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Abstract

Key technologies in energy conversion and storage, sensing and chemical synthesis rely on a
detailed knowledge about charge transfer processes at electrified solid-liquid interfaces. However,
these interfaces continuously evolve as a function of applied potentials, ionic concentrations and
time. We therefore need to characterize chemical composition, atomic arrangement and electronic
structure of both the liquid and the solid side of the interface under operating conditions. In this
chapter, we discuss the state-of-the-art X-ray based spectroscopy and diffraction approaches for
such “operando” characterization. We highlight recent examples from literature and demonstrate how
X-ray absorption spectroscopy, X-ray photoelectron spectroscopy and surface X-ray diffraction can reveal
the required interface-sensitive information.
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Key points/objectives

e True active phases and reaction sites do not pre-exist in as-prepared electrode surfaces, but are
formed (and consumed) in a unique surface termination layer that evolves under reaction conditions

e Operando characterization of solid-liquid interfaces is necessary to identify the active surface
phases and understand structure-property-function relationships for energy applications

e We describe the fundamentals and application of operando X-ray absorption spectroscopy,
including pathways for enhanced interface-sensitivity of a nominally bulk-sensitive technique

e We discuss recent and future developments that enable surface-sensitive characterization of
composition and electronic structure using operando X-ray photoelectron spectroscopy

e  We present the use of surface X-ray diffraction as a tool to understand surface structure, nature of
adsorbates and interfacial electrolyte structure of model electrode-electrolyte interfaces
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1 Introduction

Fundamental understanding of electronic, atomic and molecular processes at the solid-liquid interface is
key for numerous current and emerging technologies such as sensors, chemical synthesis, and energy
conversion and storage. These technologies rely on the transfer of electrons, electronic holes and ions across
the interface driven by the electrochemical potential differences, i.e. so-called charge-transfer processes,
for example during adsorption and desorption of ionic species, and during redox reactions in the solid
electrode or in the liquid electrolyte. At the same time, interfaces can present the bottleneck in technologies
relying on charge transfer processes. These challenges and opportunities require experimental probes to
shed light on the underlying physical and chemical processes to enable rational design of interfaces to

optimize electrochemical processes.

The details of the charge-transfer reactions depend on the electronic and molecular structure of the solid-
liquid interface. This structure and resulting properties were first described in the 1800s!~ and refined in
the 20" century.* Yet the atomic details are still under discussion and our understanding is continuously
improving,* as also summarized in the previous chapters. The continuing pursuit of deeper understanding
is aided by the development of new experimental probes that enable characterization of the molecular-level
structure of the solid and the liquid and of dynamic charge-transfer processes.’” To date, our most complete
understanding of the solid-liquid interface has been derived from X-ray characterization (scattering and
spectroscopy) of the liquid®® and electronic® structure at the interface of noble metal electrodes and aqueous
electrolytes. In general, such experiments must be performed “operando” (measurement under working

conditions, i.e. while the reaction of interest occurs, with simultaneous measurement of reaction rate®!?)
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Figure 1: Artist’s rendering of the solid-liquid interface. X-rays illuminate the sample, leading to scattering, reflection, and
emission of fluorescence photons and photoelectrons. The relative information depth is schematically shown by the arrows on
the left (arrows not to scale).

because the structure, chemical composition and physico-chemical properties of both the solid and the
liquid side of the interface change (reversibly or irreversibly) as a function of external stimuli like applied

potentials.

The solid-liquid interface under reaction conditions undergoes transformations because of electrochemical
processes like ion insertion or surface (redox) reactions such as adsorption, desorption, dissolution and
phases changes.!! These can precede electrocatalytic reactions of interest!? or occur at almost the same
potential.!® Therefore, both the surface and the bulk of the solid at applied stimulus may have a different
composition and structure compared to open-circuit conditions.'* In addition, an electrostatic double layer
forms at the interface when a solid is immersed in a liquid, modifying the potential profile across the
interface. Transformations are especially important for more complex solids like transition metal oxides
and carbides compared to the relatively well-understood noble metal interfaces because the former exhibit
an intricate set of electrochemical phenomena including bulk ion intercalation alongside several coexisting

reactions at the interface, which need to be separated by experimental probes under operating conditions.

In general, such transformations are difficult to characterize because several processes coexist in the same
materials and under similar conditions, either competing with or assisting one another, and they can be
accompanied by a loss of long-range order.!*!> Since the term “operando characterization” was termed in
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2002, the number of experimental studies employing operando characterization has steadily increased, and
significant experimental and conceptual progress has been achieved. Yet fundamental experimental
challenges remain, especially regarding interface-sensitivity and -selectivity. The performance-enabling or
performance-limiting processes are governed by the properties of the interface itself or within nanometer-
sized interfacial layers. But experimentalists face small signals from the relevant interface itself, because
many experimental probes are either bulk-sensitive (such as most photon-in, photon-out spectroscopies) or
not applicable to solid-liquid interface because they require a vacuum (such as regular electron
spectroscopies). Therefore, we need interface-sensitive and interface-selective operando probes that collect
interpretable signal from the interface of interest without overshadowing by the bulk solid or liquid. Such
techniques can be based on enhancing interface-sensitivity for nominally bulk-sensitive techniques, making
use of the symmetry-breaking at the interface for operando probes that possess signal only from the
interface, or by modifying the experimental design for interface-sensitive techniques that usually cannot

accommodate operation with liquid layers.

In this chapter, we discuss X-ray absorption spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS)
and surface X-ray diffraction, starting with the most bulk-sensitive method and progressing towards
enhanced interface-sensitivity, as schematically depicted in Figure 1 and as summarized in Table 1. Other,
undoubtedly also important and promising techniques for the study of various interfacial processes are
beyond the scope of this chapter. Several insightful reviews on the topic can be found in references 2.
For each technique, we provide an overview about the measurement principles, the necessary cell designs
for operando measurements, the experimental measures to achieve or ensure interface-sensitivity and the
need for simulation-assistance in interpretation. We summarize intriguing example applications from recent
scientific literature regarding aqueous electrocatalytic reactions. A focus is the oxygen evolution reaction
(OER), which limits the energy efficiency in various green energy conversion and storage technologies due
to low catalytic activities. But the experimental approaches and techniques are also relevant for other
technologies relying on charge-transfer across the solid-liquid interfaces, such as batteries and sensors. We

will also include our personal perspective on future developments and experimental avenues for improved

interface-sensitive X-ray spectroscopic techniques.



Table 1: Selected operando characterization tools

Surface X-ray
diffraction

Photons in,
photons out

Surface structure,
adsorbed species,
structure of the
liquid layer

Very sensitive for
the interface
structure.
Comparably simple
cell design (hard X-
rays)

Requires extensive
modelling and prior
knowledge about the

surface structure. Limited
to highly crystalline and
very flat samples. Usually

requires synchrotron
radiation.

Technique Probe/detected | Sensitive for Advantages Disadvantages Further
species Reading
Sample/experimental design X-ray absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS)
XAS and XPS | Photons in, Local structure, Avoid limitations Limitation to selected 16,21,24
with electrons or atomic from mass materials and geometries.
membrane- photons out concentrations, transport using a Risk of membrane failure
cells oxidation states and | flow cell setup.
electrostatic Can be interface-
potentials sensitive
Meniscus Photons in, Atomic Solid material of Mass and charge transport | 2529
XPS electrons out concentrations, any thickness limitations.
oxidation states and interfaced with a Limited information depth
double layer liquid. Sensitive for | or limitations in signal-to-
potential band alignments at | noise ratio. Meniscus
the interface instability
Standing Photons in, Atomic Highest depth Complicated samples, long | 30-33
wave XPS electrons or concentrations, resolution in X-ray measurement times,
and XAS photons out oxidation states and spectroscopy complex analysis
double layer (Angstrém-scale)
potential with
extreme depth
resolution
Type of X-rays
Hard (5-10 Photons in, Atomic Comparably simple | Not interface-sensitive 7,34-40
keV) electrons or concentrations, experimental cell, enough.
photons out oxidation states, larger information Usually requires
local geometries, depth synchrotron radiation
and electrostatic
potentials
Soft (50- Photons in, Atomic Very sensitive for Not always interface- 7,34-36,41-
1500 eV) electrons or concentrations, oxidation state and | sensitive enough. 48
photons out oxidation states, local geometry, Usually requires
local geometries, smaller synchrotron radiation and
and electrostatic information depth | complicated experimental
potentials setups. Need for UHV.
Surface x-ray diffraction (SXRD)
8,49-55




2 X-ray absorption spectroscopy

2.1 Theory of the technique

XAS can be utilized to probe the unoccupied states of the electronic structure.** Upon X-ray illumination
of matter, the photon energy is transferred to an electron. The resulting excitation from a core level towards
a specific electronic state results in element-specific absorption edges (i.e., sharp increases in absorption
coefficient) for photon energies of hundreds or thousands of eV. Fermi’s golden rule>®” describes the
probability of an electron being excited from its ground state with energy E; by the X-ray energy hv to its

excited state with energy Er = E; + hv.
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Figure 2: (a) Exemplary (smoothed) XAS spectrum of the Fe K-edge, obtained from a 10 nm LaFeOs thin film. (b) Schematic of
the measurement modes of X-ray absorption. Fluorescence yield (FY), Auger electron yield (AEY) and total electron yield (TEY).

