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Abstract: Modern catalysts are complex systems whose performance depends both on space and
time domains and, most importantly, on the operational environment. As a direct consequence,
understanding their functionalities requires sophisticated techniques and tools for measurement and
simulation, addressing the proper spatial and temporal scale and being capable of mimicking the
working conditions of every single component, such as catalyst supports, electrodes, electrolytes, as
well as of the entire assembly, e.g., in the case of fuel cells or batteries. Scanning photoelectron spectro-
microscopy (SPEM) is one of the approaches that allow combining X-ray photoelectron spectroscopy
with sub-micron spatial resolution; in particular, the SPEM hosted at the ESCA Microscopy beamline
at Elettra has been upgraded to conduct in situ and operando experiments. Three different case
studies are presented to illustrate the capabilities of the SPEM in the investigation of catalytic materials
in different conditions and processes.
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1. Introduction

Materials for catalysis are a key component in the chemical industry, oil, fuel, and
energy production chains, and new energy harvesting technologies, to name only the
most important fields. Research is continuously looking for new materials with improved
and tailored performance and strives to satisfy the continuously tightened environmental
regulations. Modern catalysts are complex systems whose performances depend on both
space and time domains and, most importantly, on the operational environment [1,2]. As a
direct consequence, a deep understanding of their functionalities necessitates sophisticated
techniques and tools for measurement and simulation capable of providing information at
the proper spatial and temporal scale and capable of mimicking the working conditions
of systems and their components, such as the catalyst supports, electrodes, electrolytes,
as well as of the entire assembly such as in the case of fuel cells or batteries. To satisfy
this statement, the complementary capabilities of synchrotron-based microscopy methods
in terms of imaging, spectroscopy, spatial resolution, and variable probing depths have
opened unique and wide opportunities to explore the structure and chemical composition
of morphologically complex catalytic systems at proper length and time scales and correlate
them to the fabrication or operating conditions [3-6].

Most of the processes involved in heterogeneous catalysis occur at the catalyst surface,
chemically and surface-sensitive techniques are thus highly required for their investiga-
tion [7]; among them, X-ray photoelectron spectroscopy (XPS) has been widely used to
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characterize catalytic systems with its probing depth limited to the few topmost atomic
layers of the probed surfaces. XPS provides information on the elemental and chemical
composition of surfaces and, to some extent, interfaces even in the case of complex ma-
terials where, for instance, functional groups or adsorbates are present and may interact
with sub-surface layers modifying the local chemical and electronic environment. Despite
XPS having been developed as a purely spectroscopic technique, it became clear about
40 years ago that the possibility of spatially resolved measurements is fundamental to
overcoming the materials gap, which is ubiquitous in materials development; the scanning
photoelectron microscope (SPEM) is one of the approaches that allowed combining XPS
with sub-micron spatial resolution [8].

The first SPEM microscopes were developed in the 1990s exploiting the features of
the revolutionary 3rd generation synchrotron light sources built in Grenoble (ESRF) and
Berkely (ALS) and later in many other countries and the improved lithographic processes
for the production of Fresnel lenses such as zone plates (ZP) [9]. The ZP-based SPEM
design, suitable in particular for core-level imaging and spectroscopy, implemented in the
first end stations immediately showed the capability of such instruments to achieve sub-
micrometer spatial resolutions while keeping a good energy resolution mandatory for XPS
spectroscopy. Over the decades, other focusing systems based on mirrors or refractive lenses
have been designed and implemented in other SPEMs to allow spatially resolved angular
photoemission (ARPES), low photon energy science, and other technical approaches. The
installation and diffusion of X-ray photoelectron emission microscopes (PEEMs) [10], a full-
field spectro-microscopy approach for spatially resolved XPS, in synchrotron laboratory as
an alternative approach particularly suitable for dynamic studies, pushed SPEM technology
to improve the lateral resolution which is intrinsically better in XPEEMs. Modern SPEMs
are characterized by sub-100 nm spatial resolutions allowing a large variety of materials
characterization while current PEEMs may achieve spatial resolutions of 20-30 nm or even
better. Assuming the X-ray spot generated by a ZP has a Gaussian line shape, one of the best
parameters to characterize the spatial resolution is to compare the full-width half maximum
(FWHM) of the focused X-ray spot. The best documented SPEM X-ray spot FWHM has
been obtained at Spring8 providing a FWHM of 70 nm [11]. The energy resolution is the
other fundamental parameter to be considered for XPS measurements; it strongly depends
on the X-ray monochromaticity, sample temperature, the characteristics of the electron
analyzer, etc.; current SPEMs designed for core level analysis in the soft X-ray range, like
the one at the ESCA Microscopy beamline at Elettra, can operate at <200 meV overall
energy resolution while those specializing in low energy ARPES can do it at tens of mV or
lower [12].

Depending on the desired features, modern SPEMs may use other focusing elements
such as mirrors or refractive lenses, the performance of which is continuously improving,.

To fulfill the increasing demand for in situ and operando sample environments, mod-
ern SPEMs exploit some of their distinctive flexibilities if compared to PEEMs, such as the
independence of spatial resolution from sample morphology, the adaptability to complex
sample setups, and many others. One of the most important recent improvements in
SPEM design is the possibility to operate SPEMs at near ambient pressures. Following the
development of XPS spectroscopes capable of analyzing samples at pressures as high as
tens or hundreds of mbar, which occurred at the beginning of this century, only a few years
ago the first SPEM microscope able to operate at pressures up to 1 mbar was opened to the
users” communities [13].

