Understanding the electronic structure of ruthenium oxides during redox cycling with high energy resolution X-ray absorption spectroscopy
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ABSTRACT
Ruthenium oxides are essential catalysts and charge storage materials whose performance across reactions, from the oxygen evolution reaction to the chlor-alkali process, depends critically on reversible Ru redox cycling and the associated electronic structure changes. Although the Ru K-edge X-ray absorption spectroscopy (XAS) is routinely used for in situ studies, it provides limited information due to the low spectral resolution. This work reveals direct insights on the electronic structure of crystalline and amorphous/hydrous ruthenium oxide under electrochemistry using high energy resolution fluorescence-detected (HERFD) XAS and first-principles density functional theory with the Bethe–Salpeter equation. The pre-edge peak, which is buried in conventional XAS, is well-resolved with HERFD-XAS, enabling the assignment of specific electronic transitions visualized in real and reciprocal space. Polarized HERFD-XAS measurements on single-crystal RuO2 are accurately reproduced by the first-principles calculations. Ultimately, in situ HERFD-XAS of hydrous ruthenium oxide at different electrochemical potentials shows the reversible filling and emptying of d-states accompanied with structural changes. Our work sheds light on the now accessible wealth of electronic structure information for the in situ characterization of 4d transition metals at their K edges via HERFD-XAS.
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Ruthenium oxide (RuO2), the stable solid oxide of the versatile transition metal ruthenium,1 plays an important role in the modern world as a catalyst. It is an essential component of catalytic converters for the oxidation of carbon monoxide,2,3 and with its excellent electronic conductivity, serves as an electrocatalyst in the industrial chlor-alkali process that oxidizes Cl− to Cl2.4–6 RuO2, along with IrO2, is also one of the few highly functional oxygen evolution reaction (OER) electrocatalysts in acidic electrolytes. The growing interest in generating fuels using electrolyzers has led to numerous studies focused on understanding the OER mechanism of RuO2 and related materials and developing strategies to enhance its activity and stability. It is proposed that surface-adsorbed oxygen intermediates (Rus−O) formed from deprotonation of surface-adsorbed water (Rus−OH2) or hydroxide (Rus−OH) play a key role in these oxidation reactions.7–9
An important aspect of RuO2 chemistry is its ability to exist in a hydrous form (RuO2•xH2O or RuOxHy), which exhibits properties of a supercapacitor material. The hydrous/amorphous form conducts both electrons and protons, and it is thought to store charge by binding and releasing electron/proton pairs.10–12 Electrochemical capacitance associated with faradaic reactions, known as pseudocapacitance, was in fact first discovered in hydrous ruthenium oxide.11,13 This amorphous and hydrated form of ruthenium oxide is typically prepared by hydrolysis of Ru3+ salts,14 but it can also be generated from repeated electrochemical oxidation/reduction of RuCl3 solutions15,16 or ruthenium metal in aqueous electrolytes.17 The hydrous oxide was also suggested to play a role in catalysis; for example, the active state of PtRu nanoparticles during methanol oxidation electrocatalysis was proposed to be hydrous ruthenium oxide,18 and hydrous ruthenium oxide was reported to form from RuO2 during the catalytic hydrodeoxygenation of bio-oil,19 as well as from RuTe nanorods during water oxidation.20 Hydrous ruthenium oxide was also used as a catalyst for the oxidation of benzyl alcohol, and a positive correlation between its catalytic activity and specific capacitance was observed.21 Fundamentally, the catalytic activity and pseudocapacitive behavior of ruthenium oxide both depend on redox reactions. Hence, our ability to probe the electronic structure of ruthenium oxide in its different forms and operational states is key to understanding its performance as a catalyst and energy storage material. 