Figure 2a shows a typical XAS spectrum of the Fe K-edge, consisting of a pre-edge feature, the X-ray
absorption near edge structure (XANES) and the extended X-ray absorption fine structure (EXAFS).*® The
energy region of XANES is defined as the absorption edge and some fine structure up to 50 eV above the
edge. Shifts in the absorption edge can be observed when the oxidation state changes, where higher
oxidation states result in a shift to higher photon energies due to shielding effects.”® In addition to the
oxidation state, XANES contains information regarding coordination geometry and number, and elemental
composition, which can be extracted from peak shapes, positions, intensities, and spin-orbit splitting. A
pre-edge feature can be observed in the K-edge of transition metal spectra. Transition metals have a partially
occupied d orbital and transitions from 1s to (n-1)d states can occur. This transition is formally dipole
forbidden, hence the weak intensity in comparison with the edge (transition from the 1s to np orbital).>® The
EXAFS region, i.e. the photon energy region after the XANES region, provides information on the distance
of the neighboring atoms and crystallographic arrangement. This structural information is obtained from
the constructive and destructive interference resulting from scattering of the excited electron with

neighboring atoms.



In XAS, the information depth depends critically on the detection mode. Traditionally, XAS is measured
in transmission mode, where a thin sample is penetrated by X-rays. Based on the absorption coefficient of
the elements an absorption spectrum can be obtained by measuring the attenuated signal after the sample.®
While measuring in transmission mode, there is a large restriction on the sample thickness. The attenuation
length of most materials is around a few micrometers, so the total thickness of the transmission cell is
limited to a few tenths of micrometers. So, this is a bulk sensitive measurement technique with hundreds of

nanometers to few micrometers information depth.

Indirect methods to measure the absorption spectra are fluorescence yield, Auger electron yield and total
electron yield,”” as shown in the schematic in Figure 2b. The fluorescence yield makes use of the photons
that are emitted upon relaxation from the excited state. The emission intensity is measured at each incidence
energy. Like transmission mode, this is a bulk sensitive technique (~hundreds of nanometers). The effective
penetration/information depth can be decreased using grazing incidence (or grazing exit) geometries. At
angles a between the surface tangent and the incoming beam, the X-ray penetration depth decreases with
sin(a)). The absolute values of the penetration depth can be calculated based on the material-specific and
energy-dependent X-ray absorption coefficients, as tabulated by Henke et al.®! For example, an information
depth of 2 nm was achieved for Pt electrodes and 4 nm for the perovskite oxide Lag ¢Sro4sMnOj3 for grazing

angles of 0.27 and 1° respectively.4!-6?

Surface sensitivity can also be achieved through electron detection because the escape depth of electrons is
much smaller (1-10 nm) compared to the fluorescence mode.>* For total electron yield, all the electrons
measured by a current collector are used, resulting in a near-surface sensitive information. Another
measurement mode is partial electron yield, where an electron analyzer is used to measure emitted electrons

with a specific energy, for example Auger electrons, which can enhance surface sensitivity even further.

2.2 Experimental measurement

X-ray absorption spectroscopy experiments are usually performed at synchrotron facilities, and a growing
amount of beamlines facilitate operando studies.” To study operando solid-liquid interfaces, using hard X-
rays is easiest. The energy is typically 5-10 keV, resulting in an attenuation length of up to hundreds of
micrometers. High photon energies of thousands of electron volts are used and ultra-high vacuum is not
required. Hard X-rays can be used to measure the K-edges of 3d transition metals, from which information
about the oxidation state can be obtained based on the edge position.®* On the other hand, with soft X-rays,
with a typical energy of 50-1500 eV, L-edges of these metals can be measured. These are more sensitive to
the oxidation state and details of the electronic structure. In addition, light elements like Li, C, N and O
only have absorption edges in this regime. Using soft X-rays makes operando measurements more

challenging, due to the smaller attenuation lengths of ~1 um.
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Figure 3 Cell designs for operando XAS. Reprinted (adapted) with permission from Velasco-Vélez et al. J. Phys. D. Appl. Phys.
2021, 54 (12), 124003. (a) A SiNxflow cell. (b) A holey SiNx enabling partial electronic yield. (c) An ion exchange membrane.
(d) The dip and pull method for XPS measurements. With a counter electrode (CE), a reference electrode (RE) and a working
electrode (WE).

Common cell designs are summarized in Figure 3. The SiNj cell, the holey SiNy cell and the ion exchange
membrane cell are most suitable for X-ray absorption spectroscopy experiments, the dip and pull method
will be discussed in section 3.2. The SiNy cell® is a common cell design, where the working electrode is
deposited on an X-ray transparent window, often SiNy, with ~100 nm thickness. This cell design was used
in some of the pioneering works by the group of Salmeron.%”%% The solid-liquid interface is probed via X-
rays entering and exiting through the window and the working electrode. The fluorescence yield mode can
be used for this cell design, resulting in bulk information depth in the micrometer range. A transmission
geometry with two SiNy membranes can also be used.®® The total electron yield can be measured as well
through the drain current at the working electrode. The other cell designs are based on the use of thinner,
ideally two-dimensional materials, such as graphene, as pioneered by the groups of Kolmakov®®’ and
Salmeron'®®®, The holey SiNy cell (Figure 3b) consists of the SiNx membrane with holes, a graphene layer
covers the membrane including the holes. The working electrode (1-10 nm) is deposited on the graphene
as thin film or nanoparticles, such that partial electron yield becomes possible, leading to relatively more
information from the solid-liquid interface compared to the regular SiNy cell. Recently, graphene
membranes were combined with polymer electrolyte membranes to enhance stability of confined solid-
liquid interfaces.® For this ion exchange membrane cell (Figure 3c¢), the working electrode is deposited
directly on the polymer electrolyte membrane. A double layer of graphene is deposited on the working

electrode to minimize water evaporation into the vacuum chamber. In addition, a thin liquid layer is formed
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around the working electrode. Similar to the holey SiNy cell, partial electron yield detection can be used.®
While tremendous improvement in experimental approaches and valuable operando-insights have been
obtained in recent years, all these cell designs for in-situ measurements have some limitations regarding the
working electrode material. In general, only nanoparticles and comparably thin films can be used for these

cells types, because both incoming and outgoing signal penetrate through the electrode itself.

In addition to the cell designs, the sample design is important for measuring the solid-liquid interface. Let
us consider a Gedankenexperiment with LaNiO; as OER electrocatalyst, measured in fluorescence yield,
resulting in bulk-like information depth. It is known that only the top one to two unit cells show chemical
and structural changes during operation.'*’® Only a small contribution of the measured signal is related to
this thin surface layer, which depends on the thickness of the catalyst. To overcome this, one can think of
designing electrodes with higher surface to bulk volume ratios, for example by using highly porous 3D
material or nanoparticles. For now, we put the focus on the latter, as an attractive pathway to increase the
surface sensitivity.?” The thin surface layer on a sphere of 10 nm diameter results in a larger spectral
contribution compared to the surface layer of a 10 nm thin film. Operando measurements using
nanoparticles have already shown that this pathway creates more interface-sensitive measurements.”" Still
the question remains how to subtract this surface layer data from the total measured spectrum, containing
a large percentage of bulk-like information. Liang, Chueh and coworkers have designed and demonstrated
an approach to tune the nominally bulk-sensitive techniques for interface-sensitive measurements using
epitaxial thin films of various thicknesses.!* For these experiments, the thin film surface layer has identical
intensity for all thicknesses, whilst the bulk contribution increases with increasing film thickness. Even
though nanoparticles are relatively more surface sensitive, from thin films the interface sensitivity can be
extracted relatively easily, especially for well-defined, epitaxially-grown model systems. However,
thickness-dependent properties and varying amounts of defects can give additional challenges in analysis

of the data.

