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Insights into electrocatalysis from ambient pressure photoelectron spectroscopy

Near-ambient pressure X-ray photoelectron spectroscopy has recently emerged as a powerful tool for studies of electrocatalytic materials. This paper provides a brief overview of the opportunities, which NAP-XPS offers for furthering the understanding of electrocatalysis, and challenges, which have to be met in order to avoid certain pitfalls.

Introduction

Continuous increase of the share of renewable electricity in the overall energy mix has put electrochemistry at the cornerstone of the 21 st century technologies. On the one hand the intermittent character of renewable energy sources (solar, wind) requires development of pertinent technologies for the energy conversion and storage. On the other hand, decentralization of the electricity production boosts attractivity of electrosynthesis as the means for producing chemicals and fuels. Electrochemical reactions occurring in fuel and electrolysis cells usually comprise inner-sphere steps, which proceed via adsorption of reactants and/or intermediates on the electrode surfaces and thus strongly depend on the surface composition. While various spectroscopic and microscopic methods are nowadays available for the investigation of electrocatalytic materials, methods allowing to probe the chemical state of the interface under operation conditions are still limited.

Photoelectron spectroscopy (PES) is one of the most powerful techniques for studies of the chemical composition of the near-surface region. Depending on the energy of photons, photoelectron spectroscopy can probe core-(XPS -X-ray photoelectron spectroscopy) or valence-band states (UPS -ultraviolet photoelectron spectroscopy). The value of the binding energy (BE) is related to the experimentally measured kinetic energy (KE) of photoelectrons (see e.g. [START_REF] Hüfner | Photoelectron Spectroscopy. Principles and Applications[END_REF]):

KE=hν-BE-φsp, ( 1 
)
where hν is the photon energy, and φsp is the work function of the spectrometer (provided that the sample is grounded to the spectrometer). The BE of core electrons depends on the type of the element, its chemical state and/or chemical environment, enabling XPS to deliver valuable information regarding the elemental composition, the oxidation states of the elements, and the interaction of various components (alloying/dealloying, metal support-interaction, etc.). The surface sensitivity of photoelectron spectroscopy is associated with the KE-dependent inelastic mean-free path of photoelectrons, which reaches minimum around 50 eV and increases at higher kinetic energies. The ability of XPS to deliver surface-localized information is of great value for electrochemistry and electrocatalysis. The inconvenience however, is related to the strong interaction of electrons with the matter, thus requiring ultrahigh vacuum for their detection.

In the 1980-ies the attractivity of PES for chemical analysis has inspired studies of the "emersed electrodes" [START_REF] Hansen | The Emersed Double Layer[END_REF]. It should be noted however that once the electrode is emersed from an electrolyte, the potential drop at the electrochemical interface is beyond control which may lead to transformations in the interfacial composition and structure. Several approaches have been proposed for overcoming this difficulty, the most powerful being the so-called "(near) ambient pressure" photoelectron spectroscopy, (N)AP-PES, whereby electron scattering by liquid/gas molecules is reduced by decreasing the sample-aperture distance and by utilizing differential pumping systems [START_REF] Knop-Gericke | Chapter 4 X-Ray Photoelectron Spectroscopy for Investigation of Heterogeneous Catalytic Processes[END_REF]. NAP-XPS measurements can be performed using laboratory or synchrotron facilities, the latter having the advantage of high brilliance (thus allowing one to greatly decrease the measurement time) and photon and source tunability (enabling nondestructive depth-profiling). In addition, synchrotron NAP-XPS stations are usually compatible with soft X-ray absorption spectroscopy (XAS) measurements in the photon-inelectron-out mode, thus also allowing one to probe unoccupied bound states above the Fermi level. NAP-XPS has been successfully utilized for operando measurements in surface science and heterogeneous catalysis [START_REF] Knop-Gericke | Chapter 4 X-Ray Photoelectron Spectroscopy for Investigation of Heterogeneous Catalytic Processes[END_REF] and has recently emerged as a new and powerful tool for the in situ and operando investigation of electrochemical systems [START_REF] Starr | Investigation of solid / * PA=Phosphoric acid vapor interfaces using ambient pressure X-ray photoelectron spectroscopy[END_REF][START_REF] Ogasawara | Operando X-Ray Photoelectron Spectroscopy Studies of Aqueous Electrocatalytic Systems[END_REF][START_REF] Pfeifer | In situ observation of reactive oxygen species forming on oxygen-evolving iridium surfaces[END_REF][START_REF] Choi | New insights into working nanostructured electrocatalysts through operando spectroscopy and microscopy[END_REF]. This paper provides a brief overview of the opportunities, which NAP-XPS offers for furthering the understanding of electrocatalysis, and challenges, which have to be met in order to avoid certain pitfalls. We limit ourselves to "low" (< 100 °C) and "intermediate" temperature (< 200 °C) electrocatalytic systems, leaving aside the field of high temperature electrochemistry. Table 1 provides a list of materials and phenomena studied with electrochemical NAP-XPS within the last three years.