The SPEM hosted at the ESCA Microscopy beamline at Elettra, in particular, was
designed in 1980 and started its service to the user community in 1984; since then, it has
been upgraded several times, increasing its capacity to conduct in situ and operando ex-
periments, which are also essential for the investigation of catalytic processes, especially
when applied to complex systems such as batteries, capacitors, or fuel cells. Understanding
surface-interfacial systems requires, in fact, essential knowledge of details such as the
atomic arrangements, compositional and chemical profiles, and, more importantly, their
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response to external stimuli such as temperature, electric and magnetic fields, or light
and gas exposure. In the modern scientific debate, all these external conditions are con-
densed in the so-called “sample environment”. Modern SPEMs can provide customizable
sample environments and very few limitations in sample geometry and surface morphol-
ogy while keeping imaging and nano-spot spectroscopy at adequate energy and lateral
resolutions [14,15].

This manuscript will focus on illustrating the capabilities of the SPEM at Elettra in the
investigation of catalytic materials in different conditions and processes; a first example
will report on oxygen reduction reactions (ORR) on electrochemical cells to study the
electrochemical properties of graphene. In the second example, the size and support effects
of catalytically active metal particles will be addressed by correlative application of two
microscopy techniques; Rh particles on different substrates have been used to study the
inactive and active states in the Hy oxidation reaction. In the last contribution, an example
of correlative microscopy for nanoscale exploration of structure—function relationships in
catalytic materials is presented.

2. Materials and Methods

The SPEM hosted at the ESCA Microscopy beamline at the Elettra synchrotron light
source uses a direct approach to add the spatial resolution to photoemission and to chem-
ically characterize surfaces at the submicron scale, i.e., the uses a small, focused X-ray
photon probe to illuminate the sample. Samples can be raster scanned with respect to the
microprobe to generate chemical maps of specific elements or to acquire XPS spectra from
specific points [16,17].

To produce a sub-micrometric beam spot, the incoming X-ray beam is focused by
means of a lithographically made Fresnel Zone Plates (ZP) [18]. In the SPEM, only the
first diffraction order is selected and the higher ones are blocked by an additional pinhole,
the Order Selecting Aperture (OSA), while the straight radiation passing through the ZP
(the zeroth order), is stopped by a metallic X-ray absorbing layer lithographically grown
on the ZP center (central stopper). With a typical optical set-up, 200-250 pm diameter,
50-100 nm outermost ring, 80 um central stopper ZP, 75 um wide OSA, and photon energy
in the 400-1200 eV range, a photon beam down to a spot of 130-180 nm diameter and
5-15 mm focal length can be achieved [16,17]. Both the spot dimension and focal length
are a function of the photon energy.

Samples are placed in the focal point of the optics, and then raster scanned in the plane
normal to the beam by two sets of motors: (i) stepper motors for large millimeter-wide
movements and a minimum step of 1 um, and (ii) a piezoelectric stage with a 100 x 100 pm
scanning range, and a minimum step movement of 5 nm for high spatial resolution imaging
of samples.

Due to the short focal length, the Hemispheric Electron Analyzer (HEA), used to
detect the photoelectrons, has to be placed at 30° with respect to the sample surface. This
configuration strongly enhances the surface sensitivity of the instrument. The HEA equips
a delay line electron detector that is binned to 48 channels [19].

The SPEM can be operated in two modes: (i) imaging spectro-microscopy and (ii) micro-
spot spectroscopy. In the imaging mode, the spatial distribution of the elements, or their
chemical states, is recorded by collecting photoelectrons within a selected kinetic energy
window while scanning the specimen with respect to the microprobe, creating so-called
chemical maps with a submicron spatial resolution. In micro-spot mode, the setup is
identical to a conventional XPS system, but spectra are measured from selected submicron
spots on the sample. The overall energy resolution is better than 200 meV [16,17].

3. Results
3.1. Oxygen-Containing Functional Groups on Carbon Electrodes and ORR Processes

The oxygen reduction reaction (ORR) is a key process that governs the operation of
fuel cells [20] and metal/air batteries, which grants, to date, the highest specific energy
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among energy storage devices [21-23]. It is known that ORR proceeds on carbon surfaces
in the absence of a catalyst, with electrochemical activity being determined by microstruc-
ture, composition, and defects on carbon surfaces [24]. The idea that various graphene
imperfections (vacancies, impurity atoms, and corresponding functional groups) may
catalyze ORR has been under broad discussion during the last decades [25-29]. Among
different imperfections, oxygen-containing functional groups are of interest since they are
unavoidably present on the surface of carbon materials [30-33]. Oxygen functional groups,
almost unavoidably existing on the graphene surface, can serve as adsorption sites for ORR
intermediates. Moreover, some oxygen-containing functionalities provide an increase in the
density of electronic states (DOS) near the Fermi level (FL). Both factors are positive towards
the electron transfer rate. The negative factor is that any oxygen-containing groups induce
bandgap opening. Its width depends on oxygen content; ultimately, oxygenation results in
a fully insulating material. Therefore, oxygen concentration should be optimized [34,35].