X-ray absorption spectroscopy (XAS), particularly the X-ray absorption near-edge structure (XANES), offers an element-specific probe for characterizing the electronic structure. Moreover, in situ/operando XAS provides direct insights into the dynamic electronic structure of catalysts in action.22 The penetrating nature of high-energy X-rays at the Ru K edge (>22 keV) allows relatively straightforward experimental setup under operating conditions. With Ru K-edge XANES, researchers have investigated the oxidation state of Ru in Ru-Ir mixed pyrochlore oxides23 and 2D oxides,24 Li+-intercalated RuO2,25 RuO2 with a series of M4+ substitutions (Sn, Ce, Cr),26 Ru oxides with cation and anion vacancies,27 and more. Studies of Rh-doped28 and W-inter-doped29 Ru oxides have indicated a connection between catalyst stability and the extent of Ru oxidation state variation during OER catalysis. Ru K-edge XANES also played a key role in showing the in situ formation of hydrous ruthenium oxide during bio-oil hydrodeoxygenation19 and in interpreting the potential-dependent processes accompanying the discharge of RuO2 as a lithium-ion battery anode.30
Although Ru K-edge XANES has been widely used, its utility is fundamentally limited by broad spectral features. Unlike 3d transition metal K-edges that typically exhibit a core-hole broadening of around 1 eV, 4d transition metal K-edges suffer from significantly lower resolutions due to their shorter core-hole lifetimes. For the Ru 1s core hole, it leads to an intrinsic linewidth of approximately 6.6 eV.31 As a result, functionally important electronic changes, such as those arising from redox transitions, ligand-field variations, or symmetry distortions, are obscured. 
In principle, XANES is sensitive not only to the oxidation state but also to the spin state, local geometry, and bond covalency of the element of interest.32 As an example of the limited spectral contrast, the Ru K-edge XANES of a series of molecular ruthenium complexes showed minor changes in a pre-edge shoulder that was correlated with variations in bonding geometry, expected to arise from 1s-to-4d transitions which are dipole-forbidden under octahedral symmetry.33 A few other studies have also noted subtle increases in absorption before the main edge and interpreted them as plausible indicators of either geometry distortion or changes in the d-orbital occupancy.28,34,35 However, for six-fold coordinated Ru centers with a nearly octahedral geometry such as those in ruthenium oxides, the Ru K-edge pre-edge feature is typically unresolved due to the low energy resolution of conventional Ru K-edge XAS (vide infra). Notably, spectral broadening due to short core-hole lifetimes can be significantly suppressed by applying the high energy resolution fluorescence-detected (HERFD-XAS) scheme.36 This technique involves the use of precisely aligned X-ray analyzer crystals to collect fluorescent X-ray photons with a specific energy only (e.g., the Kα line for K-edge excitations).37 
We report the Ru K-edge HERFD-XAS of ruthenium oxides in combination with first-principles calculations. The enhanced spectral resolution enabled quantitative analysis of the pre-edge peak, making it possible to resolve clear spectral differences between polycrystalline versus amorphous/hydrous forms of ruthenium oxide and between different X-ray polarization on single-crystal RuO2. First-principles calculations with DFT and the Bethe-Salpeter equation using the OCEAN code38 showed high fidelity in reproducing the spectral features of single-crystalline RuO2. A detailed analysis of the electronic transitions that contribute to the pre-edge region, including visualization of the electron density of corresponding excited states, is herein presented to provide a benchmark for interpreting the Ru K-edge XANES of ruthenium-related energy materials. Ultimately, the analysis informed our interpretation of the in situ spectra of hydrous ruthenium oxide biased at different electrochemical potentials in 0.1 M HClO4, showing the involvement of Ru 4d t2g-like states and key changes in the degree of structural disorder during the reversible redox reactions.

Figure 1 compares the Ru K-edge XAS of polycrystalline RuO2 powder measured with conventional fluorescence yield and with HERFD-XAS. While the regular XAS spectrum was broad and rather featureless with an unresolved pre-edge region, the HERFD-XAS spectra revealed a well-resolved pre-edge peak and sharper XANES features overall. The first derivative of the edge (Figure 1, bottom) further highlights the difference in spectral resolution. 
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Figure 1. Ru K-edge XAS of polycrystalline RuO2 powder recorded in conventional fluorescence yield and HERFD. The first derivative spectra are shown at the bottom with the dashed line denoting the zero position.

To investigate the sensitivity of the Ru K-edge HERFD-XAS to chemical state, we measured a related sample, the hydrous form of ruthenium oxide (RuOxHy) (Figure 2). Conventional XAS of polycrystalline RuO2 and hydrous/amorphous RuOxHy were nearly identical except for a slight difference in edge position (Figure S2). In contrast, the HERFD spectra showed differences between the two forms of ruthenium oxide. The inflection point in the rising edge at around 22130 eV disappeared in the spectrum of the hydrous sample, reflected as a plateau in the first derivative spectrum between 22126 eV and 22132 eV. In addition, the two main peaks at 22136 eV and 22150 eV became less pronounced. The loss of fine structure is likely due to the greater disorder in RuOxHy.