2.3  Examples of interface-sensitive XAS measurements

3472 solar energy materials,”® and

The application of operando XAS measurements in electrocatalysts
lithium-ion batteries*> have been discussed is recent reviews, therefore only selected examples will be

discussed briefly.
A. Change in oxidation state of metal oxide compounds

The interest for operando XAS studies for electrocatalysts promoting the oxygen evolution reaction are
increasing rapidly, in order to get a better understanding on the active site during the catalysis. Tracking

the oxidation state of transition metal oxides and atomic distances might reveal some details for the still not
9



well understood mechanism of the oxygen evolution reaction. Fe-Ni compounds are an exemplary highly
active electrocatalyst. But there is not yet a clear answer to which element is the active site in these
compounds and how this evolves during operation. Friebel et al.’* have investigated the (Fe, Ni)
oxyhydroxide, the structure model is shown in Figure 4c. From electrochemistry measurements it is shown
that pure FeOOH and NiOOH have a lower OER activity compared to the mixed Fe-Ni compound. It is
debatable whether the doped Fe-sites are the catalytically active sites. To better understand what happens
by Fe doping of NiIOOH, XAS spectra were measured on samples with 25% Fe and 75% Ni. The transition
metal oxidation state was determined from the XANES region and EXAFS was used to determine the
oxygen-metal and metal-metal bond distances under operating conditions. A silicon nitride window covered
with a Ti adhesion layer and a Au layer was used. The Ni-Fe catalyst was deposited on top of this. XAS
was measured in high energy resolution fluorescence detection mode, which reduces the core-hole lifetime

broadening and enhances pre-edge features.

Both the Fe and Ni K-edge spectra exhibit potential induced changes in the XAS spectra. For the Ni K-
edge a clear shift in edge and pre-edge can be observed, as shown in Figure 4d. The changes in the Ni
spectra can be related to the a-Ni(OH), phase at low potentials and y-NiOOH at high potentials, indicating
an oxidation of Ni from 2+ to a 3+ or even mixed 3+/4+. The potential related changes in the Fe spectra
cannot be clearly related to a different Fe oxidation state, otherwise the shift should have been more

noticeable.

However, analysis of the EXAFS of both the Ni and Fe K-edge reveals a reduced metal-oxygen (M-O) and
metal-metal (M-M) bond length at high potentials, as shown in Figure 4b. A third peak at twice the distance
of the M-M bond indicates that the Fe atoms are substituted on the Ni-sites and not intercalated between
the NiOOH sheets. Often a decrease in bond length is associated with an increase in oxidation state. For the
Ni this is clearly related to the shift of the edge towards higher photon energies. The change in bond distance
for the Fe could also be related to an increase in oxidation state. However, this was not confirmed by a shift
in the edge, which is practically absent. There were small changes observed in the pre-edge region, which
could be indicative of a small amount of Fe*". From the Ni/Fe ratio dependency the authors found that the
Fe-O bond decreases only in the case of low Fe concentrations (25% and smaller). When the Fe
concentration is larger the Fe is no longer substituted in the NiOOH structure but starts to form the

catalytically inactive y-FeOOH phase.

With DFT calculations Friebel et al. argue that the active sites for the oxygen evolution reaction are the Fe-
sites and not the Ni-sites. Bates ef al.”® report similar trends regarding the oxidation state of Ni and Fe and
also suggest that Fe is the active site. In addition Bates et al. > performed XAS studies on Fe-Ni-Co
compounds, where they found that Fe stabilizes the Ni** oxidation state and Co the Ni** oxidation state

under applied potentials. The addition of Co in the lattice promotes the formation of the conductive NIOOH
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phase by decreasing the bond lengths Ni-O and Fe-O, which in turn lowers the overpotential for the oxygen
evolution reaction on the Fe sites. Ismail ef al.”® found similar XAS results as Friebel et al. and Bates et al.
for photoelectrochemical water splitting using hematite/Ni(Fe)OOH. Other studies found divergent results.
For example, Wang et al. showed that in addition to the oxidation of Ni, an increase in oxidation state of

Fe from 3+ to 4+ can also be observed.”’
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Figure 4 (a) O K-edge of water molecules at a gold surface in TEY mode, adapted from Velasco-Velez et al. The Structure of
Interfacial Water on Gold Electrodes Studied by X-Ray Absorption Spectroscopy. Science 2014, 346 (6211), 831-834.
Reprinted with permission from AAAS. (b) The Fe and Ni K-edge EXAFS region of a (Fe,Ni) oxyhydroxide electrocatalyst.
Both show reduced bond lengths at higher applied potentials. (c) The model of the Fe doped NiOOH structure. (d) Ni K-edge
spectra, showing a shift in the edge and pre-edge indicating a changed oxidation state. b-d adapted with permission from from
Friebel et al., 1dentification of Highly Active Fe Sites in (Ni,Fe)OOH for Electrocatalytic Water Splitting. J Am Chem Soc 2015,
137 (3), 1305-1313. Copyright (2015) American Chemical Society.

B. Configuration of water at interfaces

In situ measurements of the solid-liquid interface can be either focused on the liquid, solid or both. Here,
we discuss the seminal study of water molecules absorbed on a gold surface by Velasco-Velez et al.  Water
molecules form a bias dependent electrical double layer at the interface, related to the strong dipole of
water. The bias-dependent changes were studied by operando measurements of the O K-edge, using surface
sensitive (TEY) and bulk sensitive (TFY) measurement modes. In this study an electrochemical flow cell
was used, with a 20 nm gold layer deposited on a 100 nm thick SisNs membrane window as working

electrode (similar to the schematic shown in Figure 3a).
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First, the signals of the two detection modes were compared. The information depth of TEY is up to 3 layers
of water, based on the attenuation length of the electrons excited from the oxygen K-edge. From ab initio
molecular dynamics (AIMD) simulations the possible configurations of water molecules on the surface
were simulated as an input for XAS spectra simulations. From simulations of the water matrix closer to the
interface, more broken H-bonds are expected compared to the bulk. The measurements showed a reduced
pre-peak feature in the oxygen K-edge for TEY measurements related to those broken H-bonds, in contrast

to TFY measurements where a distinct pre-edge feature was observed.

Secondly, the expected bias dependency of the water molecule orientation was investigated. Indeed, the
pre-edge peak became prominent at negative biases as shown in Figure 4a, whilst at positive biases it was
absent. Positive biases increase the amount of dangling bonds oriented towards the gold surface, resulting
in a suppression of the pre-edge peak due to coupling with the gold surface. So, this work demonstrated
that XAS can reveal structural details of the electrolyte at the solid-liquid interface, and that the bulk

information can be compared to the interface sensitive information using different detection modes.

Van Spronsen et al. have investigated the solid-liquid interface of TiO, and water as well, where they found
a more ice-like water configuration.”® This was possible through comparison of the O K-edge of the TiO»-
water interface (after subtraction of the O K-edge of TiO») to reference spectra taken on ice. For this
purpose, the authors employed a relatively new measurement mode for membrane cell designs, so-called
total ion yield, developed by Schén et al. ° In this approach, the current at the counter electrode is measured.
Because charge neutrality is maintained, so electrons going away from the working electrode are
measurable at the counter electrode due to ionic transport through the electrolyte, only resulting in a

negative signal for the total ion yield compared to the total electron yield.

2.4 Need for simulations

The field of operando spectroscopies is growing to uncover the mechanisms in electrochemical reactions.
To get a better understanding of the complex results measured by operando XAS, models and simulations
are required because the measured spectra are difficult to interpret, for example due to lack of reliable
experimental references. In addition, under operando conditions the system is often far from equilibrium,
resulting in non-Gaussian distributions of the bond lengths or the presence of slightly different structures.
Timoshenko and Roldan Cuenya describe more challenges in ref 34. Streibel e al.®° propose a combination
of operando measurement and calculations to build models of these complex systems. First principal
calculations often form the basis for such calculations. The computational hydrogen electrode (CHE)
method, first demonstrated by Nerskov er al.®! in 2004, calculates the stability of intermediates and

combines this with density functional calculations to obtain a free-energy landscape of catalysts for
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electrochemical reactions. Density functional theory (DFT) in combination with the Bethe-Salpeter
equation (BSE) can be used to calculate theoretical XAS spectra. However, differences between
experimental and simulation spectra are observed for transition metals. Another possibility is to use DFT
in combination with dynamic mean field theory, which does not show these differences between experiment

and simulation regarding the transition metals.