To explore the influence of O-groups on the aprotic ORR, we used a model carbon
electrode—graphene. Aprotic ORR is now under particular interest due to the development
of aprotic metal-air batteries. We used a model electrochemical cell [36]. To uncover the
role of oxygen groups in aprotic ORR, model carbon electrodes possessing a certain number
of functional groups and other defects are required. Moreover, the flat morphology of
graphene is convenient for model electrochemical research. The type and composition
of defects arising after oxygenation were studied by XPS. The spectral observations were
performed in operando conditions during the discharge of an electrochemical cell, with a
solid electrolyte being used for this purpose [36].

In our experiments, we used commercial graphene. It presents large-scale graphene
on copper foil, possessing typically seldom bilayer islands randomly distributed over the
surface; the corresponding mean density is about 3-10° cm~2 in our case. The graphene
was transferred onto the solid electrolyte. First, scanning X-ray photoemission microscopy
revealed that atomic oxygen induces graphene oxidation. This oxidation is not uniform.
We observed the formation of certain structures. In detail, relatively mobile epoxy groups
uniformly cover single-layer graphene, but their concentration is essentially lower for
bilayer islands [37]. Carbonyl and lactones are located exclusively at the centers of the
islands. Such oxidation behavior can be understood from the fact that the centers of the
bilayer islands are rather defective and undergo faster and deeper oxygen attacks. Spatially
resolved data are collected in Figure 1. As it follows from the C 1s spectrum in Figure 1a,
at the beginning epoxy groups are present solely at the surface of oxidized graphene on
Cu foil. Both maps C 1s and O 1s in Figure 1 demonstrate a uniform distribution of epoxy
groups in areas of single-layer graphene. This correlates with Raman maps in Figure Im,n.
The strongly increased D-mode is related to oxidation and revealed both for the initially
defect-free single-layer regions and the initially very defective centers of bilayer regions (see
the spectra in Figure 10). Correspondingly, in the O 1s map in Figure 1f, elemental contrast
arises, which pinpoints less intensive oxidation of bilayer regions and a minor D-mode.
The fact that bilayer regions possess lower reactivity was discussed earlier and explained
by the higher stability of bilayer graphene, etc. We highlight the decisive role of substrate
with respect to epoxy group stability in graphene. After a certain exposure, elemental maps
exhibit stronger contrast due to the non-uniform distribution of oxygen-containing species.
The O 1s maps in Figure 1f-h show three different intensity levels. Bright 1 um spots are
randomly positioned in the large medium-intensity areas, which are composed of single-
layer graphene. It is uniformly covered by epoxy groups. These high-intensity areas reveal
that the centers of bi-layer areas are the most oxidized regions. They comprise solely one
layer and should be quite defective. Inverted contrast is naturally revealed in the C 1s maps
in Figure 1j-1. Moreover, the distribution of oxygen-containing carbon species directly
corresponds to the maps of oxygen intensity distribution. In contrast to the previously
reported thermal oxidation of Cu-supported graphene, when copper is oxidizing in the
areas near defected places of graphene, we found exclusive oxidation of graphene rather
than copper underneath, which remains intact according to Cu 3p spectra. We suppose
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that although epoxy species are uniformly distributed, carbonyl and lactone species are
positioned preferentially in the centers of bilayer islands. This assumption is in line with
Raman maps and spectra in Figure Im—o. The G/D intensity ratio for the centers of bilayer
islands is similar for single-layer graphene, however, the nature of defects is different.
Spectral peaks for centers are essentially broader due to the high defect concentration in
the original graphene.
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Figure 1. Evolution of the surface composition upon atomic oxygen treatment of graphene on Cu
foil: C 1s spectra (a—d), O Is (e-h), and C Is (i-1) maps. Typical Raman 2D/G band intensity ratio (in
red/blue) and D (in yellow/mustard) width (m) and G/D map (n) of the sample oxidized for 7.5 min
and representative Raman spectra for single layer areas, two-layer regions, and their central parts (o).
Variation of the relative intensity of the C Is spectral features (p). The scale bar corresponds to 5 pm
for all maps [37]. Reprinted with permission from [37]. Copyright 2017 American Chemical Society.

In aprotic media, oxygen is reduced through a one-electron reaction [38]:
Oy +e =07, kq (1)

Modern interest is related to aprotic ORR in the presence of metal ions with respect to
different aprotic metal-oxygen batteries (Li, Na, Mg, etc.). In this case, the ORR products
are typically metal superoxides, peroxides, or oxides, due to the strong coupling of the
metal ion with superoxide species. Peroxides can be formed for Li-O, cells as a result of
second electron transfer:

Oy, +e +2Li" = Li,O,, ko (2)

and due to superoxide disproportionation as well.
Moreover, graphene degradation under the attack of LiO, is observed

3/20,” +C=C0O5%"~ kdeg (3)

We have measured k; electrochemically and found that the k; value for graphene
shows no obvious trend upon the oxidation degree [23]. In contrast to our expectations,
there is no noticeable catalytic effect of oxygen groups (epoxy, carbonyl, and lactone
groups) for one-electron ORR in aprotic media. We also evaluated the rate constants k, of
the reaction (2) and kgeg (3). At the same time, k; indeed depends on O-groups amount;
the corresponding rate constant increases for higher oxygen concentration to 16 at.%. At
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the same time, not only k; but also kge, depends on the oxidation degree. Therefore,
oxygen-containing groups promote carbon oxidation by LiO,.