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Figure 2. Ru K-edge HERFD-XAS of polycrystalline ruthenium oxide (RuO2, red) and hydrous (RuOxHy, blue) ruthenium oxide. The first derivative spectra are shown at the bottom with the dashed line denoting the zero position. The inset shows pre-edge peak fitting results; experimental data (thick solid lines in light colors) and the fit (thick dots) are shown alongside the baseline modeled as a Lorentzian + linear function (thin dashed lines) and the peak modeled as a Gaussian function (thin solid lines). Vertical lines and the numbers denote the center of the fitted Gaussian peaks in eV.

The pre-edge peaks in the HERFD-XAS of the two ruthenium oxides were further analyzed by peak fit (Figure 2 inset, Table S1). They fit best to a single Gaussian; fitting to Voigt or pseudo-Voigt peak profiles led to negligible Lorentzian components and slightly lower-quality fits according to statistical criteria (reduced χ2, Akaike info criterion, R-factor), whereas fitting with more than one peak gave large standard errors. Since the intrinsic line shape of XAS transitions due to the core-hole lifetime is considered Lorentzian, this indicates that Gaussian broadening due to experimental, instrument-related factors dominates the spectra rather than lifetime broadening, which is what the HERFD technique seeks to suppress.39 The calculated natural core-hole lifetime broadening at the Ru K edge is 6.6 eV,31 while the full-width-half-maximum (FWHM) for our HERFD-XAS experiment, estimated based on the experimentally measured resolution, was 2.8 eV (see the SI). 
The pre-edge peak arises from Ru 1s→4d transitions that are, in principle, dipole-forbidden. Its intensity increases with higher Ru oxidation state (which corresponds to a higher density of unoccupied d states) and more distortion from perfect octahedral geometry (which increases the p-d mixing). The pre-edge peak area obtained from the fitting was 30% larger for RuO2 compared to RuOxHy, and the peak position was also more than 0.3 eV higher for RuO2. These results suggest that RuO2 exhibits a higher average oxidation state of Ru compared to RuOxHy, which is likely to have partially reduced Ru atoms due to adsorbed protons.40
In the O K-edge XAS (Figure S11), two pre-edge peaks are observed that correspond to transitions from the O 1s core level to O 2p states hybridized with Ru 4d states having t2g and eg symmetry.41 The two peaks were well-separated and had comparable intensity for RuO2, whereas for RuOxHy, the first peak (Ru 4d t2g-O 2p) was heavily diminished. In contrast, in the Ru K-edge HERFD-XAS, the pre-edge was not resolved into two peaks either for RuO₂ or RuOxHy, due to the larger core-hole lifetime broadening at the Ru K-edge compared to the O K-edge. Nevertheless, the broader pre-edge FWHM observed for RuO₂ (5.7±0.1 eV) compared to RuOxHy (4.9±0.1 eV) is consistent with the larger t₂g–eg splitting directly resolved in the O K-edge, since both reflect the same crystal field splitting of the Ru 4d unoccupied manifold, probed directly through Ru-O covalent hybridization in the O K-edge and indirectly through the unresolved envelope of the Ru K pre-edge.
Furthermore, polarized HERFD-XAS measurements on single-crystal RuO2, along with polarization- and momentum-dependent first-principles calculations, allowed to resolve the contributions arising from states of t2g and eg symmetries at the Ru K edge. Changing the polarization and momentum of X-ray photons incident on an oriented sample (Figure 3a) leads to different contributions of the dipole and quadrupole transitions to the cross section for orbitals of different symmetry and orientation.38 In particular, this can lead to a large variation in the t2g:eg peak ratio as a function of X-ray polarization direction as reported for the O K-edge XAS of single-crystal RuO2.41 Figure 3b (solid lines) shows the Ru K-edge HERFD-XAS of single-crystal RuO2 obtained at two different measurement geometries as described in Figure 3a. The pre-edge peak center appeared at 1 eV lower in energy in the vertical orientation compared to the horizontal orientation (Figure 3b, inset). The double-peak feature of the main edge appeared at higher energies in the vertical orientation (Figure 3b, 22139/22152 eV versus 22137/22150 eV).