For simulation of the XAS, there are various programs available, for example FEFF, CTM4XAS and
Quanty. The latter # can be used to calculate x-ray spectroscopy spectrums with multiplet ligand field
theory. In addition, it can also do calculations based on non-local interactions. CTM4XAS® is a semi-
empirical model based on three theoretical components, atomic multiplet theory, crystal field theory and
charge transfer theory. Lastly, FEFF®# is a program based on multiple scattering calculations, which can
be used for both EXAFS and XANES. It is strongly recommended to do simulations with one of these

programs, to help with gaining a better understanding of the measured spectra.
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3 X-ray photoelectron spectroscopy

3.1 Theory of the technique

XPS is sensitive for the electronic structure and chemical composition.?* In this section, we cover the
essentials necessary for the discussion of interface-sensitivity and operando characterization with XPS. A
more complete description of the physical process of photoemission and the general application of XPS can
be found in seminal review articles**** and in the recent XPS tutorial series collected by the American

Vacuum Society with important instructional works by Baer et al.,* Powell,* Chambers et al.,*” Tougard*®

and others.
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Figure 5: (a) Principle of the photoemission process in XPS. Electrons excited by the photons with sufficient energy to
leave the sample form a photoelectron spectrum consisting of sharp emission lines from the core levels and a broad

valence band distribution (shaded area). (b) Universal curve of the photoelectron inelastic mean free path, A, as a function
of electron kinetic energy. Red line shows the sample depth from which 95% of the total signal originates.

Similar to XAS, XPS relies on the absorption of photons by electrons. The photoexcitation process results
in directly measurable electron count rates if the photon energy is higher than the energy difference between
a given core level and the vacuum level; a photoelectron leaves the sample and can be detected (Figure 5a).

The resulting electron kinetic energy Ey;,, is

Exin = hv — Epin — Psampte 1
with the binding energy of the initial core level E,;, (i.e. the energy difference between the core level and
the Fermi level), the photon energy hv and the sample work function @gqppie. If the sample shares a
common ground with the XPS analyzer,*>* one can use Ey;, + Psampie = Ekin + Panalyzer to rewrite

equation 1 to:
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Exin = hv — Epipn — q)analyzer 2
with Ej;,, the electron kinetic energy as measured by the analyzer, and the analyzer work function
Danatyzer- This is convenient because Pggmpe 1S typically unknown but @y, 41y 46 can be easily calibrated.
The resulting spectrum is thus converted onto the binding energy scale from the measured kinetic energy
of the photoelectron. The peak position on the binding energy scale and the peak shape contain element-
specific information about the valence state and electronic structure. Different binding energies are found
for a given core level for different oxidation states because of different screening of the nucleus. This so-
called chemical shift can be used to identify the valence state. The relative atomic concentrations can be
extracted from the integrated intensities, after normalization with relative sensitivity factors that account
for differences in the cross sections for the photoelectric effect for different elements, orbitals and

instrument geometries.

As electrons are the detected species, XPS is generally a surface-sensitive technique. Photoelectrons are
excited within a depth of several hundred nanometers, but as they propagate to the surface, the electrons
scatter elastically and inelastically. Inelastically scattered electrons lose energy on their way to the sample
surface and thus do not contribute to the characteristic peak intensity but rather contribute to the background
of the spectrum, if they leave the sample at all. Neglecting elastic scattering effects, the probability of
leaving the sample with the characteristic kinetic energy can be expressed as

—t 3

I1(t) =1, exp Teosd
L

with the attenuated intensity I(t) of photoelectrons generated at a depth t, the photoelectron intensity
without attenuation I, the photoemission angle 6 (measured between the surface normal and the detector),
and the inelastic mean free path A;. In this definition, I, contains the absorption cross section and the
analyzer transmission function for a given energy level. A more complete description was provided by
Powell.* The total intensity of an atomic species with volume density p for a given photoemission angle

can then be expressed as

0 4

t
1 =] D — .
©) =1, f p(0) exp o

A; is defined as the “average distance that an electron with a given energy travels between successive
inelastic collisions.”® This depends on the electron kinetic energy and therefore on the chosen X-ray energy
and the binding energy of the core level, see equation 1. The absolute A; values are tabulated in the NIST
databases (National Institute of Standards and Technology) and can be predicted using the so-called TPP-
2M formalism.*® For most materials, A; roughly follows a “universal curve” (Figure 5b), which has a
minimum of ~0.3 to 0.4 nm at around 50 eV, and which increases towards higher and lower energies due

to decreasing scattering rates with maximum values around 5 nm within the experimentally accessible
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photon energies. The underlying mechanisms and dependencies on material properties and experimental

geometries are still subject of intense research. #8688

As a result of the small A; values, XPS is a surface sensitive technique. In practice, it is useful to define
quantitative values that describe the surface sensitivity of the XPS experiment with a given material and
instrument configuration. Common descriptions are the mean escape depth 4 = A; cos 6 (the average depth
normal to the surface from which photoelectrons originate in the given experiment) or the “information
depth” ID = 34; (the sample depth from which 95 % of the XPS signal originate), again neglecting elastic
scattering (Figure 5b). Typical 4 values range from 0.3 nm to 2 nm for soft X-ray excitation at normal
photoemission (6 = 0) and 2 to 6 nm for hard X-ray excitation. In summary, the photoemission angle and
excitation energy are decisive for the information depth in XPS, and varying one of the two variables allows

for non-destructive depth-profiling within a nm-thin near-surface region.

3.2 Experimental measurement

The short inelastic mean free path of photoelectrons implies that typical XPS instrumentation generally
requires UHV conditions. Otherwise, the electrons would not reach the detector due to inelastic scattering.
But recently, so called near-ambient pressure (NAP- or AP-)XPS tools were developed and
commercialized. The approach originally explored by Siegbahn et al. in the 1970s and 1980s**° was
perfected at the Advanced Light Source (ALS) in Berkeley and at BESSY in Berlin at the beginning of the
2000s. Now, tens of mbar operating pressures are routinely achievable.”'** Key to this development was
the introduction of differential pumping stages that progressively reduce the pressure, separating a high-
pressure volume near the sample from the required vacuum in the electron analyzer. Together with a short
distance between the sample surface and the analyzer condenser lens, this minimizes the scattering
probability for the electrons traveling through the high-pressure region and prevents arcing in the electron
analyzer at elevated pressure. With further development and even commercial availability of laboratory-
based setups,’* NAP-XPS has become a major trend in surface science and the investigation of solid-gas
interfaces.!” Extensive summaries of NAP-XPS for the investigation of the chemical and electronic

structure at solid-gas interfaces are provided in refs. 1794979

The NAP-XPS approach was also key for the development of XPS characterization tools for the solid-liquid
interface, a new research direction that has become very popular in the past few years with rapid installation
of dedicated instrument endstations at several synchrotron facilities around the world.?*!%1% XPS of the
solid-liquid interface allows studying electrochemical processes like specific adsorption of ions, charge
transfer dynamics, electrical contact potential profiles and compositional changes with time and applied
potential. Two main approaches can be distinguished: Meniscus XPS (also called dip and pull XPS) and
membrane XPS, both of which will be described below.
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A. Meniscus XPS

The dip and pull approach was pioneered at the Zhi Liu’s group at the ALS and relies on the observation
that once a hydrophilic solid is partially immersed in an aqueous electrolyte, a stable meniscus may form,
as already discussed extensively by Bockris and Cahan in the late 1960s.!% NAP-XPS chambers allow
installation of an open container with liquid electrolyte, where the partial pressure of the solvent in the
chamber equals its vapor pressure for the experimental temperature. The ALS team found that immersing
and partially extracting the sample from the liquid solution (“dipping” and “pulling”), as shown in Figure

3d and as described in detail in refs. 252°

results in a stable and photoelectron-transparent meniscus. The
electrolyte thickness on a Pt electrode was in the range of 10 nm to 30 nm, which can be penetrated by
photoelectrons, especially when using “tender” X-rays of 3-4 keV, as described in the seminal paper by
Axnanda, Crumlin et al.?® Alternative approaches are currently explored, including the “tilted sample”!%°
and the “offset droplet” method using a fine capillary.'%1%7 These might offer advantages regarding the

proximity of the “bulk liquid” but will not be discussed here.

Despite these advantages and achievements, meniscus XPS also faces serious limitations: First, the thin
meniscus layer leads to mass transport limitations, because the electrolyte resistance in the meniscus is
more than three times higher than in the bulk, even for high electrolyte concentrations.!® As a result, only
low current densities (~below 1.0 mA c¢cm2)!% can be measured with reasonable IR drop. Even then, the
measurement spot might have a different potential than applied, due to possibly non-uniform potential along
the length of the electrode.” It is therefore necessary to always measure the relative position of electrode
and electrolyte core level binding energies, e.g. in the O 1s core level for oxide surfaces measured in an
oxygen-containing electrolyte, such as water. The energy difference between the solid (which is fixed to
the analyzer potential for sufficiently conductive samples) and the liquid should shift proportionally to the
applied potential.’ Second, the nm-thin meniscus may suffer instabilities due to, among others, influence of
gravity, slow loss of electrolyte in a backfilled chamber and higher relative pumping speed in close
proximity of the energy analyzer cone. Moreover, unfavorable applied potentials may lead to shrinking of
the stable meniscus,'® and many faradaic reactions of interest involve consumption of the electrolyte.'* To
increase meniscus stability, Stoerzinger et al. suggested addition of non-interacting salts to the electrolyte,
with appreciable success.?® Third, the procedure relies on wettable surfaces. That means that for a water-
based electrolytes only hydrophilic samples can be investigated, posing restrictions on the sample and
electrolyte choices.?® Lastly, X-ray damage of the solid or radicals created during water radiolysis are of
concern, as in all X-ray based techniques.?”-!'° The severity of X-ray damage strongly depends on the cell
design and beam energy, intensity and size,!'! complicating analysis of the solid-liquid interface at modern

high-flux beamlines.