To obtain further insight into the influence of oxygen-containing groups on the
graphene degradation by attack of superoxide species we have carried out model pho-
toemission experiments [23]. The direct spectral observations were performed using
operando XPS of the discharge. Here, we used a model Li-O; electrochemical cell with a
Li*-conductive solid electrolyte [36,39]. The cell is schematically presented in Figure 2c.
Bilayer graphene coverage was prepared by two sequential transfers to solid electrolyte
membranes. Graphene was oxidized by UV treatment in the O, atmosphere in this case.
The pristine graphene sample was transferred to the preparation chamber and cleaned by
degassing in UHV at 80 °C and heating at 190 °C. The cell was assembled in an Ar-filled
glove pack and moved in the analytical chamber of the spectrometer without air exposure.
The cell was discharged galvanostatically under 0.1 mbar of O, inside the near ambient
pressure XPS chamber. In the course of the experiment, C Is, O 1s, and Li 1s spectra were
acquired. The enhanced lithium and oxygen signals evidence the formation of discharge
products. In C 1s spectra, oxidation is revealed by the appearance of two additional com-
ponents. The component at 6.0-6.5 eV higher binding energy relative to the graphene is
due to carbonate. The second new component is shifted by 2-2.5 eV, which is slightly more
than expected for -COLi groups (0.9-1.2 eV). Therefore, we assign this component to the
ether-like group in organic (or semi-organic) carbonates -C-O-C(=0)O having a chemical
shift of 1.8-2.2 eV. The minor shift (ca. +0.5 eV) of binding energy for all components
can be referred to as the work function variation during discharge, or by the clustering of
oxygen-containing groups at the higher oxidation level.

We have compared the fraction of different spectral components in C 1s spectra related
to oxidized and pristine graphene electrodes at the same depth of discharge. The latter was
estimated from XP-spectra using the Li-to-C atomic ratio. The spectra reveal the higher
degradation rate for originally oxidized graphene since more carbonate and ether-like
species are formed in this case. It was also found that the fraction of carbonate and ether
components grow simultaneously, which may be an indication of the origin of both these
components as organic or semi-organic carbonate.

To study the possible impact of oxygen-containing groups on the distribution of the
discharge product, we have compared Li Is photoemission maps (normalized to the C 1s
signal) for the pristine and oxidized graphene at sequential discharge steps (Figure 2e,f).
Finally, we found no essential differences in the product distribution, if pristine or ox-
idized graphene is used as the electrode. In both cases, product growth is lateral with
the corresponding formation of a grid-like structure. This structure inherited neither the
pristine graphene features nor the domain distribution in graphene that has a larger av-
erage size (about several microns). This can be seen from the C Is and O 1s maps of
the pristine electrode.

Summing up, we discovered that oxygen-containing groups on graphene (epoxy,
carbonyl, and lactone) have no impact on the rate of one-electron ORR in aprotic media
in the absence of metal cations. This is evidently due to the fact that their introduction
practically does not vary DOS at the FL. At the same time, in Li*-containing electrolytes,
oxygen-containing groups on the graphene surface accelerate both second electron transfer
and carbon degradation.
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Figure 2. C Is core-level spectra at various stages of Li-O, cell discharge on (a) pristine and
(b) oxidized graphene; (c) Li-O; cell scheme; (d) evolution of C 1s components’ ratios upon discharge
for pristine and oxidized graphene; the evolution of photoemission maps of Li 1s intensity normalized
to C Is intensity from (e) graphene and (f) O-graphene electrode upon cell discharge [23]. Reprinted
from Carbon, Volume 176, Pages 632-641, Copyright 2021, with permission from Elsevier.

3.2. Size and Support Effects Examined by Correlative Microscopy on Catalytically Active
Metal Particles

If one had to name classical phenomena in heterogeneous catalysis, particle size and
support effects would be among the most frequent answers [40—42]. Originally, they have
been studied by ex situ methods (mostly by area-averaging spectroscopy and microscopy),
both for applied as well as model catalysts, but the focus was recently shifted toward
corresponding in situ studies [43,44]. Particularly, metal/oxide interfaces and undercoordi-
nated atoms at step edges exhibited the highest activity [45-48]. In the example described
below, the effect of different interfaces between Rh particles and support materials and
the size of the Rh particles on catalytic water production was examined by in situ cor-
relative microscopy. By imaging the same areas of the same catalyst with two different
microscopies under the same reaction conditions, complementary pieces of information
were provided in real time. Through spatially resolved evaluation of catalytic performance,
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surface structure, and surface composition, particle size effects and interface phenomena
were directly revealed.

On a planar Rh foil, catalytic water production had already been studied by combining
low energy electron microscopy (LEEM), UV, and X-ray photoemission electron microscopy
((UV and X)PEEM) or SPEM [49,50]. In addition to characterizing the high and low activity
steady states and bistability [51-53], this elucidated spatio-temporal phenomena, such as
mono- and multifrequential self-sustaining oscillations [54] or coexisting multi-states [55].
The resulting thorough understanding of the reaction mechanism then allows using catalytic
water formation as a test reaction to differentiate the high and low catalytic activity states,
as well as size and interface effects.