First-principles calculations with the OCEAN code using density functional theory (DFT) and the solution of the Bethe-Salpeter equation (BSE) were engaged to interpret the rich spectral features revealed with HERFD-XAS.38,42 Figure 3b shows excellent agreement between experiment and theory (see the SI for details of the calculation and the calculated spectrum of polycrystalline RuO2 in Figure S12).43,44  All the main features observed in the experimental HERFD-XAS at the two orientations were captured by the calculations along with the relative differences associated with the X-ray polarization and momentum vector.
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Figure 3. (a) Measurement geometry of the (100)-oriented single-crystal RuO2 thin film. The e vector denotes the X-ray’s electrical field vector (i.e., the polarization direction), and the q vector denotes the X-ray’s momentum (i.e., the direction of beam propagation). “Horizontal” and “vertical” correspond to the direction of the sample’s (001) vector (i.e., the c-axis of the rutile lattice of RuO2. The synchrotron X-ray beam was linearly polarized horizontally to probe the sample at θ = 45° for both orientations. (b) Experimental Ru K-edge HERFD-XAS of single-crystal RuO2 measured at the two orientations (solid lines, bottom) and OCEAN simulated Ru K-edge XAS with broadening (dashed lines, top). The inset shows pre-edge peak fitting results of the experimental HERFD-XAS similar to Fig. 2 inset. (c) Raw OCEAN calculation with a reduced core-hole lifetime broadening of 0.2 eV (dashed lines, “D+Q”) and quadrupole-only calculation with the same broadening (dotted lines, “Q”). The spectra in (b) are shown alongside for reference.

Having confirmed the reliability of our theoretical protocol for capturing the details of the experimental spectra, we then probed the nature of the pre-edge transitions by deliberately reducing the broadening in the calculated spectra (Figure 3c, dashed lines) to resolve the transitions constituting the spectra. Two pre-edge features became visible, which match the pattern of the experimental O K-edge XAS pre-edge region (Figure S11). In Figure 4, we show that each contain transitions to t2g-like and eg-like states. We also calculated spectra with only quadrupole transitions (Figure 3c, dotted lines). The quadrupole transitions contributed significantly to the Ru K pre-edge, and they showed a strong orientation dependence. This is because the quadrupole-to-dipole amplitude ratio scales with the effective nuclear charge experienced by the frontier orbitals in the near-nucleus region, which grows across the transition metal series and leads to a roughly twofold increase in quadrupole intensity at 4d K-edges compared to 3d.
The spectral features were further analyzed in terms of their corresponding excitons, i.e., the electron densities of excited states resulting from X-ray absorption at specific X-ray energies. While OCEAN does not give distinct orbital compositions for the core-excited states, we can however visualize the excitons at specified X-ray energies either in real space or reciprocal space. Figure 4a shows the calculated XAS pre-edge for the vertical orientation (also shown in Figure 3c) along with the Ru 4d projected density of states (pDOS) (Figure 4b) and the RuO2 band structure (Figure 4c) on the same energy axis. The pDOS shows the t2g and eg symmetry states appearing at lower and higher energies, respectively. Excitons were calculated at two representative X-ray energies: one at the peak of the lower-energy group of transitions (color-coded with blue) and another at the center of the higher-energy group of transitions (color-coded with yellow). The reciprocal-space densities of these excitons are projected onto the RuO2 band structure in Figure 4c, while isosurfaces showing their real-space densities are shown in Figure 4d. The exciton plots confirm that the symmetry of the lower-energy transitions are t2g-like and that of the higher-energy transitions are eg-like.
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Figure 4. (a) The calculated Ru K-edge pre-edge region of single-crystal RuO2 in the vertical orientation (see Figure 3a) with an artificially reduced broadening of 0.2 eV (black; also shown in Figure 3c). The spectrum’s X-ray energy axis (top) is aligned with the energy axis of the diagrams in (b) and (c). The vertical dashed lines denote the two representative X-ray energies at which the excitons are visualized, color-coded as blue (0.053 eV above the Fermi level, EF) and yellow (3.433 eV above EF). (b) The partial density of states (pDOS) projected onto the Ru 4d orbitals with the axes rotated such that z points along the shorter Ru−O bonds in the RuO6 octahedra. (c) The band structure of RuO2 along three high-symmetry paths, showing the Ru 4d bands. The blue and yellow circles denote the k-space density of the excitons at the two X-ray energies denoted in (a). (d) Real-space plot of the two excitons in (a) produced with the VESTA code.45 The blue (0.1 eV) exciton shows a clear t2g-like shape on the absorbing Ru atom (in the center), while the yellow (3.4 eV) exciton is more extended, showing p-like density around the absorbing Ru atom and a dx2−y2-like shape around the neighboring Ru atoms. Both excitons also reveal hybridization with the neighboring oxygen p orbitals.