Challenges

The success of the operando NAP-XPS studies of the electrode/electrolyte interface depends on several prerequisites, including: (i) the design of spectroelectrochemical cells, (ii) the electrode design, (iii) the precision of the working electrode (WE) potential control, (iii) the proximity of the measurement conditions to the regular operation conditions, (iv) the materials stability under the X-ray beam, and, the last but not the least, (iv) the proper assignment of the observed spectral features. This section provides a brief guide to pertinent technical aspects, while the details can be found in more comprehensive reviews [START_REF] Starr | Investigation of solid / * PA=Phosphoric acid vapor interfaces using ambient pressure X-ray photoelectron spectroscopy[END_REF][START_REF] Masuda | In situ determination of electronic structure at solid/liquid interfaces[END_REF][START_REF] Trotochaud | Ambient pressure photoelectron spectroscopy : Practical considerations and experimental frontiers[END_REF]. The assignment of spectral features will be addressed in the next section.

Figure 1 shows four main types of spectroelectrochemical cells [START_REF] Knop-Gericke | In situ X-ray photoelectron spectroscopy of electrochemically active solid-gas and solid-liquid interfaces[END_REF] developed for operando NAP-XPS measurements: a liquid cell (panel A), cells based on membrane-electrode assemblies (MEAs) with either liquid water backing or water in the gas phase (panels B and C correspondingly), and a liquid-phase cell separated from the vacuum chamber by a gas-tight membrane. The "dip & pull" method shown in Figure 1A is based on a partial emersion of the electrode from a liquid electrolyte (cf. the above-mentioned "emersed electrode" approach), and requires application of tender (hν = 1.5 -7 keV) or hard X-rays to probe the solid-liquid interface through a thin (10 -30 nm) layer of a liquid electrolyte [START_REF] Axnanda | Using "Tender" X-ray Ambient Pressure X-Ray Photoelectron Spectroscopy as A Direct Probe of Solid-Liquid Interface[END_REF][START_REF] Karslioglu | Aqueous solution/metal interfaces investigated in operando by photoelectron spectroscopy[END_REF]. While this method has been successfully applied to the analysis of various electrochemical systems [START_REF] Stoerzinger | Stabilizing the Meniscus for Operando Characterization of Platinum During the Electrolyte-Consuming Alkaline Oxygen Evolution Reaction[END_REF][START_REF] Favaro | Unravelling the electrochemical double layer by direct probing of the solid / liquid interface[END_REF][START_REF] Han | Observing the Electrochemical Oxidation of Co Metal at the Solid/ Liquid Interface Using Ambient Pressure Xray Photoelectron Spectroscopy[END_REF][START_REF] Favaro | Understanding the Oxygen Evolution Reaction Mechanism on CoOx using Operando Ambient-Pressure X-ray Photoelectron Spectroscopy[END_REF][START_REF] Ali-Löytty | Ambient-Pressure XPS Study of a Ni-Fe Electrocatalyst for the Oxygen Evolution Reaction[END_REF][START_REF] Favaro | An Operando Investigation of (Ni-Fe-Co-Ce)Ox System as Highly Efficient Electrocatalyst for Oxygen Evolution Reaction[END_REF][START_REF] Favaro | Elucidating the alkaline oxygen evolution reaction mechanism on platinum[END_REF][START_REF] Eilert | Subsurface Oxygen in Oxide-Derived Copper Electrocatalysts for Carbon Dioxide Reduction[END_REF] discussed in the next section of this review, the users of this set-up should be aware of several factors which may affect their measurements. The most challenging aspects are the integrity of the electrolyte film throughout the experiment impacting data reproducibility, high ohmic losses leading to a potential and current distribution in the thin layer, and slow diffusion of ions in and out the film resulting in their redistribution and changes in the local pH [START_REF] Ali-Löytty | Ambient-Pressure XPS Study of a Ni-Fe Electrocatalyst for the Oxygen Evolution Reaction[END_REF].

To study aqueous electrolytes with soft X-ray (hν ≤ 1.5 keV) NAP-XPS, the electrolyte must be separated from the ultra-high vacuum (UHV) through a water-tight window as shown, e.g. in Figure 1D. The catalytic material is deposited onto a graphene (or graphene oxide) membrane [START_REF] Velasco-Velez | Photoelectron Spectroscopy at the Graphene -Liquid Interface Reveals the Electronic Structure of an Electrodeposited Cobalt / Graphene Electrocatalyst[END_REF]which simultaneously serves as a working electrode and a window separating the vacuum chamber and the electrolyte enclosed in a liquid electrochemical cell. The advantages of the cell are: its compatibility with liquid electrolytes, and availability of a reference electrode (RE), which can be conveniently introduced in the liquid electrolyte compartment. This configuration however bears such disadvantages as attenuation of photoelectrons by the graphene membrane, and corrosion instability of graphene membranes under high potentials. In addition, graphene windows are fragile and eventually break.

Cell configurations shown in panels B and C of Figure 1 comprise electrocatalytic materials integrated in polymer membrane -electrode assemblies. Bearing in mind that activity and stability of the catalysts depend on the ambient and may significantly differ depending on the nature of a liquid or a polymer electrolyte, utilization of catalytic materials integrated in MEAs and thus being exposed to conditions as close as possible to the operational conditions of fuel and electrolysis cells is an advantage. The ionic conductivity of the state-of-the art proton-and anion-exchange membranes strongly depends on the degree of their humidification. The latter may be realized either by backing the membrane to a reservoir (Figure 1B) containing water (or an aqueous electrolyte solution) or by introducing water vapor in the vacuum chamber (Figure 1C). Figure 2C demonstrates the dependence of the ohmic losses of a Nafion-based MEA exposed to a humidified ambient on the water vapor pressure. Poor proton conductivity of the Nafion membrane under low humidity conditions not only results in high ohmic losses but also leads to inhomogeneities in the potential distribution impacting the experimental data.