Correlative microscopy of catalytic water production can also be applied to differently
supported aggregates of Rh powder (“Rh black”, size of ~5-30 um) [56]. As a special twist,
such Rh aggregates were applied to Rh, Au, or ZrO, supports and combined in a single
sample (1 x 1 cm?), which was studied in situ by combining local chemical information
from SPEM and local reaction kinetics from PEEM. Unsupported Rh was mimicked by the
Rh/Rh system, where the aggregates exhibited the same surface morphology (i.e., curved
and stepped structure) as in the other supported systems. In an attempt to mimic an inert
support, Rh/Au was prepared, but turned out as a model system for an inactive metal layer
decorating active particles through surface alloying or site blocking [57]. Catalysts for water
gas shift are often Cu-based with an Au modification [58], while steam reforming catalysts
are often Ni-based with an Au or Cu modification [59], demonstrating the applications of
such systems. Finally, as a typical metal/oxide combination, Rh/ZrO, was selected as it is
active in Hy oxidation [53,60], CO and CO, hydrogenation [61], or steam reforming [62].
Such systems, i.e., various oxides (including ZrO;) supporting platinum group metals
or other late transition metals, are also well-known for metal surfaces partially or fully
decorated by oxide, i.e., strong metal /support interaction (SMSI) [63-68].

The experimental setup is illustrated in Figure 3. Catalytic water production was in
situ visualized by PEEM as it occurred simultaneously on the three parts comprising the
sample (Rh/Rh, Rh/Au, Rh/ZrO;). The same regions of the same catalyst were studied
under identical reaction conditions in situ by SPEM to yield chemical information with
spatial resolution to be combined with the local kinetics.

Catalytic water production was first studied on Rh/Rh by PEEM visualization of
the catalytically active and inactive states and kinetic transitions between them. For this
reaction, before reacting, both reactants have to adsorb on the catalyst, i.e., it follows the
Langmuir-Hinshelwood mechanism [51,69]. Atlow p(H)/p(Oz), where the experiments
always started, hydrogen adsorption was blocked by adsorbed oxygen and the sample
was in the catalytically inactive state. This state is shown in Figure 4a for the quasi-
unsupported Rh particles. While keeping p(O;) and T constant and increasing p(H,), at a
certain p(Hy) value, called T4, the sample turned catalytically active via a kinetic transition.
On Rh/Rh, H,4s fronts spread over the entire field of view after nucleating at the particle
perimeters [53] during such a kinetic transition as illustrated in Figure 4b. The system
exhibited catalytic activity after the kinetic transition (Figure 4c), with a nearly adsorbate-
free surface. A reverse kinetic transition, turning the sample catalytically inactive, took
place upon decreasing p(H;). The corresponding p(H;) value, called 7, differed from
Ta, as characteristic of a bistable reaction [51-53]. PEEM is an ideal tool for visualizing
these kinetic transitions as the PEEM image intensity is strongly governed by the surface
coverage. The catalytically active surface, nearly free of adsorbates, exhibited a bright
image contrast in PEEM due to its lower work function in comparison to adsorbate-covered
Rh. In turn, the catalytically inactive surface appeared much darker due to the higher work
function of the oxygen-covered surface. For comparison of Rh/Rh, Rh/Au, and Rh/ZrO,,
similarly sized Rh particles, having a diameter of ~20 um, were selected and the local PEEM
intensity was read out from the recorded video sequences.
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Figure 3. The correlative microscopy approach. (a) By illuminating the sample with UV light and
directing the photoemitted electrons onto a fluorescent screen, an image is formed in PEEM. The
catalytic activity, schematically displayed in the ball models, is indicated by the image brightness.
Kinetic phase diagrams can be obtained by evaluating the hysteresis curves resulting from analysis
of selected regions (ROIs) in the PEEM video sequences. (b) Elemental/chemical maps from nm to
mm scale and local X-ray photoelectron spectra (XPS) in SPEM result from analysis of the energy of
photoelectrons emitted while raster scanning the sample under a synchrotron X-ray beam. Repro-
duced from Ref. [56], published by American Chemical Society under a CC-BY-4.0 license. © 2023
The Authors.

Kinetic phase diagrams, constructed by evaluating a series of similar experiments
repeated at different temperatures, are shown in Figure 4d. For Rh/Rh, for example, a “big”
particle in the middle was analyzed as marked in Figure 4a. The shape of the kinetic phase
diagrams of Rh/Rh (black) and Rh/Au (red) is similar, but Rh/Au exhibits both, T4 and
T, at higher p(Hy). This seems unusual since no interaction between the Au support and
the Rh particles is expected and since (bulk) Au, due to no dissociative adsorption of the
reactants taking place [70], is catalytically inactive in catalytic water production.