17



B. Membrane XPS

As described in section 2.2, membrane-based operando cells are now available with exceedingly thin solid
membranes, which thus become photoelectron transparent, for example in the holey SiNy cell and the ion
exchange membrane cell geometry (Figure 3b-c). They are thus also suitable for operando XPS
measurements. Compared to meniscus XPS, these cells offer the advantage of decreasing the effect of beam
damage because they allow replenishing of the electrolyte. Yet they also suffer from more convoluted
spectroscopic data because the interface is now buried by a solid membrane. Depending on the scientific

question and material characteristics, one or the other geometry will thus be more promising.

3.3 Interface sensitivity examples

A. Surface composition and active sites

Generally, operando XPS can reveal chemical composition, the oxidation state and built-in electrical
potentials of both the liquid and the solid. Both membrane and meniscus XPS have been used to reveal the
active (surface) phases of various electrochemical materials under operating conditions. This information
is needed to understand the reaction mechanisms and in turn identify predictive design rules for materials
optimization based on true active surface structure — activity relationships. For example, operando XPS
confirmed the active phase of Co-metal based water splitting electrocatalysts in alkaline media. At oxidative
potentials (i.e., under reaction conditions for the OER), complex Co(OH), and CoOOH phases evolve at
the solid-liquid interface, indicating that cobalt oxyhydroxide is the active phase (Figure 6a and b).!!2
Experimentally, the phases were assessed through the peak shape, binding energy position of the Co 2p
peak and relative peak intensities. All of these change reversibly with applied potential, with a reduction of
the surface hydroxide layer back to Co metal at negative potentials. The shift of the liquid and gas phase
H>O O 1s contribution with applied potential shown in Figure 6b further confirms that the desired potential
was applied at the measurement spot. The use of XPS was essential for the material-specific discovery,

3

because the active phase only exists in the top few nanometers,''® or ultimately in only atomic-layer

thicknesses.'* Similar observation of transition metal (oxy)hydroxides were found for various transition

113-115

metal based electrocatalysts under reaction conditions. For example, even thin-film perovskite oxides

like Lag,SrosCoOss form a surface layer of Co oxyhydroxide.!'® Similarly, Pt electrodes for water

117 108

electrolysis were investigated both as cathode''’ and anode,'” revealing reversible surface oxidation, and
formation and dissolution of CuO was found to dictate the activity in oxide-derived Cu electrodes for CO,
reduction reaction.!'® In other words, XPS reveals insights about the surface chemistry far beyond
traditional (surface) Pourbaix diagrams. In combination with operando XAS, it was even possible to
identify the chemical nature of the active oxygen sites during deprotonation of hydroxyl groups, a key step

in oxygen evolution reaction in state-of-the art OER catalyst IrO,.'"’
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Figure 6: (a) Co 2p, and (b) O 1s, meniscus photoelectron spectra of a Co metal foil in 0.1 M KOH, collected at —1.35, 0.4,
and +0.4 V versus Ag/AgCl at hv = 4 keV. Changes in Co 2p peak shape indicate the formation of Co hydroxides and Co
oxyhydroxides. The O 1s spectrum contains components from liquid and gas-phase water alongside species from the
electrocatalyst. The peak shift of the H20O peaks confirms the potential drop due to the applied bias. Reprinted (adapted) with

permission from Han, Y. et al., The Journal of Physical Chemistry B 2018, 122 (2), 666—671. Copyright 2018 American
Chemical Society.

B. Potential profile

The binding energy position can also vary due to electrostatic potentials at interfaces or surfaces. In this
case, a “rigid” shift of all core levels is expected, i.e. all core levels of the same compound shift by the same
amount, in contrast to the “chemical shift” where cations and anions display a shift in opposite directions
upon bond formation. Generally, charge accumulation and band bending is observed at interfaces and
surfaces (both in the solid and the liquid). When potential gradients exist, photoelectrons emitted in each
atomic layer are subject to slightly different potential and thus appear at shifted binding energies.*’
Combined with the depth-dependent intensity attenuation (equation 3), this situation leads to asymmetric
broadening of the XPS peaks (Figure 7a). Assessing this broadening through a layer-resolved deconvolution
taking into account the attenuation, or a simple estimate of the peak broadness through the full width at half
maximum can therefore be used to extract the potential profile across the interface. This results in an
experimental observation of the electrochemical double layer forming at electrode-electrolyte interfaces

(Figure 7a),’ and the band alignment of the photocatalyst in photoelectrochemical cells.'?*!?! The FWHM
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trend of the core-level peaks of electrolyte and electrode can be investigated simultaneously, resulting in a
direct probe of the potential distribution in the liquid and the solid at applied potential, allowing
experimental verification of classic and state-of-the-art models of the electrochemical double layer, which
is essential for the understanding of virtually all electrochemical electrode processes. We note that this is
only experimentally accessible for low electrolyte concentrations, where the electrochemical double layer
thickness extends far enough into the electrolyte to contribute substantially to the total photoelectron
intensity, which decays exponentially from the solid-gas to the solid-liquid interface (equation 3). For
higher electrolyte concentrations or smaller potential steps at the solid-liquid interface (Figure 7b), the
components originating from the “bulk” part of the liquid layer have essentially zero shift in binding energy
due to a flat potential profile. In this case, a strong dependence of the potential on the peak position is only
observed at the solid-liquid interface, where the relative photoelectron intensities are negligible compared

to the region near the solid-gas interface.
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Figure 7: (a) Spectral broadening of the Ols core level of the elements belonging to the liquid phase, for a positive potential
(1V) applied to a metal electrode with a dilute 30 nm aqueous electrolyte (0.4 mM KOH). The colored spectra indicate
representative spectra from a 0.3 nm slice of the liquid phase, with position and spectral contribution simulated according to the
potential profile and intensity profile from the inset (according to equation 3). The binding energy shift is the inverse of the
potential profile, which we assumed based on the Gouy-Chapman model for the double-layer potential in comparably dilute
electrolytes using the values from reference °. The blue spectrum is the sum over all individual spectra, not drawn to scale. (b)
Spectral broadening for a smaller surface potential (0.5 V) and more concentrated electrolyte (10 mM KOH). The broadening
is hardly visible because only the slice-spectra near the solid/liquid interface (i.e. the spectra with the smallest relative intensity)
are shifted appreciably. This is a result of the small double layer thickness for higher electrolyte concentrations. Insets show the
binding energy shift resulting from the potential profile and the photoelectron intensity decay in the electrolyte layer (equation
3). Dashed lines indicate the peak corresponding to the relative position in the electrolyte layer. The difference in peak shape
resulting from the differences in double layer can be qualitatively seen by the different maximum intensity of the sum spectra
in a and b, while they have identical integrated intensity.
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3.4 Need for simulations

The understanding of XPS data is most robustly done through a comparison to experimental reference
spectra from seminal works as presented in reference.!?? The reason lies in the complex peak shapes for
many elements of interest. For example, multiplet splitting occurs when the binding energy depends on
exchange interaction between the remaining core level electrons (after photoionization) and unpaired
electrons in the valence band, and is relevant in many transition metal based compounds. The ground state
can further consist of multiple states including core holes. Taking CoO as an example, the ground state

wave function is a superposition of multiple states of d-orbital occupation, which includes holes L in the
O 2p orbital, mathematically expressed as ¥ = a|d’) + b|d®L) + c|d°L?) with coefficients a + b + ¢ =

1 and the number i of electrons in the d-orbital d'.'>> During the photoemission process, this leads to
differences in the final state energies, too, implying that the spectral shape cannot be well represented with
simple and empirical peak shapes available in most XPS analysis software tools. Instead, recent efforts

16124125 o1 so-called cluster

going beyond comparison to reference spectra rely on DFT calculations
calculations for binding energy comparison to experimental spectra. Cluster calculations are ab initio
calculations of the electronic structure capable of describing the multiplet ligand-field theory, while
reducing computational time through restriction of the many-electron effects to a single transition metal
site plus its ligand neighbors.'?® In addition to such simulations of the chemical properties, spectra can also
be simulated to include the potential profile observed at the solid-liquid interface.’ To assess the thickness
of a thin electrolyte layer and to predict expected intensities for a given solid-liquid interface, simulations
can be performed using the SESSA software package and database (Simulation of Electron Spectra for
Surface Analysis) developed by NIST."?” We recommend to perform SESSA simulations of a planned

sample and cell geometry before a new operando XPS experiment to judge if the relevant core levels can

exhibit suitable intensity or if geometry optimization is necessary.