Panel B of Figure 1 shows an electrochemical cell comprising a thin Pt film working electrode deposited on a Nafion membrane [START_REF] Arrigo | In situ study of the gas-phase electrolysis of water on platinum by NAP-XPS[END_REF] ) separating a water-filled reservoir from the vacuum chamber. In subsequent publications the water-filled reservoir was replaced by a continuous flow of water prolonging the measurement time [START_REF] Pfeifer | In situ observation of reactive oxygen species forming on oxygen-evolving iridium surfaces[END_REF], and ultimately by an aqueous electrolyte solution [START_REF] Knop-Gericke | In situ X-ray photoelectron spectroscopy of electrochemically active solid-gas and solid-liquid interfaces[END_REF]. In the latter case, a reference electrode can be integrated in the liquid electrolyte compartment, which is an advantage. The disadvantage of the cell configuration of Figure 1B is the water gradient, which sets across the MEA due to the difference in the water concentration inside the electrochemical cell (containing water or an aqueous electrolyte) and in the vacuum chamber (containing water vapor at the mbar level). Considering the dependence of the ionic conductivity on the water content (Figure 2C), this leads to unequal local conditions to which different parts of the catalyst are exposed thus complicating data interpretation.

Water retention of the proton-exchange perfluorosulfonic acid-based membranes such as Nafion depends on the length of the side chains containing proton exchange groups as well as on the concentration of the latter [START_REF] Siracusano | Performance analysis of short-side-chain Aquivion perfluorosulfonic acid polymer for proton exchange membrane water electrolysis[END_REF][START_REF] Skulimowska | Proton exchange membrane water electrolysis with short-side-chain Aquivion membrane and IrO2 anode catalyst[END_REF]. Saveleva et al [START_REF] Wang | Highly active anode electrocatalysts derived from electrochemical leaching of Ru from metallic Ir0.7Ru0.3 for proton exchange membrane electrolyzers[END_REF][START_REF] Saveleva | Operando Evidence for a Universal Oxygen Evolution Mechanism on Thermal and Electrochemical Iridium Oxides[END_REF][START_REF] Saveleva | Uncovering the Stabilization Mechanism in Bimetallic Ruthenium -Iridium Anodes for Proton Exchange Membrane Electrolyzers[END_REF] prepared MEAs based on a short-side chain proton-exchange membrane (PEM) analogue Aquivion [START_REF] Merlo | PFSA Aquivion® membranes: general features and degradation mechanisms[END_REF][START_REF] Xiao | Physically stable and high performance Aquivion/ePTFE composite membrane for high temperature fuel cell application[END_REF], which were integrated in a gas-phase electrochemical cell of Figure 1C (previously suggested by Law et al for experiments with a phosphoric -acid imbibed high-temperature PEM [START_REF] Law | In situ investigation of dissociation and migration phenomena at the Pt/electrolyte interface of an electrochemical cell[END_REF]) and used to study the oxygen evolution reaction (OER). The assets of the Aquivion membrane and ionomer are clearly exposed in Figures 2A andC, which show cyclic voltammograms and the MEA resistance at different water vapor pressures. Along with its simplicity and compatibility with virtually any active electrocatalytic material, the advantage of the cell configuration of Figure 1C is the absence of water gradients across the membrane since both sides of the MEA are exposed to the same water vapor containing ambient. However, it bears a disadvantage related to its two-electrode configuration and the absence of a RE. This obstacle can be circumvented by using the counter electrode (CE) as a dynamic RE (see Figure 2B). To decrease the overpotential at the CE one should consider increasing its Pt loading and introducing hydrogen in the gas phase [START_REF] Saveleva | Operando Near Ambient Pressure XPS (NAP-XPS) Study of the Pt Electrochemical Oxidation in H 2 O and H 2 O/O 2 Ambients[END_REF] unless it is generated spontaneously at the CE once the WE is exposed to positive potentials (as during the investigation of the OER [START_REF] Saveleva | Uncovering the Stabilization Mechanism in Bimetallic Ruthenium -Iridium Anodes for Proton Exchange Membrane Electrolyzers[END_REF]).

While the membrane and the ionomer are important for establishing the proton conductivity between the electrodes and within the catalytic layers, the quality of the latter, i.e. their thickness, homogeneity and integrity, also affect the results. Particles of the catalytic layer, which may be eventually disconnected from the current collector impact XP spectra complicating their interpretation [START_REF] Law | In situ investigation of dissociation and migration phenomena at the Pt/electrolyte interface of an electrochemical cell[END_REF][START_REF] Saveleva | Operando Near Ambient Pressure XPS (NAP-XPS) Study of the Pt Electrochemical Oxidation in H 2 O and H 2 O/O 2 Ambients[END_REF]. This fact also emphasizes the need of a complementary sample characterization with state-of-the-art microscopic [START_REF] Favaro | Elucidating the alkaline oxygen evolution reaction mechanism on platinum[END_REF][START_REF] Eilert | Subsurface Oxygen in Oxide-Derived Copper Electrocatalysts for Carbon Dioxide Reduction[END_REF][START_REF] Saveleva | Uncovering the Stabilization Mechanism in Bimetallic Ruthenium -Iridium Anodes for Proton Exchange Membrane Electrolyzers[END_REF], spectroscopic and electrochemical methods before and after NAP-XPS measurements.