The Tt and 1p values for Rh/ZrO, (blue diagram) are also at higher p(Hj) in com-
parison to Rh/Rh, but in addition, the sharp bend in the T4 line observed for Rh/Rh and
Rh/Auis not present. In previous work [53], the shift towards higher p(H;) was extensively
discussed. In close vicinity of the metal/oxide interface, oxygen binding is energetically
altered in comparison to the particle center. As the adsorption kinetics are governed by the
adsorption energetics, this results in a shift towards oxygen in the local hydrogen/oxygen
adsorption equilibrium, and thus higher p(Hy) is necessary for inducing a kinetic transition.
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The oxygen-induced surface restructuring, resulting in the sharply bent t4 line for Rh/Rh
and Rh/Au, appeared to be inhibited for Rh/ZrO, due to the metal/oxide interface.
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Figure 4. Particle size and support effects in catalytic water production on supported Rh parti-
cles. (a—c) In situ PEEM images of a kinetic transition from the catalytically inactive state to the
catalytically active state for quasi-unsupported Rh particles at T = 443 K, p(O,) = 2.2 x 10~° mbar,
p(H) = 4.2 x 107 mbar. Bright areas spreading from the boundaries of Rh particles correspond
to an active water-producing surface, while dark areas indicate a catalytically inactive Rh surface;
(d) kinetic phase diagram for temperatures from 433 K to 493 K for catalytic water production on “big”
(~20 um) Rh particles on Rh (black), Au (red) and ZrO, (blue) support while keeping p(O,) constant
at2.2 x 10~° mbar; (e) kinetic phase diagram similar to (d) but for “big” (black diagram) and “small”
(~5 um) quasi-unsupported Rh particles (grey diagram); (f) kinetic phase diagram as in (e) but for
“big” and “small” Rh particles supported by ZrO,; (g) chemical map obtained by SPEM at T = 453 K,
p(02) = 2.2 x 1076 mbar, p(H,) = 4.0 x 10~ mbar for catalytically active Rh particles supported
by ZrO,, displaying the atomic composition of O (red), Rh (orange) and Zr (blue). Areas that were
not imaged because of the setups’ geometry are indicated by white dashed lines; (h) chemical map
obtained by SPEM displaying Zr 3d data for the same area as in (g). In addition to bulk zirconia
(red), a Zr3* sub-oxide (green) and a Zr?* sub-oxide (blue) were present; (i) Zr 3d XPS spectra were
obtained at locations A to E marked in (g). The dashed lines indicate the energy windows employed
in producing map (h); (j) Rh 3d5,, XPS obtained at locations A to E marked in (g). Two components
arising from different oxygen-bound Rh species (green and red) were present as well as Rh surface
oxide (blue) and bulk Rh (orange). Adapted from Ref. [56], published by American Chemical Society
under a CC-BY-4.0 license. © 2023 The Authors.

In the PEEM field of view, several particles of different sizes were present in addition
to the “big” ones (Figure 4a—c). Due to the kinetic information conveyed in the in situ
PEEM recordings, and the experimental conditions being inherently identical for all particle
sizes due to the use of a microscopy technique, size effects could be directly addressed.
A comparison of kinetic phase diagrams for “big” and additional “small” (~5 pm) Rh
particles on Rh support is shown in Figure 4e. As expected, due to the lack of interface
effects for this system, the diagrams were identical within the expected experimental
accuracy. For Rh/Au, the same absence of size effects was observed. For Rh/ZrO,, there
was, however, a clear effect of the particle size: For the “small” particle, the g values
remained practically identical, while T4 values at significantly higher p(H;) were observed.
The metal/support interface was thus proven to determine the catalytic activity: For bigger
particles, the ratio between particle surface area and perimeter/interface length is lower
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in comparison to smaller particles, and thus stronger interface effects were observed for
smaller particles.

While particle size and interface effects could unambiguously be shown by PEEM,
detailed chemical information could not be provided. The SPEM hosted at the ESCA
Microscopy beamline of the Elettra synchrotron was therefore used to gather these missing
pieces of information and was operated with a photon energy of 720 eV. The unusual
behavior of Rh/Au in the PEEM experiments could be explained based on SPEM: Au
atoms were observed to migrate onto the Rh particle. As they were highly likely to be
located at step edges of the Rh surfaces, as previously observed on various platinum group
metals [57,71], crucial sites for dissociative adsorption of hydrogen on Rh were blocked [72].
Switching to the catalytically active state thus required higher p(H;) to compensate for
the lower activity of step edges resulting from the RhAu alloy formation, leading to the
observed shifted kinetic phase diagram.

Analogous results of the “big” ZrO,-supported Rh particle obtained in situ in the
catalytically active state are displayed in Figure 4g—j. A chemical map, derived from the O
1s, Rh 3d5/, and Zr 3d signals, corrected for the differing X-ray cross-sections and inelastic
mean free path lengths, displays the atomic composition of O (red), Rh (orange), and
Zr (blue) (Figure 4g). Significant amounts of ZrOy can be identified in the map to have
been present on the Rh particle. The concentration of ZrOy, however, decreased from
the metal/oxide interface towards the center of the particle, where no ZrOx was present.
Furthermore, clearly different Zr/O atomic ratios (as much as 50%) were observed for the
interfacial region (appearing blue) and the support (appearing purple). Based on previous
XPS work on oxidized Zr [73,74] and on ZrOy islands and thin films on Rh(111) [63],
a Zr 3d chemical map was constructed using three different Zr** species (Figure 4h). The
contributions of the individual species to the absolute background-normalized Zr 3d signal
are shown in red (Zr** bulk-oxide), green (Zr>* sub-oxide), and blue (Zr?>* sub-oxide) and
reflect the trends observed in Figure 4g.

In Figure 4i,j corresponding high-resolution Zr 3d and Rh 3d5/,, XPS spectra are dis-
played for five locations A to E which were placed starting on the zirconia and continuing
along a line to the Rh particle center. In the Zr 3d spectra (Figure 4i), the same three
components as in the chemical map are displayed. In the Rh 3d5, spectra (Figure 4j), two
components arising from different oxygen-bound Rh species (Rhp, /3, green and Rhpy /4,
red), a component related to Rh surface oxide (Rhpy, blue) and bulk Rh (Rhy,,, orange)
were present, assigned based on previous work [49,55].