3.5 Future developments and interface-sensitivity of meniscus XPS

For operando XPS and XAS cells, the technological advancements around the world are currently
accelerating, because of both the promises and challenges of the technique. Investigation of the solid-liquid

interface is now becoming possible in laboratory-based APXPS systems,4107:128

where the experimental
turnaround for a specific experiment can be faster, and the issues of beam damage might be less severe (at
the high cost of severely prolonged integration times). A key point for improvement is the stability of the
meniscus, for example using a fine capillary close to the region of interest to balance the evaporation rate

or sample cooling,'% perhaps in parallel with the chemical strategies to stabilize the liquid layer.?®

An essential point for the interface-sensitivity of operando XPS is the suitable selection of the X-ray
energies. The very first report on meniscus XPS already included SESSA simulations.? It was found that

“tender” X-rays with energies of around 4 keV optimize the signal intensity of a thin overlayer on a
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chemically different substrate (in this case 1 nm Fe on a Si substrate) through a water meniscus.? Later
analysis showed that the ideal energy for the detection of species of the liquid side of the solid-liquid

interface is also in the tender X-ray regime?-*’

and that the ideal energy also depends on the selected core
level binding energy.?® A similar analysis was also performed for illumination and detection through a thin

membrane.'?

For our electrocatalyst example from section 2.2, the situation is very different compared to the previous
discussions in refs. 2%6: not only the total signal of the interfacial layer but also the interface-sensitivity
need to be considered. This is especially important for a thin surface layer containing the same elements as
the underlying bulk of the solid. The analysis below will show that in this case hard X-rays (which are of
course favorable for photoelectron penetration of the meniscus) lead to an overshadowing of the interface
information by the electrons emitted from the subsurface of the solid. As electrochemical and other
reactions occur at this interface and depend critically on the surface structure and chemistry, the use of such
X-rays therefore impedes obtaining the relevant information, making the correct choice of the X-ray

energies even more important for such systems.

To assess this situation quantitatively, SESSA simulations were performed on a system resembling the
experimental setup in meniscus XPS with a LaCoOs electrode, chosen as a typical representative of a
perovskite electrocatalyst without easily dissolvable species.!** 132 Inspired by our findings for LaNiOs,'* it
is assumed that the Co chemistry of the top one to two unit cells changes as a function of applied potential.
We thus divide the 20 nm electrode into a 0.8 nm LaCoOs* surface layer and a LaCoOj3 bulk layer (Figure
8a). Four representative X-ray energies were chosen, which can be obtained with X-ray sources available
for laboratory-based experiments.'** The simulated spectra are shown in Figure 8b with insets for the Co
2p and Co 3p peaks. The simulation reveals that the total Co peak intensities increase with increasing photon

energies, while the O 1s peak intensity decreases with increasing photon energies. To consider the interface-
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Figure 8: (a) Schematic for SESSA simulations (not drawn to scale). A 0.8 nm LaCoO3* surface layer (violet) on a 19.2 nm
LaCoO; OER electrocatalyst (red) is interfaced with a 20 nm meniscus of liquid water. (b) Simulated spectra. The spectra are
dominated by the O 1s peak, which stems mostly from the liquid layer. The insets show a zoom-in to the Co 2p and Co 3p core
levels (left and right inset, respectively). Spectra in the left inset are offset vertically for easier comparison (1486 eV is off the
scale), and spectra in the right inset are displayed to-scale. (c) O 1s spectra of a TiO2/H20 interface at different photon energies
compared to a pristine TiOz surface. All spectra are normalized to the lattice oxygen peak. Reprinted (adapted) with permission
from Byrne, C. et al., J Phys D Appl Phys 2021, 54 (19), 194001. (d) Top: Simulated intensity of the Co2p and Co 3p core
levels, considering only photoelectrons from the two-unit-cell surface layer. Bottom: Relative contribution of the surface signal
to the total intensity. (a), (b), (d) reprinted from Baecumer, C. Operando Characterization of Interfacial Charge Transfer
Processes. J. Appl. Phys. 2021, 129 (17), 170901. https://doi.org/10.1063/5.0046142, with the permission of AIP Publishing.

sensitivity, the Co peak intensities are divided into a surface and a bulk species. Figure 8d shows that the
signal from the surface layer is maximized for the “tender” X-rays (2697 eV). However, the relative
contribution of the surface layer shows a fundamentally different behavior: the relative surface intensity
decreases monotonically with increasing photon energy (Figure 8d), because of the inelastic mean free path
increase. The key outcome of this analysis therefore is that the relative intensity of the surface contribution
scales differently with photon energy than the fotal intensity. These simulations match experimental photon-
energy-dependent measurements qualitatively (Figure 8¢).!” To track small spectral changes originating
from a thin surface layer, one should therefore choose the minimum photon energy that still yields sufficient
total count rate.'** Ideally, multiple X-ray sources (or various X-ray energies in a synchrotron experiment)
should be used to carefully extract the surface information through comparison of the respective

contribution to the total signal.
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Another possibility to achieve the desired interface sensitivity is turning to angle-dependent
measurements.'**137 For the solid-liquid interface, however, it remains a formidable challenge to vary the
photoemission angle in the required range of ~40° necessary to extract a depth profile while maintaining a
stable meniscus. A more promising route for ultimate interface-sensitivity in XAS and XPS might be the
small angle variation (a fraction of a degree up to ~3°) necessary to achieve depth profiling in the so-called
standing wave or near-total-reflection approaches. X-ray standing waves, i.e. periodic fields of antinodes
and nodes can be generated at a superlattice of optically dissimilar materials by interference of incoming
and reflected photons. The vertical position of antinodes of the standing waves shifts with varying the
incident angle, resulting in precise depth-selective photoemission intensity modulations. As a result, sub-
unit cell depth resolution can be achieved.**!*® For our example of a surface transformation in perovskite
oxide electrocatalysts, ex situ standing wave XPS already demonstrated that the chemical changes were
confined to a 4 A surface layer.'* Few pioneering studies by the groups of Fadley, Bluhm and Nemsak
applied standing wave XPS to solid-liquid interfaces and revealed great potential.*®*! However, long
integration times are needed because all relevant core levels must be measured at a multitude of angles to
extract the depth-profile of chemical states and composition from the angle-dependent intensity modulation.
Recently, we introduced near-total-reflection XPS as an alternative approach without the need for the
accurate preparation of multilayer mirrors and detailed knowledge about layer thicknesses and their optical
properties. This methodology makes use of X-ray optical effects in the near total reflection (NTR), where
the penetration depth of X-rays, and therefore the locus of photoelectron generation, can be tuned via X-

ray energy and incidence angle, resulting in a depth-resolution of ~1 nm.'**
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4 Surface X-ray diffraction — Crystal Truncation Rod

4.1 Theory of the technique

A crystalline material’s atomic structure can be determined by measuring the diffraction of X-rays by the
crystals (Figure 9a), as shown by von Laue in 1912.5%1%0 Let us consider a crystal whose lattice can be
indexed using the orthogonal lattice vectors:{a, b, C}. The scattering intensity from each atom within the

unit cell is given by the structure factor, F(q)
F@= ) e :
j

where f; is the form factor for an atom located at position 7; in the unit cell and g is the scattering vector
(the difference between the diffracted and incident wave vectors). The form factor f; depends on the atomic
number of the scattered atom, and therefore, this technique cannot be used to either structurally refine the

position of light elements, or to distinguish between elements that are close together in the periodic table.

In order to obtain the scattering intensity from a 3D crystal, the contribution of all unit cells in the crystal

needs to be considered:

where R = nya+ nZB + n3C describes the origin of each unit cell in the lattice. Therefore, any change in
atomic positions will be reflected as a change in the scattered intensity. In the simplest case, for an ideal
bulk material that extends infinitely in all three directions, the values of n;, n; and n3 range from -oo to +oo.
This results in a diffraction pattern with a set of distinct delta functions at defined values of ¢:

2 7

F(q) Z §(qqa — 2mh)6(qpb — 2mk)6(q.c — 2ml)
okl

[ <

When the following conditions are met: §,d = 2mh, §,b = 2k, §.¢ = 2ml, large scattering intensity is

observed, known as Bragg peaks (Figure 9b); 4, k and / are the Miller indices.