The X-ray-based techniques are very powerful as well as destructive. Moreover, the beam damage effects could be enhanced in the presence of gases (e.g. water vapor). Particularly vulnerable are polymer materials and reducible transition metal (e.g. Mn) oxides. Thus, NAP-XPS and XAS investigation of electrocatalytic materials requires careful analysis of eventual beam damage effects in order to avoid misinterpretations.

Opportunities

This section provides a short overview of opportunities offered by operando NAP-XPS for studying electrocatalytic systems.

Local probe of the electrostatic potential. From Eq. ( 1) it can be clearly seen that if an electrostatic potential difference ∆V is applied between the sample and the spectrometer the KE of species originating from the former will experience a shift of e∆V, where e is the electron charge [START_REF] Siegbahn | A method of depressing gaseous-phase electron lines in liquid-phase ESCA spectra[END_REF]. Thus, application of NAP-XPS to electrochemical systems offers a unique opportunity of measuring local electrostatic potentials [START_REF] Axnanda | Using "Tender" X-ray Ambient Pressure X-Ray Photoelectron Spectroscopy as A Direct Probe of Solid-Liquid Interface[END_REF][START_REF] Law | In situ investigation of dissociation and migration phenomena at the Pt/electrolyte interface of an electrochemical cell[END_REF][START_REF] Zhang | Measuring fundamental properties in operating solid oxide electrochemical cells by using in situ X-ray photoelectron spectroscopy[END_REF][START_REF] Yu | Non-contact electric potential measurements of electrode components in an operating polymer electrolyte fuel cell by near ambient pressure XPS[END_REF]. Figures 3A and3B show Pt 4f and P 2p XP spectra acquired in situ for a membrane-electrode assembly of a phosphoric acid imbibed high temperature (HT) PEM fuel cell under 0.3 mbar H2O and 180°C at various cell voltages [START_REF] Law | In situ investigation of dissociation and migration phenomena at the Pt/electrolyte interface of an electrochemical cell[END_REF]. One may see that as a positive bias is applied between the WE and the CE, the position of the main Pt 4f peaks (corresponding to metallic Pt) stays constant (since the WE is grounded to the spectrometer and thus the Fermi level of Pt is pinned to the Fermi level of the spectrometer), while the BEs of the elements originating from the phosphoric acid electrolyte (P in Figure 3B) and the HT membrane shift to lower BEs, following polarization of the electrode/electrolyte interface. Favaro et al [START_REF] Favaro | Unravelling the electrochemical double layer by direct probing of the solid / liquid interface[END_REF] and Lichterman et al [START_REF] Lichterman | Operando X-ray photoelectron spectroscopic investigations of the electrochemical double layer at Ir / KOH ( aq ) interfaces[END_REF] suggested to use the BE shift and the broadening of the XP peaks of electrolyte species for probing the electrostatic potential distribution in the electrochemical double layer. Figures 3C and3D show schematics of the spectral broadening of the core level of the elements belonging to the liquid phase [START_REF] Favaro | Unravelling the electrochemical double layer by direct probing of the solid / liquid interface[END_REF].

Oxidation/reduction of the electrode surface. Knowledge of the state of the electrode constituents is of paramount importance for understanding electrocatalysis. Various electrode materials have been studied in situ under potential control. Here we limit ourselves to the examples related to Pt and Co electrodes. Pt and Pt alloys are state-of-the-art materials utilized at the electrodes of proton-exchange membrane fuel cells. Oxidation of Pt alters its electrocatalytic activity in the oxygen reduction and has been subject of numerous studies. Despite this, the mechanism of the Pt oxidation is still debated. Several groups investigated the state of Pt electrodes using NAP-XPS. Takagi et al [START_REF] Takagi | In situ study of oxidation states of platinum nanoparticles on a polymer electrolyte fuel cell electrode by near ambient pressure hard X-ray photoelectron spectroscopy[END_REF] studied Pt/C nanoparticles integrated in a MEA of a PEM fuel cell at room temperature and 3000 Pa, which corresponds to the saturated vapor pressure, using hard X-ray (hν ~ 8 keV) XPS. By analyzing the Pt 3d5/2 core level (not shown) the authors concluded on the Pt oxidation above 0.8 V vs. RHE and formation of PtOH and then PtO. Meanwhile Favaro et al [START_REF] Favaro | Elucidating the alkaline oxygen evolution reaction mechanism on platinum[END_REF] (Figures 3E and3F) utilized tender X-rays (hν = 4 keV) to study oxidation of a polycrystalline Pt electrode in an alkaline 1.0 M KOH electrolyte, also at room temperature, and concluded on the formation of adsorbed OH and Pt (II) oxide at relatively low potentials, while Pt (IV) oxide was detected in the interval of the OER. A yet different mechanism of the Pt oxidation was proposed by Saveleva et al [START_REF] Saveleva | Operando Near Ambient Pressure XPS (NAP-XPS) Study of the Pt Electrochemical Oxidation in H 2 O and H 2 O/O 2 Ambients[END_REF] who studied Pt nanoparticles at the positive electrode of the MEA of a phosphoric acid-imbibed HT PEM fuel cell at 150°C and water vapor pressure of 0.3 mbar with soft X-rays. To aid localization of the interface species, the authors performed nondestructive depth profiling (whose utility will be discussed in more detail below) via tuning the photon energy. This enabled them to propose a tentative mechanism of the Pt oxidation at high anodic potentials, consisting of adsorption of O/OH followed by simultaneous nucleation of PtO and PtO2 surface oxides and their subsequent three-dimensional growth. It was also concluded that the presence of O2 in the gas phase resulted in the increase of the extent of surface oxidation, and in the growth of the contribution of the PtO2 oxide. Differences in the experimental data in the above examples may be related to the experimental conditions, calling for further studies in order to reconcile the inconsistencies.

