials (0.05 V, 0.50 VV and 1.00 V vs. RHE).
We were still able to acquire the edge jump of the Pd (Figure 9) and, despite the noisy nature of these spectra, to notice
the increase in intensity of the PdO peak (at about 24370 eV) from the 0.05 V vs. RHE potential step to the 0.50 V vs.
RHE. No particular change in the near edge fingerprint was noticed between 0.50 V vs. RHE and 1.00 V vs. RHE. Here,
despite the increase in the PdO-related peak, we were still able to see the peak just before 24400 eV, related to the presence
of metallic Pd on the surface. This initial evidence, together with the results obtained from the electrochemistry (Figure
7) suggested the presence of portions of sample with un-oxidized palladium, and hence the formation of 3D islands of Pd
atoms during the SLRR, instead of a flat homogeneous sub-monolayer. We finally tested the system in-operando, using
the GI-FEXRAV technique during our last experiment (EXP CH-6101), by fixing the beam energy at 24370 eV and by
performing voltammetries with a scan speed of 1 mV/sec. We were not able to dedicate sufficient time for the optimization
of the acquisition parameters (like the integration time for the fluorescence signal, which was approx. 1 second, in line
with the voltammetric scan speed, much lower in respect to the one used for direct electrodeposition which was
approximately 2 seconds), ultimately not being able to acquire a discrete fixed energy absorption signal variation above
the detector noise in the timespan of the experiment.

9
o]
<
=]
2 -
N
©
£
=
[]
z
---------- Pd Standard
. — = PdO Standard
—— Ultra-low Pd loading on Au
v T y T T T T T v T T 1
24250 24300 24350 24400 24450 24500 24550

Energy [eV]

Figure 8 — Ex-Situ XANES of the Ultra-thin layer of Pd from UPD+SLRR
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3.3.2.Direct Pd Electrodeposition

For the electrodeposited Palladium films loading, we tested directly the GI-FEXRAYV technique using a beam energy
of 24370 eV and by performing voltammetries with a scan speed of 0.5 mV/sec, from 0.20 V to 1.20 V vs RHE, and an
integration time for the fluorescent signal of 2 seconds. With this set-up, we managed to acquire variations of the
absorption signal with the potential, as visible in Figure 10 , with a well-defined voltammetry, which mimicked the one
of the oxidation of a bulk palladium polycrystalline surface.
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Figure 10 — 2" GI-FEXRAYV scan on the surface of the directly electrodeposited Pd (Vscan 0.5 mV/s)

Moreover, by analysing the trend of the absorption signal with the voltametric scan progression (Figure 11) we were
able to notice the same decrease in the overall signal which was visible for the Pd/C system in our previous experiments



in the bare alkaline electrolyte. [24,64,65]
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Figure 11 — An image reporting all the GI-FEXRAV cycles, showing the overall decrease in the fluorescence absorption signal due

to Pd dissolution at the electrode.

3.3.3.PVD Pd deposition

A third series of XAS acquisitions was performed on the PVD-deposited Palladium thin layers. Tests were similar to
the in-situ performed on the previous ultra-low loaded Pd sample, in which we acquired the XANES spectra of the surface
after 30 minutes at increasingly higher potential. This time we tested an additional step in potential between 0.50 V and
1.00 V, forcing the electrode under oxidative stress for a longer overall time interval. Then, after the 1.00 V step, we
acquired a spectrum after 30 minutes at Open Circuit Potential, and another one after half an hour at 0.05 V.