For the more relevant case of semi-infinite crystals, i.e. 3D crystals that have been terminated to form a
surface in the ¢ direction, the value of n; ranges from 0 to co. Mathematically, by solving equation 6 for this

specific boundary condition, the resultant intensity of the diffraction pattern is given by:
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Therefore, the diffraction pattern for semi-infinite crystals also includes streaks of intensity between the
Bragg peaks called crystal truncation rods (CTR). Figure 9b shows the ideal diffraction pattern for a 3D
infinite crystal and a semi-infinite crystal. The non-zero scattering intensity between the Bragg peaks over
a range of q is one of the most important characteristics of CTRs. From this extended scattering, one can
determine the structure factor and hence the atomic positions of the surface or interface layer. CTRs — also

' surface

referred to as surface X-ray diffraction — have been applied to study roughening,'*
reconstructions,*>!*3 Jocal adatoms,!** buried interfaces between two well-defined crystals,!*>!4¢ solid-
liquid®!¥” and solid-gas'*® interfaces. One can show that these changes in scattered intensity are most
prominent at the anti-Bragg (the region between two Bragg peaks) of the CTRs. Consequently, the relevant

structural parameters can be determined by measuring a range of CTRs.
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Figure 9: (a) Scattering of X-rays from a periodic crystal lattice. (b) Ideal diffraction intensities as a function of the reciprocal
lattice unit for a 3D infinite crystal (red) and a terminated surface (orange). (¢) Schematic of an X-ray thin layer cell** and (d)
Droplet cell. Reprinted from Electrochim Acta 53, Magnussen, O. M., Krug, K., Ayyad, A. H. & Stettner, J., In situ diffraction
studies of electrode surface structure during gold electrodeposition, 3449-3458. Copyright (2008) with permission from
Elsevier.!4
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4.2 Experimental measurement

While CTRs are extremely sensitive to changes in the surface atomic structure, the intensities measured in
the anti Bragg region are several orders of magnitude lower than the bulk Bragg reflections. Therefore,
synchrotron light sources, and particularly beamlines with high photon flux are required to measure these
low intensities with good signal to noise ration. CTR measurements can be performed at ambient conditions,
at a range of temperatures, for samples placed in controlled gas or liquid atmospheres, and are thus ideal to
probe the electrochemical interface. Layer-by-layer atomic information can be obtained, down to a
resolution of 1-10 pm in the surface normal direction.!>% >3 However, this resolution is not always realized
in practice owing to limitations of instrumental resolution, quality of crystalline surface and structural
refinement data analysis. In fact, CTR measurements rely heavily on atomically-smooth single crystal or
epitaxial thin film surfaces. Surface roughness of even a few nm can result in a sharp decrease in the

intensity at the anti-Bragg positions, resulting in poor structural refinement.!'*!

Typical cell designs include an X-ray thin layer cell****!3 or a droplet cell.**»!>* In an X-ray thin layer cell
(Figure 9c), a very thin layer of electrolyte is trapped between the sample surface and a Kapton film. The
film is attached to the cell with an O-ring. On the one hand, a continuous layer of electrolyte should be
present on the sample to enable mass transport, but on the other hand, the thickness of the electrolyte layer
should not significantly attenuate the measured intensity. The cell body is made of a chemically inert
material such as Kel-F and the counter and reference electrodes are held in place by Kel-F clamps. The
catalyst surface protrudes slightly higher than the body of the cell, allowing for grazing incidence
measurements. Another widely used cell set up is the droplet cell configuration, Figure 9d. Here, a small
drop of electrolyte is ejected from a capillary and is in contact with the sample surface. The volume of the
electrolyte can be controlled by a syringe. This configuration ensures that the electrolyte is only in contact
with the sample surface, however, droplet stability, specifically under gas evolution conditions, can result

in significant issues.

Once assembled, the cell is mounted on a four or six circle goniometer, which allows for multiple degrees
of freedom of motion of the sample with respect to the incoming beam. An orientation matrix, defining the
relationship between the goniometer angles and the scattering vector, is constructed to measure the
diffracted intensity at different points in the reciprocal space. For non-specular CTRs, i.e. those with an in-
plane component of the momentum transfer, the incident angle is fixed, so that the penetration depth of the
X-rays and the size and shape of the beam footprint remain constant. The size of a focused X-ray beam is
usually in the range of a few hundred micrometers. Therefore, the information provided by this technique
is spatially resolved over this length scale. The number of inequivalent CTRs that need to be measured is
determined by the symmetry of the bulk crystal structure. The CTRs are measured using pixel-resolved area

detectors, which can simultaneously measure the signal and background. Depending on the signal to noise
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ratio, it may take several hours to record one CTR, and therefore the stability of the sample under potential

control 1s also critical.

4.3 Interface sensitivity examples

A. Surface structure

Surface diffraction has been widely employed to detect changes in surface structure as a function of applied
potential. For example, it has provided unique insights into the degradation of Pt-based catalysts for
application in fuel cells. During electrochemical oxidation of Pt(111) single crystal surfaces, fitted CTR

surface structures have shown that Pt surface atoms leave their lattice sites, thus inducing surface

51,147,155-158 159

restructuring via a place exchange mechanism. Recent studies by Magnussen et al.”>” also used
CTR to directly compare the atomic-scale surface oxidation and degradation mechanisms on Pt(111) to
Pt(100) surfaces. Interestingly, based on fitting changes in their CTR data, they found that on applying
oxidizing potentials to Pt(111), the Pt place exchange is triggered. The Pt remains above its original site
when the upper potential values are lower than 1.15 V, and this process is reversible since this Pt can return
back to its original site. However, in the case of the Pt(100) surface, the CTR data (Figure 10a) can only be
modelled using a surface structure that suggests the Pt are vertical displaced by dex<1.42 A and are laterally

displaced to a bridge site (Figure 10b, ¢). Such a lateral movement of Pt atoms during the place exchange

Structure factor (a.u.)

0 1 2 3 4 5 6 7

Reciprocal lattice unit /

Figure 10: (a) (11L) rod of Pt(100) measured at 68 keV at potentials 0.95 Vrug, 1.07 Vrug, 1.12 Vrue and 1.17 Vraein 0.1 M
HCIOa. In addition to the experimental data (black dots), which are offset by a factor of ten with respect to each other, the best
fits (coloured lines) and the CTR fits (grey line) for the smooth surface at 0.95 V are shown. The decrease in intensity at the
anti-Bragg positions at potentials higher than 1 Vruk is indicative of the place exchange of surface platinum atoms. Schematic
of the CTR fitting model for the Pt(100) surface at (b) 0.95 Vrue and (C) 1.07 Vrug, 1.12 VRrug, 1.17 Vrue. The fit parameters
for this analysis include the interplanar distances, dex, d12, d23, coverage of exchanged platinum Ptex and Debye Waller factors
for atoms Pti. Reprinted by permission from Springer Nature: Nature Catalysis, Structure dependency of the atomic-scale
mechanisms of platinum electro-oxidation and dissolution, Fuchs et al. Copyright 2020.
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mechanisms results in the immediate removal of a second atom and instability of the surface. Through this
detailed structural analysis of the surface, the authors were able to unravel the physical origin of the higher
corrosion of Pt(100) compared to Pt(111). Similarly, Over et al.'®® have used surface scattering to determine
the degree of iridium corrosion in model electrodes of 50 A single crystalline IrO>(110) in acidic electrolyte
supported on slightly bulk-reduced TiO»(110). Notably, in this case, the absence of any significant changes
in the CTRs over ~26 hours at 50 mA/cm? suggests that the IrO»(110) is stable under these conditions,
corresponding to a maximum of 0.10 monolayer corrosion. Therefore, in this case, CTR measurements

reveal the remarkable stability of IrO,(110) under anodic oxygen evolution reaction conditions.