Transition metals and their oxides are currently attracting an increasing attention in view of the development of anion exchange membrane (AEM) fuel cells. However, lower (compared to PEM) ionic conductivity of AEMs has so far prevented studies of transition metals and heir oxides with NAP-XPS in realistic AEM electrolysis conditions with soft X-rays. Several studies have been performed with tender X-rays (hv = 2 -7 eV) using dip & pull approach [START_REF] Han | Observing the Electrochemical Oxidation of Co Metal at the Solid/ Liquid Interface Using Ambient Pressure Xray Photoelectron Spectroscopy[END_REF][START_REF] Favaro | Understanding the Oxygen Evolution Reaction Mechanism on CoOx using Operando Ambient-Pressure X-ray Photoelectron Spectroscopy[END_REF][START_REF] Ali-Löytty | Ambient-Pressure XPS Study of a Ni-Fe Electrocatalyst for the Oxygen Evolution Reaction[END_REF][START_REF] Favaro | An Operando Investigation of (Ni-Fe-Co-Ce)Ox System as Highly Efficient Electrocatalyst for Oxygen Evolution Reaction[END_REF]. Figures 3G and3H show data obtained for a Co electrode in 0.1 M KOH where, upon anodic polarization, formation of Co(OH)2 was detected, the latter being further oxidized to Co oxo-hydroxide under the OER conditions.

Detecting reaction intermediates. The ultimate goal of applying NAP-XPS in electrocatalysis is detecting active sites and reaction intermediates under the reaction conditions. Saveleva et al investigated nanoparticles of Ru-, Ir-and mixed IrRu-oxides during the OER under conditions similar to those applied during PEM water electrolysis by integrating them in MEAs with an Aquivion membrane and ionomer [START_REF] Wang | Highly active anode electrocatalysts derived from electrochemical leaching of Ru from metallic Ir0.7Ru0.3 for proton exchange membrane electrolyzers[END_REF][START_REF] Saveleva | Operando Evidence for a Universal Oxygen Evolution Mechanism on Thermal and Electrochemical Iridium Oxides[END_REF][START_REF] Saveleva | Uncovering the Stabilization Mechanism in Bimetallic Ruthenium -Iridium Anodes for Proton Exchange Membrane Electrolyzers[END_REF][START_REF] Lettenmeier | Highly Active Nano-Sized Iridium Catalysts: Synthesis and Operando Spectroscopy in Proton Exchange Membrane Electrolyzer[END_REF]. For Ru-based electrodes, potential-dependent transformation of Ru(IV) into high (Ru(VI) and Ru(VIII)) oxidation states was detected during the OER (Figures 4A,C). It was thus concluded that the OER occurs via the so-called cation red-ox mechanism. It was also found that high oxidation states of Ru formed under the OER potentials do not revert back into the Ru(IV) dioxide by completing the catalytic cycle but rather transform into an unstable hydrous oxide leading to the anode degradation (Figures 4A,C). It is remarkable that introduction of Ir into the anode, contrary to the previous knowledge, does not result in hindering the formation of high oxidation states of Ru (Figure 4B, D) but rather leads to a significant diminution of the contribution of Ru hydrous oxides. It was thus concluded that the Ir stabilization mechanism consists in stabilizing RuO2 in the rutile structure protecting it from an irreversible transformation into an unstable hydrous Ru(IV) oxide.

The work of Saveleva et al [START_REF] Saveleva | Uncovering the Stabilization Mechanism in Bimetallic Ruthenium -Iridium Anodes for Proton Exchange Membrane Electrolyzers[END_REF] also provides a pertinent example of the utility of the photon energy tuning as the means of nondestructive depth profiling. Laboratory XPS systems allow two approaches towards depth profiling: (i) non-destructive angle-resolved measurements or (ii) destructive depth profiling by stripping off surface atoms through bombardment with heavy ions (usually Ar + ). Both are applicable (under certain conditions) to smooth films but inapplicable to nanoparticulated samples. In the meantime, photon energy tuning, which can be applied at synchrotron-based NAP-XPS stations, provides a convenient and versatile tool towards non-destructive depth profiling applicable to materials of various structure and morphology. Ru 3d spectra of Figures 4E,F acquired during the OER on Ir0.7Ru0.3O2 show that the high oxidation states of Ru and the Ru hydrous oxide phase are formed on the surface of the catalytic particles, while their core consists from an anhydrous oxide phase.