By first analysis, spectra from all the potential steps seemed similar, with a fingerprint typical of metallic Pd (Figure
12-a). A small coherent change in composition was noticeable only after the linear combination fit, using Pd and PdO
standards as extremes for the fitting. From this elaboration, a small decrease in the amount of metallic Pd was noticeable
from the 0.05 V scan (approx. 67.5%) to the 1.00 V scan (62%). Obviously, the Pd(Il) followed the opposite trend, from
32.5% of the 0.05 V scan to the 38% of the 1.00 V scan. Interestingly, OCP after the 1.00V lead to no change of the
Pd(0)/Pd(Il) ratio, while the subsequent step at 0.05V moved the speciation to values similar to the initial ones (1). This
trend suggested the growth of a homogeneous and thick PdO from the surface of the bulk catalytical deposit, as a
consequence of the increase of the WE applied potential. The reaction seemed almost reversible with the backward
conversion of Pd(ll) to Pd(0) to the initial ratios (1) when the potential was switched back from 1.00 V to 0.05 V. The
overall oxide thickness remained however much smaller in respect to the metallic palladium width, not allowing the
adoption of the GI-FEXRAYV technique for this system.



Ta)

_* // VA

— (1) 0.05 V vs. RHE
——(2) 0.50 V vs. RHE

(3) 0.75 V vs. RHE
——(4)1.00 V vs. RHE
—(5)0CP

(6) 0.05 V Return vs. RHE

‘ ‘ T i \ ‘ T i \ ‘ |
24250 24300 24350 24400 24450 24500 24550

Energy [eV]
70
1 b) e N

65— §  CICresorovmemmr I

W 1 e B eeneanss i e u

.E.GO B =

=% e _

%50_ = Pd(0) nf

3 45 =¥ Pd(ll) %

240 - By S v
35 E— AT L e
30 M y

T T T T
(1)0.05V (2)050V (3)0.75V (4)1.00V (5)0CP (6)0.05VR

—= Subsequent Potential Steps —

Figure 12 — XAS experiment on the PVD deposited sample: a) XANES spectra in grazing incidence at different potential steps and b)
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4. CONCLUSION

In this article, we present a robust, cheap and versatile procedure to produce wide, structurally oriented and cheap Au
electrodes that can be used as base platforms for fundamental studies in electrocatalysis. These electrodes were used to
grow ultra-thin Pd model surfaces, which mimicked the electrochemical behavior of polycrystalline Palladium for the
Ethanol Oxidation Reaction. Specifically, these deposits were growth on the Au surfaces exploiting three different
methods: 1) Surface Limited Electrodeposition (lower loadings composed by sub-monolayered Pd), 2) Direct
Electrodeposition and 3) PVD Pd deposition (thick deposit). This particular electrode design was guided by the will to
use the electrocatalytical surfaces for operando grazing incidence XAS, which is also presented in the article. Particularly,
a new experimental design was developed (Grazing Incidence FEXRAV, or GI-FEXRAV) and used to follow the
Palladium surfaces evolution during electrochemical stimulus in alkaline electrolyte. Until now, we were able to follow
the speciation of Pd using GI-FEXRAYV for a thin Pd film obtained by direct electrodeposition, where the amount of Pd
was still low enough not to cover the whole gold electrodic surface. We explored the capability of the XAS technique
also for thicker palladium films prepared using PVD methods. Here we were not able to use GI-FEXRAYV due to the
intrinsically low surface-to-volume ratio of the deposits, with the bulk absorption signal overshadowing the signal of the
surface atoms, the ones participating to the red/ox reaction. Finally, the test performed on the sub-monolayered Palladium
deposit, produced by surface-limited deposition, permitted us to detect chemical transformations of Pd in-situ. Still, we
were not able to optimize the acquisition for the Grazing Incidence XAS during the last experiment, which will surely be
done in the next experimental runs. In conclusion, the GI-FEXRAV has been used successfully to characterize in-
operando and in-situ Pd(0)/Pd(1l) ultra-low loading systems, with results in line with the ones seen during our previous
experiments on Pd/C powdery electrocatalysts, but with a more precise electrochemical response, and a much lower
palladium loading. GI-FEXRAYV application, together with the use of the presented wide, cheap and robust electroactive
Au surfaces, could possibly represent an important tool for future electrocatalyst study and understanding. Future work
by our group will be aimed to improve the efficacy of the GI-FEXRAV technique with the latest, more performing
beamline set-up. The improvement in beamline control will surely enable us for the characterization of very low amount
of metal, like the ones present on the sub-monolayer substrates.
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