The complete picture was constructed by combining all pieces of information: bulk-
like ZrO, was present at location A, i.e., several um away from the particle on the zirconia
support. Zr sub-oxides were present in addition at location B, i.e., near the metal/oxide
interface but still on the support, but barely any Rh was present. As, e.g., reported for Pt or
Rh particles on zirconia support [63,75], this hinted at hydrogen spillover taking place from
the particle to the support, partially reducing ZrO,. Still near the metal/support interface,
but on the Rh particle, in turn, zirconium was present in significant amounts, mostly in
the form of Zr sub-oxides, and catalytic activity of the surface was indicated by the Rhp /4
component (location C). The present Zr sub-oxides decreased upon moving towards the
center of the particle (location D), but an unexpected distinct shoulder due to the presence
of Rh surface was observed in the Rh 3ds, spectrum. Probably resulting from the enhanced
oxygen binding in the vicinity of the metal/oxide interface [53,76], minute quantities of
Zr sub-oxides were enhancing the oxidation of Rh. No Zr was present in the center of the
particle and the Rh surface was catalytically active (location E).

An unexpected complexity of seemingly simple interfaces between metal and support
was detected by SPEM. Significant amounts of Au from the support decorated the Rh parti-
cles because of the exceptional mobility of Au atoms and modified the catalytic properties
by the formation of a RhAu surface alloy. A complex interfacial region stretching over sev-
eral pm was formed in the Rh/ZrO; system, resulting from the occurrence of ZrOy islands
on the Rh particles, which resembled the states observed in strong metal /support interac-
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tion (SMSI) on variously oxide-supported platinum group metal nanoparticles [63,64,66,68].
Furthermore, hydrogen spilling over from the Rh particles onto the ZrOy support in the
vicinity of the interface, resulting in the formation of substoichiometric Zr oxides, and a
narrow region where Rh surface oxidation was enhanced paralleled the modification of oxy-
gen binding near the metal/oxide interface, which was already previously reported [53,76],
in combination leading to the reported modifications of the catalytic properties through
support-induced effects (Figure 4).

In summary, catalytic water production, a model reaction also employed in several
areas of technology, was imaged in situ by PEEM, focusing on the catalytic properties of
Rh stepped particles on three support materials (Rh, Au, ZrO;). As a result of differing
particle sizes and varying support materials, the supported particles exhibited significantly
modified catalytic properties, as determined by monitoring kinetic transitions between
catalytically active and inactive states.

Using SPEM in a correlative way;, i.e., by applying the same reaction conditions to
the same catalysts, the results obtained by PEEM could be explained. Support material
migrating onto the Rh particles was identified by SPEM as the cause of the differing catalytic
behavior. An RhAu surface alloy was detected on Rh/Au and hydrogen spillover from
the particles to the zirconia, causing substoichiometric Zr oxide formation, and enhanced
oxidation of Rh was visualized for Rh/ZrO,. The power of the correlative microscopy
approach was convincingly demonstrated as the catalytic behavior of differently supported
Rh particles could only be elucidated by combining the chemical information from SPEM
with the real-time PEEM reactivity data.

A single sample comprising varying Rh particle sizes and several support materials
acted as particle size and support library, which was investigated by combining two
microscopy techniques, one providing local chemical information and the other one local
reaction kinetics. Demonstrated using catalytic water formation on Rh, which is a well-
understood reaction from a mechanistic perspective, the highlighted strategy could be
extended to other technologically relevant reactions and used for benchmarking particle
size and interface effects in catalysis.

3.3. Correlative Microscopy for Nanoscale Exploration of Structure-Function Relationships in
Catalytic Materials

The composition and structure of the first few surface layers of a catalyst govern how
it engages and evolves in a chemical reaction. Typically, real materials evolve heteroge-
neously during a reaction as a consequence of their micro- and defect structure. Effects
such as preferential oxidation of crystallographic facets, diffusion of reactants along crystal-
lographic defects, or solute segregation can result in spatially varying chemical properties
due to a non-homogeneous electronic structure across the surface [77,78]. This inhomo-
geneity directly impacts the interfacial interaction energetics, conversion rates, and, in the
case of electrocatalysts, the potential distribution that eventually controls the reactivity
and stability. It is crucial to have characterization tools available that resolve features at
the appropriate length scale and sensitivity to establish relationships between structure
and catalytic behavior. This work demonstrates how to combine SPEM and atom probe
tomography (APT) at an identical location to interrogate the structure, chemical state, and
composition of surface and sub-surface regions of catalytic materials. While APT provides
unprecedented insights into the nanoscale surface chemistry in three dimensions, the com-
plementary information about the surface oxidation states is assessed by SPEM. This study
focuses on Ir-Ru alloys and their thermal oxides, which are promising materials for the
anodic oxygen evolution reaction (OER) in proton exchange membrane electrolyzers, as
they combine the longevity of IrO, and high electrocatalytic activity of RuO, towards the
OER [79-84].