Interestingly, a different type of intermediates was detected on Ir anodes by Pfeifer et al [START_REF] Pfeifer | In situ observation of reactive oxygen species forming on oxygen-evolving iridium surfaces[END_REF] and Saveleva et al [START_REF] Saveleva | Operando Evidence for a Universal Oxygen Evolution Mechanism on Thermal and Electrochemical Iridium Oxides[END_REF] by combining NAP-XPS with soft XAS measurements. While NAP-XPS data confirmed that Ir (IV) preserved its oxidation state during the OER, soft X-ray absorption measurements at the O K-edge allowed to detect formation of oxygen species (see peak at 528.8 eV in the XAS spectrum of Figure 4I), whose intensity correlated with the faradaic current. DFT calculations performed by T. Jones [START_REF] Pfeifer | In situ observation of reactive oxygen species forming on oxygen-evolving iridium surfaces[END_REF][START_REF] Saveleva | Operando Evidence for a Universal Oxygen Evolution Mechanism on Thermal and Electrochemical Iridium Oxides[END_REF] allowed the authors to attribute this new feature to the electron-deficient oxygen, which is labeled O I-in panel I of Figure 4, even though the charge on the oxygen anion is not exactly equal to -1. These oxygen species could be formed both on the surface (µ2-oxygen in Figure 4L) and in sub-surface. Analysis of spectroscopic data backed with DFT calculations and complemented with simultaneous electrochemical measurements allowed Saveleva et al to conclude that the active oxygen intermediate is formed through an electrochemical step of deprotonation of the μ1-OH groups (Figure 4M) seen at 529.4 eV in panel H of Figure 4 followed by a chemical step of the O2 formation. This oxygen anion red-ox mechanism is universal occurring both on the thermal rutile-type Ir oxide and on the amorphous electrochemical hydrous oxide. The higher activity of the latter was attributed to its higher structural flexibility and to the greater involvement of sub-surface sites in electrocatalysis. With this last example we intend to demonstrate exceptional capabilities of NAP-XPS combined with soft XAS for unveiling reaction mechanisms. We also wish to stresses that attribution of spectral features may not be trivial and requires support from ab initio calculations in order to avoid misinterpretations [START_REF] Pfeifer | In situ observation of reactive oxygen species forming on oxygen-evolving iridium surfaces[END_REF][START_REF] Saveleva | Operando Evidence for a Universal Oxygen Evolution Mechanism on Thermal and Electrochemical Iridium Oxides[END_REF][START_REF] Law | In situ investigation of dissociation and migration phenomena at the Pt/electrolyte interface of an electrochemical cell[END_REF].

Conclusions and outlook

The examples considered in this article demonstrate that NAP-XPS is a unique tool for operando studies of electrocatalytic materials. It allows one probing the interfacial polarization, follow red-ox transformations, detect reaction intermediates, and perform nondestructive depth profiling. Equally important is possibility to probe interfacial alloy formation [START_REF] Papaefthimiou | Potential-Induced Segregation Phenomena in Bimetallic PtAu Nanoparticles: An In Situ Near-Ambient-Pressure Photoelectron Spectroscopy Study[END_REF], segregation/dissolution and transformation of species located at the electrolyte side of the interface [START_REF] Law | In situ investigation of dissociation and migration phenomena at the Pt/electrolyte interface of an electrochemical cell[END_REF], which were not discussed here due to the size constraints.