With this detailed understanding of the Ru K-edge XAS pre-edge, in situ HERFD-XAS was carried out on polycrystalline (RuO2) and hydrous (RuOxHy) ruthenium oxides under electrochemical conditions to probe Ru redox changes (Figure 5). The ruthenium oxide powders were mixed with Nafion, deposited on current collectors, and measured in a custom-designed electrochemical XAS cell. Both powders consisted of sizes on the order of 100 nm (Figure S3). The two forms of ruthenium oxide were subjected to different electrochemical biases in aqueous 0.1 mol/L (M) HClO4. Both of them are thought to undergo proton-coupled electron transfer according to Equation 1, giving rise to the corresponding cyclic voltammograms (CVs, Figure 5 insets)7,8,10,11:

Run+−OH2/OH  ⇄  Ru(n+1)+−OH/O + H+ + e−			(1)

In situ Ru K-edge HERFD-XAS of RuO2 were identical at different applied potentials (Figure 5a), even though the CV showed redox features. The amount of charge passed (Figure S5a) suggested that the redox processes are confined to the surface, consistent with literature.40 A prior Ru L3-edge XAS study had also shown that potential-dependent changes could not be seen for RuO2 even in 5 nm-diameter particles with a higher surface-to-bulk ratio.46 We also explored higher applied potentials up to 2.0 V vs the reversible hydrogen electrode (RHE) where vigorous OER ensued (visible bubbles generation), but no clear spectral changes were identified (Figure S6), and the harsh conditions led to delamination of the RuO2 particle film.
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Figure 5. In situ HERFD-XAS of (a) RuO2 and (b) RuOxHy at constant applied potentials (vs RHE) in 0.1 M HClO4. Inset CVs were collected at (a) 20 mV/s and (b) 2 mV/s, respectively.

On the other hand, in situ HERFD-XAS of RuOxHy changed clearly with applied potential (Figure 5b). These spectral changes were highly reversible; alternating the potential between 0.4 V and 1.2 V yielded essentially identical spectra at each potential (Figure S6). At lower applied potentials, both the pre-edge peak and main edge of amorphous ruthenium oxide shifted to lower energies, and the pre-edge peak decreased in intensity. These changes indicate a decrease in the average oxidation state of Ru, consistent with prior reversible peak shifts at the Ru L3- and L2-edges observed as a function of applied potential.47 The total amount of charge passed between 0.4 V and 1.2 V vs RHE was on the order of 1 e− per Ru atom (Figure S5b). Although this is a rough estimate based on the approximate amount of RuOxHy that was deposited and the charge obtained by integrating the electrical current, it suggests that the redox reaction (Equation 1) occurs throughout the bulk of the particles, rather than only on the surface. The exact structure of RuOxHy that enables bulk redox is a debated topic where two extreme views of (i) water permeating a network of Ru ions and (ii) water surrounding RuO2 nanoparticles at grain boundaries have been discussed;48 we defer a rigorous clarification to future work.
[bookmark: _Hlk200015274]To analyze the in situ spectra of RuOxHy, we first hypothesized that a change in the Ru oxidation state shifts the spectrum due to changes in the electrostatic potential around the core hole.49 The energy shifts due to such electrostatic potential changes were extracted by comparing the center of the first derivative peak corresponding to the rising edge (Figure S8), which was very similar in shape at all applied potentials. Figure 6a shows the RuOxHy in situ spectra translated along the energy axis to align their rising edges. The inset shows the Gaussian peak fitting results of the pre-edge region after the alignment. The aligned spectra showed (Figure S9 and Table S1) the centroid of the pre-edge peak appear at X-ray energies closer to the main edge at lower applied potential. A similar peak centroid shift after rising-edge alignment was also observed in our calculations of electron-injected RuO2 (Figure S13).