To enable the correlative microscopy approach, approximately 100 nm thick Ir-Ru
alloy thin films were directly deposited onto pre-cleaned commercial flat-top coupons [85]
(Cameca/Ametek, Inc.; Figure 5a), commonly used as support for APT specimen prepara-
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tion. The oxide samples were prepared by annealing the alloy in air at 600 °C for 5 h to
produce an oxide thickness > 10 nm.
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Figure 5. (a) SPEM measurement principle on the top surface of an individual microtip. (b) FIB-
SEM annular milling of microtip. Final APT specimen features top surface measured with SPEM.
(c) Photoelectron (PE) and corresponding chemical maps of relevant core level lines obtained by SPEM.
(d) Comparison of core level spectra obtained from as-deposited (filled symbols), and thermally
oxidized (hollow symbol) samples extracted from PE maps. Spectra are restricted to one peak of
doublet due to detector resolution. (e) Three-dimensional APT reconstruction of thermally oxidized
sample. The box indicates the region illustrated in top-down view in (f), which reveals heterogeneous
Ru distribution within the oxide with strong segregation of Ru to grain boundaries. The compositional

profile across the GB in (g) shows a less oxidized grain showcasing selective oxidation of the material
(reproduced and modified from [86], open-access license).

The approximately 2 pum wide flat-top surfaces of the microtips on the coupons hosting
the alloy/oxide were examined with SPEM (imaging mode) using a photon energy of about
hv = 650 eV. After SPEM inspection, the surfaces were protected with a Cr layer of 300 nm
(electron beam PVD), before needle-shaped APT specimens were prepared by annular
milling using a dual beam focused-ion beam SEM (Figure 5b). Special care was taken that
the surface analyzed with SPEM is part of the analyzed APT volume. APT specimens were
analyzed with a CAMECA LEAP 5000XR instrument.
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Further experimental details can be found in the original publication [86].

In contrast to similar experimental techniques (e.g., XPEEM), SPEM imposes little
constraints regarding applicable surface geometries enabling the direct imaging and mea-
surement of the flat-top surface of individual microtips (Figure 5c). The chemical maps of
the Ir 4f, Ru 3d, and O 1s core levels obtained from the thermal oxide (Figure 5d) reveal no
lateral chemical heterogeneities across the flat-top surface on the probed length scale. The
averaged spectra extracted from the flat-top area of the images reveal a distinct oxidation of
both metal core levels from 60.9 eV to 61.8 eV for Ir 4f;, and from 280.0 eV to 280.8 eV for
Ru 3d5/y, both consistent with metallic and +IV oxidation states, respectively. The main O Is
peak at 529.8 eV obtained from the oxide coincides with the lattice oxygen binding energy
of Ir-Ru mixed oxides with a Ru content < 25 at%, consistent with the present average alloy
composition of Irg 9oRuyg og, as determined by APT. It should be noted that the measurement
of beam-sensitive materials such as these thin oxide layers benefits from the short dwell
time realizable in the snapshot mode of the SPEM.

The APT analysis of the surface shown in Figure 5¢,d reveals a richer picture of
the underlying microstructure of the oxide (Figure 5e,f). The analysis starts in the Cr
protection layer and continues through the oxide layer down to the metallic Ir-Ru thin film.
APT enables the quantification of Ru segregation to grain boundaries (GB), likely a result
of free energy minimization during the synthesis of the alloy. The analysis shows that
the intragrain composition is Irp g4Rug 0502, while RuO;-enriched GBs fluctuate between
Irg 75Rug 250, and Irp 4gRug 60O7. Interestingly, certain grains developed fully stoichiometric
oxides, while others remained essentially in a metallic state as revealed by the composition
profile across a GB in Figure 5f,g. The high spatial resolution of APT can well resolve local
chemical differences at the nanoscale, which might exhibit a different catalytic activity than
the average composition of the material.

This proof-of-concept work demonstrated the feasibility of combining SPEM and
APT at an identical location to obtain a more complete picture of the surface of a cat-
alytic material. Both methods have yielded consistent results in terms of determined
oxide stoichiometry and oxidation states despite the difference in probing length scale.
The established methodological approach forms the basis for further mechanistic studies
with model systems with feature sizes resolvable with SPEM to truly link small, individual
entities on complex surfaces to their functional impact on solute distribution, ordering,
electronic structure, and reactivity. SPEM’s capability to accommodate in situ experiments
under near-ambient pressure or electrochemical conditions will support the mission to
establish a scientific ground for the informed bottom-up engineering of more sustainable
functional interfaces.

4. Conclusions

SPEM is one of the approaches that allowed combining X-ray photoelectron spec-
troscopy with sub-micron spatial resolution; the instrument hosted at the Elettra syn-
chrotron facility over the years has been upgraded to fulfill the increasingly demanding
needs of in situ and operando experiments. This technique is particularly helpful for
the investigation of modern catalytic materials where understanding surface—interfacial
properties requires essential factors such as the atomic arrangements, compositional and
chemical profiles, and, more importantly, their response to external stimuli such as tem-
perature, electric and magnetic fields, light and gas exposure, etc., at the nanoscale. In this
manuscript, we reported a few examples showing the capabilities of the SPEM at Elettra
in the investigation of catalytic materials in different conditions and processes: oxygen
reduction reactions (ORR) on electrochemical cells to study the electrochemical properties
of graphene, size and support effects of catalytically active Rh metal particles on different
substrates to study the inactive and active states in the Hy oxidation reaction, and an exam-
ple of correlative microscopy for nanoscale exploration of structure—function relationships
in catalytic materials were the main scientific topics addressed in the work.
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