Opportunities offered by NAP-XPS for studying electrified interfaces along with the increasing number of laboratory and synchrotron-based stations allowing to perform the measurements suggest that NAP-XPS may soon become a routine method in electrochemistry. We would like, however, to warn inexperienced users of numerous pitfalls related to the choice of a spectroelectrochemical cell, to the eventual « pressure gap », to possible current and potential gradients, and to a sound interpretation of spectroscopic features. Further development of « electrochemical » NAP-XPS requires design of novel spectroelectrochemical cells allowing measurements with anion-exchange membranes, and performing measurements with temporal resolution allowing real-time monitoring of the reaction intermediates. Coupling NAP-XPS with in situ measurements providing information regarding the structure of the interfacial region (e.g. by scanning probe microscopies), the adsorption modes of the adsorbates (vibrational spectroscopies) will allow significant step forward in understanding fundamentals of electrocatalysis.
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Figure 1. Spectroelectrochemical cells currently utilized for in situ and operando (N)AP-XPS measurements of electrochemical systems. Panel A. Schematic of the meniscus "dip & pull" method. The front aperture of the differentially pumped lens system of the AP-XPS system is also shown. For full electrochemical control, a counter and reference electrodes are placed into the solution, while the sample (working electrode) is held on ground potential, in case of a metal with its Fermi level aligned to that of the photoelectron spectrometer. Reprinted with permission from Ref. [START_REF] Karslioglu | Aqueous solution/metal interfaces investigated in operando by photoelectron spectroscopy[END_REF] -Published by The Royal Society of Chemistry. Panel B. The cell with a liquid reservoir where water from the latter diffuses through the membrane and a porous Pt film and generates water pressure in the XPS chamber in the mbar range. Reprinted with permission from Ref. [START_REF] Arrigo | In situ study of the gas-phase electrolysis of water on platinum by NAP-XPS[END_REF] Panel C. Schematic representation of a model membraneelectrode assembly, which is placed in a NAP-XPS chamber, humidified by water vapor introduced therein, and utilized for operando NAP-XPS measurements in a two-electrode configuration. The working electrode is placed in front of the aperture. Au grid serves as a current collector. Platinum particles can be replaced by any type of powder catalyst. The cell is compatible with any type of membrane bearing sufficient ionic conductivity in the humid ambient. Reprinted with permission from Ref. 
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 2 Figure1. Spectroelectrochemical cells currently utilized for in situ and operando (N)AP-XPS measurements of electrochemical systems. Panel A. Schematic of the meniscus "dip & pull" method. The front aperture of the differentially pumped lens system of the AP-XPS system is also shown. For full electrochemical control, a counter and reference electrodes are placed into the solution, while the sample (working electrode) is held on ground potential, in case of a metal with its Fermi level aligned to that of the photoelectron spectrometer. Reprinted with permission from Ref.[START_REF] Karslioglu | Aqueous solution/metal interfaces investigated in operando by photoelectron spectroscopy[END_REF] -Published by The Royal Society of Chemistry. Panel B. The cell with a liquid reservoir where water from the latter diffuses through the membrane and a porous Pt film and generates water pressure in the XPS chamber in the mbar range. Reprinted with permission from Ref.[START_REF] Arrigo | In situ study of the gas-phase electrolysis of water on platinum by NAP-XPS[END_REF] Panel C. Schematic representation of a model membraneelectrode assembly, which is placed in a NAP-XPS chamber, humidified by water vapor introduced therein, and utilized for operando NAP-XPS measurements in a two-electrode configuration. The working electrode is placed in front of the aperture. Au grid serves as a current collector. Platinum particles can be replaced by any type of powder catalyst. The cell is compatible with any type of membrane bearing sufficient ionic conductivity in the humid ambient. Reprinted with permission from Ref.[START_REF] Law | In situ investigation of dissociation and migration phenomena at the Pt/electrolyte interface of an electrochemical cell[END_REF] -Published by The Royal Society of Chemistry. Panel D. Sketch of a three-electrode liquid flow cell (comprising a WE, a CE and a RE) and its cross-section. A Si3N4 grid coated with bilayer graphene separates the liquid electrolyte from the vacuum chamber. Catalytic particles are supported on the bilayer graphene window and are probed by soft X-ray AP-XPS. The blue arrows indicate the electrolyte flow. Reprinted with permission from Ref.[START_REF] Velasco-Velez | Photoelectron Spectroscopy at the Graphene -Liquid Interface Reveals the Electronic Structure of an Electrodeposited Cobalt / Graphene Electrocatalyst[END_REF] Figure2. Panel A. Cyclic voltammograms recorded on a MEA, comprising an Ir nanoparticulated anode with a loading of ca. 0.1 mg cm -2 , a Pt/C cathode with ca. 10 times higher metal loading, and an Aquivion membrane and ionomer at a scan rate 5 mV s -1 . The MEA is placed in a vacuum chamber where water is introduced up to different levels as indicated in the figure. The surface of Ir nanoparticles is covered by a non-stoichiometric hydrous oxide (Ir@IrOx) formed upon potential cycling. Reprinted with permission from Ref.[START_REF] Saveleva | Uncovering the Stabilization Mechanism in Bimetallic Ruthenium -Iridium Anodes for Proton Exchange Membrane Electrolyzers[END_REF]. Copyright (2019) American Chemical Society. Panel B. Cyclic voltammograms of a nanoparticulated Ir0.7Ru0.3O2 electrode obtained in a NAP-XPS chamber at different ambient conditions: 3 mbar H2O (black curve); 3 mbar H2O and 0.5 mbar H2 (red curve) at a scan rate 5 mV s -1 . Note that the potential shift in the presence of 0.5 mbar H2 does not exceed 25 mV suggesting that the CE can be considered as a fair dynamic RE. Reprinted with permission from Ref.[START_REF] Saveleva | Uncovering the Stabilization Mechanism in Bimetallic Ruthenium -Iridium Anodes for Proton Exchange Membrane Electrolyzers[END_REF]. Copyright (2019) American Chemical Society. Panel C. Influence of water vapor pressure on the resistance of Nafion-and Aquivion-based MEAs measured using the electrochemical impedance spectroscopy. The polymer pending groups are shown. All measurements of Figure2are performed at room temperature, the saturation water vapor pressure is 30 mbar.

Figure 3 .

 3 Figure 3. Panels A, B. Pt 4f (A) and P 2p (B) spectra acquired for a nanoparticulated Pt working electrode integrated in a MEA of a phosphoric acid imbibed HT PEM in situ under 0.3 mbar H2O and 180°C at various cell voltages. Potential values are measured relative to the open circuit voltage (OCV). KE of photoelectrons is 400 eV. Reprinted with permission from Ref. [30] -Published by The Royal Society of Chemistry. Panels C, D. Schematization of the electrochemical double layer probing by AP-XPS under polarization conditions. The upper part represents the spectral broadening of the core level of the elements belonging to the liquid phase, passing from the potential of zero charge to a positive potential applied to the working electrode, respectively. Reprinted with permission from Ref. [14] Panels E, F. Evolution of the Pt surface chemistry as revealed from operando AP-XPS measurements

Figure 4 .