B. Surface adsorbates

In principle, CTR can also be used to determine the position and coverage of surface adsorbates as a
function of potential. However, this is particularly challenging for small molecule catalysis, since the
adsorbed atoms tend to have a significantly smaller scattering factor compared to the bulk metal atoms,
owing to their smaller atomic number. However, this issue can be circumvented in certain cases. For
example, in a RuO»(110) unit cell, there are two Ru atoms at coordinates of (0,0,0) and (0.5, 0.5, 0). On
solving Equation 5 for this specific unit cell, it becomes apparent that for h+k values that are odd, the
scattering contribution of the two independent Ru atoms vanishes. Since h+k=o0dd rods do not, in principle,
have any Ru contribution, they are known as the ‘oxygen rods’.>>*16! Shao-Horn et al. have use this to
study the surface redox reactions and OER mechanism on RuO; single crystal surfaces.’*>4 In this study, >*
they find that the oxygen rods, (10L) and (01L), on RuO, (110) single crystal surfaces show significant
changes in the anti-Bragg region with increasing potential from 0.5 Vrue to 1.5 Vrue (Figure 11a, b). These
changes can be fit to surface structures where the bond distance between the adsorbed O atom on surface
Ru coordinatively unsaturated (CUS) and Ru bridge sites decreases with increasing potential from 0.5 Vrue
to 1.5 Vrus. Most significantly, at OER relevant potentials, the authors found the presence of an -OO
intermediate on the Ru CUS site. By combining the experimental observations with DFT analysis, they
concluded that this -OO species was stabilized by neighboring -OH species on a Ru bridge or Ru CUS sites.
This work thus revealed the presence of a new OER pathway involving the final deprotonation as the rate-
determining step for the reaction. In a follow-up study,*® they extended this analysis to the (100) and (101)
single crystal facets of RuO,, where the binding energy of oxygen on the Ru CUS site decreases from the
(110) to the (100) and (101) surfaces. While they found a similar OER mechanism on the (100) surface, the
higher OER activity observed was explained by decrease in the binding energy of the -OO species on the
surface. For the (101) surface, a completely oxidized surface was found at high potentials, and the activity
was found to decrease relative to the (100) surface. This was attributed to a change in the rate-determining
step to O-O bond formation. By progressively weakening the binding energetics, the authors were not only
able to measure the theoretically predicted volcano relationship between activity and binding energetics but
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were also able to detect a change in the rate determining step for OER. Therefore, although the direct
determination of adsorbates is challenging for CTR measurements, they provide unprecedented insights

into the active sites and reaction mechanisms for electrochemical processes.

a (010) b (00L)

Intensity (arb. units)

Figure 11: (a) (01L) and (b) (O0L) rods measured at two potentials, 0.5 Vrue (blue) and 1.5 VruEe (red). Open points denote the
experimentally measured intensities and the best-fit results from the fitting process are shown as solid lines of the corresponding
color. Ball and stick models for the best-fit structures obtained for the (c) 0.5 VruEe and (d) 1.5 VruE crystal truncation rod data
and the corresponding most stable adsorbate configuration at (e) 0.5 Vrue and (f) 1.5 Vrur obtained using DFT. All
measurements were made in 0.1 M HClO4. Pink, red and blue spheres represent Ru, O and H atoms respectively. Reproduced
from Ref. >* with permission from the Royal Society of Chemistry.

C. Interfacial Electrolyte Structure

Ion adsorption at solid-liquid interfaces is critical to a number of environmental and chemical processes

such as growth and dissolution of minerals in aqueous environments, %163

electrokinetic phenomena in
colloidal science'®* and geochemical applications.'®® From an electrochemical perspective, hydrated cations
can also interact with adsorbed intermediates and change the kinetics of the reaction, either by

% or by blocking the actives sites on the surface.'¢”!®® Furthermore,

(de)stabilizing the intermediates'®
ordering of water molecules at the interface can also change the reaction kinetics, as has been recently
demonstrated on Pt surfaces!®!'”°, Therefore, probing electrolyte structure is becoming increasingly
important to gain a holistic understand of solid-liquid interfaces. Crystal truncation rod analysis has been
successfully applied to study adsorption of heavy ions such as Rb* and Sr*" at TiO2(110) surfaces.!”"!7*> The
CTR data obtained was fit to a structure where the ions are present at tetradentate sites, located between the
Ti bridge and Ti CUS sites, at a distance of ~3.5 A above the surface Ti-O plane. The effects of electrolyte
structure on the CTR intensity can be subtle. Recent work by Kawaguchi et al. has proposed a method to

normalize the out-of-plane (00L) rods to visualize changes more easily, and use a direct inversion method

to determine the electron density as a function of distance into the liquid layer.!”® This method has thus
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enabled the elucidation of Cs* ordering at the Pt(111)'7#, RuO»(110) and RuO»(100) surfaces!” at a vertical
distance of ~3.5 - 4 A from the metal centers in 0.1 M CsF, with the degree of ordering increasing with

lowering the potential.

176177 interfaces

In addition to cation adsorption, ordering of water at metal-electrolyte® and oxide-electrolyte
can be different from bulk water. As discussed above, XAS can be used to determine differences in the
hydrogen bond environment of water at interfaces. Complementary structural information about the
position of these water molecules can be obtained using CTR. For example, Hussain et al. '”7 have
demonstrated that the ordering and position of water molecules near the surface of TiO»(110) can be
determined using CTR. They found that their CTR data could be best-fit to a model showing the presence
of an ordered water layer at tetradentate sites and a distance of ~3.8 A from the surface Ti-O plane; these
results were corroborated with molecular dynamics simulations.!”” Similarly, an ordered layer of water
molecules was detected at ~3.75 A from the surface Ru-O planes by fitting normalized (00L) CTR data, on
RuO,(110) surfaces. While the degree of ordering decreased from 0.75 Vrug to 1.50 Vrue in 0.1 M LiOH,
0.1 M NaOH and 0.1 M KOH, it was found to be invariant on the nature of the cation.!”® These studies

mark an exciting area for further research, considering the uniqueness of this technique in mapping the

structure and ordering of the electrolyte at the interface.

4.4  Need for simulations

Existing tools such as ROD!”® and GenX'” can be used to refine surface X-ray diffraction data. However,
physical insight into the surface structure provides a useful starting point for further optimization and
ensures that fitting algorithms converge to the best solution. Therefore, combining surface diffraction
measurements with theoretical calculations is very useful. Specifically, for electrocatalysis, the position of
several small atoms such as H, C, N cannot be resolved with surface diffraction data alone.®** For example,
although recent studies have demonstrated a shortening of the Ru-O bond length with increasing potential
from 0.5 Vrug to 1.5 Vraug, the exact nature of the adsorbed intermediates is unknown.>*3* One approach
would be to compare these bond lengths to reference literature of Ru-O bond lengths for adsorbed *H-0,
*OH, *O and *OOH species. However, such reference data can be difficult to obtain. In this example,
comparison of the experimentally observed bond lengths with DFT predictions for the most stable surface
structure as a function of potential was shown to be extremely useful for assigning the nature of surface

adsorbates as a function of potential.

With advances in instrumentation and measurement techniques leading to faster data acquisition'®, data

fitting is expected to become the main bottleneck for this technique. Therefore, increasing efforts are also

0 as well as machine

being parallelly invested in tools that can simulated surface diffraction spectra'®
learning approaches that can facilitate model development and data fitting'®!. For example, an ab initio tool

that can provide simulations of surface resonant X-ray diffraction (i.e. surface X-ray diffraction
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measurements performed in an energy range that corresponds to the absorption edge) has been recently
developed.'®® Here, DFT is used to determine the resonant scattering factor of an atom, which serves as an
input to calculate the diffraction intensities. Interestingly, a numerical diffractometer that accounts for
factors such as beam polarization, incident and exit angles has also been implemented in this simulation.
This tool has been already applied to investigate two very different systems - magnetite thin films deposited
on silver as well as bromine atoms on copper. Such theoretical tools are expected to significantly increase

the speed and accuracy of data fitting and interpretation.

5 Conclusion and outlook:

In this chapter, we summarized the state of the art in operando XAS, XPS and CTR characterization of the
solid-liquid interface with examples from electrocatalyst research. Undoubtedly, the increasing commercial
availability, accessibility and continuous efforts to develop beyond-state-of-the art instrumentation at
synchrotron facilities and in laboratories around the world will make the operando characterization of solid-
liquid interfaces invaluable for research activities in a variety of fields like electrochemical solid-liquid

interfaces for energy technologies, including batteries.

Remaining challenges are related to combining interface-sensitivity with resolution in additional
dimensions: 1) For spatial resolution, the use of spectromicroscopic techniques with thin membranes will

183

be extended and the development of near ambient pressure'®? or transmission'®® photoelectron microscopes

can be envisioned to help overcome limitations from the challenging sample design and robustness. 2) For

184 185,186

the time dimension, synchrotron-based pump-probe experiments'** and ultra-fast laser setups canyield
picosecond resolution for the study of excited/intermediate states during charge generation and transfer.
Alternatively, so-called “time-multiplexed” techniques may help overcome signal variations from spatial
drift, changes in the background absorption, or incoming X-ray intensity to isolate weak signals during
longer integration times.'®” For the complete understanding of solid-liquid interfaces, we envision that a
combined approach of diverse operando probes is necessary, for example by combining XAS and XPS,'"’
X-ray scattering and (standing wave) XPS,"®® or by combining X-ray based techniques with optical

spectroscopies or scanning probe microscopies.
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