 4 Figure 4. Panels A-D.Fitted C 1s-Ru 3d XP spectra of a nanoparticulated RuO2 (A) and Ir0.7Ru0.3O2 (B) electrodes (C1s peaks are not shown) at photon energy 800 eV under 3 mbar H2O at 1.5 V and their evolution with potential (Panels C and D, correspondingly). Color codes: RuO2 (black); Ru(OH)x (red); Ru(VI) abbreviated as RuO3 (green); and Ru(VIII) abbreviated as RuO4 (blue). Panels E, F. Ru 3d spectra of a nanoparticulated mixed Ir0.7Ru0.3O2 oxide electrode in 3 mbar H2O ambient under 1.8 V and photon energies 820 eV (E) and 1300 eV (F). Potentials are referenced to the dynamic RE and are ohmic drop (iR) corrected. Reprinted with permission from Ref.[START_REF] Saveleva | Uncovering the Stabilization Mechanism in Bimetallic Ruthenium -Iridium Anodes for Proton Exchange Membrane Electrolyzers[END_REF]. Copyright (2019) American Chemical Society. Panel G. O K-edge spectra of an Ir working electrode recorded at 5 Pa water vapor pressure with the indicated potentials applied (referenced to the OCP). Reprinted with permission from Ref.[START_REF] Pfeifer | In situ observation of reactive oxygen species forming on oxygen-evolving iridium surfaces[END_REF] Panels H-M. Low excitation energy region of the O K-edge spectra recorded under the OER conditions for metal Ir nanoparticles covered by non-stoichiometric Ir hydrous oxide (Ir@IrOx) at E-iR = 1.48 V (H) and nanoparticulated IrO2 -based anodes at E-iR = 1.53 V (I). Currents (black) measured at 120 s after the application of corresponding potentials and O I-integrated peak intensity (red) versus the iR-corrected potential for Ir@IrOx (J) and IrO2 (K) anodes. Insets show the current versus the O I-integrated peak intensity for Ir@IrOx (red) and IrO2 (black) anodes. Ball and stick structural model of the (110) IrO2 surface with O (L) and OH (M) termination used in DFT calculations. Reprinted with permission from Ref.[START_REF] Saveleva | Operando Evidence for a Universal Oxygen Evolution Mechanism on Thermal and Electrochemical Iridium Oxides[END_REF]. Copyright (2019) American Chemical Society. Results of Panels A-F and H-K are acquired in a two-electrode spectroelectrochemical cell comprising various working electrodes, a high loading Pt/C counter electrode, an Aquivion membrane and ionomer in a configuration similar to the one of Figure1C. Results of panel G are acquired in a two-electrode cell (similar to the one shown in Figure1B) with an Ir-film coated Nafion membrane. All measurements were performed at room temperature.

Table 1 .

 1 A non-exhaustive list of recent in situ and operando NAP-XPS studies performed for different electrochemical systems at low (<100°C) or intermediate (<200°C) temperatures

	Studied	Sample studied	Cell type	Electrolyte Temperature	Gas ambient and	X-ray	Synchrotron/	Ref.
	Phenomena				°C	pressure in NAP-	energy	Beamline/
						XPS chamber	range	
	Oxygen	polycrystalline	dip & pull,	Liquid/	RT	16 Torr H2O	tender	ALC/9.3.1 [13]
	Evolution	Pt foil	three	KOH				
	Reaction		electrode					
		Co3O4/	dip & pull,	Liquid/	RT	15-20 Torr H2O	tender	ALC/9.3.1 [16]
		Co(OH)2	three	KOH				
			electrode					
		Ni-Fe	dip & pull,	Liquid/	RT	18 Torr H2O	tender ALC/ 9.3.1 [17]
		oxyhydroxide	three	KOH				
			electrode					
		Mixed	dip & pull,	Liquid/	RT	16-20 Torr H2O	tender ALC /9.3.1 [18]
		(NiFeCoCe)	three	KOH				
		oxide	electrode					
		Co3O4-	two	PEM/	RT	7 mbar H2O, 4	soft	laboratory	[39]
		MWCNT	electrode	Nafion		mbar H2O / 2		based AP-
						mbar O2		XPS,
								SPECS
		Ir film sputter-	three	Liquid/	RT	0.1-10 Pa H2O,	soft	BESSY-	[6]
		deposited on Nafion membrane	electrode flow cell with a	H2SO4				HZB/ISIS S
			Nafion					
			membrane					
		IrO2, Ir@IrOx	two	PEM/	RT	3 mbar H2O	soft	BESSY-	[26]
		nanoparticles	electrode	Aquivion				HZB/ISIS
		(NPs)	MEA					S
		Ir@IrOx NPs	two	PEM/	RT	3 mbar H2O	soft	Soleil/Tem	[37]
			electrode	Aquivion				po
			MEA					
		IrRuO2, RuO2	two	PEM/	RT	3 mbar H2O	soft	BESSY-	[27]
		NPs	electrode	Aquivion				HZB/ISIS
			MEA					S
		polycrystalline	dip & pull,	Liquid/	RT	16-18 Torr H2O	tender	ALC/9.3.1 [19]
		Pt foil	three	KOH				
			electrode					
	Oxygen	Pt NPs	two	PEM/	RT	600 Torr H2O,	soft	SSRL/13-2 [40]
	Reduction		electrode	Nafion		0.4 Torr O2		
	Reaction		MEA			(cathode)		
	Hydrogen	polycrystalline	dip & pull,	Liquid/	RT	16 Torr water	tender	ALC/9.3.1 [13]
	Evolution	Pt foil	three	KOH		vapor		
	Reaction		electrode					
	CO2	Cu/Au mesh	flow cell	Liquid/	RT	10 -8 mbar	tender NSRRC/20	[41]
	Reduction Reaction		with a SiNx membrane,	KHCO3				A1
			three					
			electrode					
		polycrystalline	dip & pull,	Liquid/	RT	16-18 Torr H2O	tender	ALC/9.3.1 [20]
		Cu foil	three	KCl /				
			electrode	KHCO3				

Acknowledgements

The authors acknowledge funding from the European Union's Seventh Framework Programme (FP7/2007-2013) for Fuel Cell and Hydrogen Joint Technology Initiative under Grant No. 621237 (INSIDE) and all collaborators who participated in this joint project. E.R.S. acknowledges financial support received from "The Frontier Research in Chemistry" Foundation at the University of Strasbourg, France.