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Figure 6. (a) In situ HERFD-XAS of RuOxHy shifted along the x-axis to align the rising edges to that of the 1.2 V vs RHE spectrum. The inset shows pre-edge peak fitting results similar to those in Figure 2 inset. (b) Electron configurations of Ru redox at different spin states.

Since the experimentally observed single pre-edge peak in Ru K HERFD-XAS consists of transitions to unoccupied t2g- and eg-like states, the centroid shifting to higher X-ray energies at lower applied potentials is consistent with electron being added to the lower-energy t2g-like states upon Ru reduction. Deka et al. have reported a consistent observation using in situ O K-edge XAS of hydrous ruthenium oxide where the relative intensity of the “t2g peak” (the peak from transitions into O 2p hybridized with Ru 4d t2g-like states), which was insignificant at 0.25 V vs RHE, increased at higher applied potentials up to 1.25 V vs RHE.17 A similar peak centroid shift was also observed in our calculations of electron-injected RuO2 (Figure S13). Redox occurring on t2g-like states implies that Ru in RuOxHy is low spin (Figure 6b), if average Ru oxidation states of Ru3+ and Ru4+ are assumed at the low and high potential limits. This is consistent with the integrated charge between 0.4 V and 1.2 V vs RHE of ~1 e−/Ru (Figure S5). 
In addition to the Ru spin state, pre-edge of the in situ HERFD-XAS also revealed local geometry changes. The area of the Gaussian peak fitted to the 1.2 V vs RHE spectrum was much greater than that fitted to the 0.4 V vs RHE spectrum (1.7 or 2.0 times depending on fit parameters). As this large difference cannot be attributed solely to the different density of unoccupied Ru 4d states (Table S2 and Figure S13), it indicates greater distortion of the Ru coordination environment from the symmetric octahedral geometry at higher Ru oxidation states. This conclusion is supported by our complementary extended X-ray absorption fine structure (EXAFS) results (Figure S10) that are also consistent with prior literature.16 The first peak in the Fourier-transformed (FT) EXAFS of hydrous ruthenium oxide showed weaker and broader magnitude at higher applied potentials, which suggests increasing heterogeneity in the first coordination shell bond lengths.

Ruthenium's catalytic versatility across a wide range of reactions, from the oxygen evolution reaction and water oxidation to CO oxidation and the chlor-alkali process, originates from its unique electronic structure as a 4d transition metal. Its ability to access a broad range of stable oxidation states, enables facile redox cycling that underpins both its activity and its pseudocapacitive charge storage behavior. The position of the Ru d-band center moreover confers intermediate binding energies for key oxygen-containing adsorbates such as O* and OH*, placing RuO2 near the apex of the activity volcano for oxidative electrocatalysis. 
In this work, we resolve the previously concealed pre-edge and near-edge features in the Ru K-edge XAS of crystalline and hydrous ruthenium oxides by overcoming the energy resolution limitations of conventional XAS (~ 6 eV at Ru K-edge) with HERFD (~ 2.8 eV). Advanced first-principles calculations and exciton simulations, along with polarized HERFD-XAS measurements, allowed the assignment of spectral features to specific bands and orbital symmetries generating a benchmark and fundamental reference for future studies. Moreover, we report a quantitative analysis of electrochemical in situ XAS with respect to changes in oxidation state, orbital occupancy, and local coordination symmetry. The electronic structure insights reported here, that resolve the occupancy and symmetry of Ru 4d t2g-like states under electrochemical cycling, provide a direct spectroscopic window into precisely these properties, establishing a foundation for understanding how oxidation state, local geometry, and structural disorder collectively govern catalytic and charge storage performance in Ru-based materials.
Overall, the combination of experimental and theoretical tools at high energy resolution provides a detailed electronic picture of ruthenium oxides, advancing a molecular-scale understanding of proton-coupled electron transfer processes underlying their performance as catalysts and charge storage materials. More broadly, this study highlights the potential of high-resolution K-edge spectroscopy to reveal subtle electronic and structural transformations during redox reactions. The approach is applicable to a broader class of 4d transition metal compounds where conventional XAS fails to resolve key features due to intrinsic spectral broadening, opening a path toward decoding structure–function relationships in high-Z elements with orbital and symmetry specificity. HERFD XAS of 4d elements such as Ru benefits from hard X-ray penetration depth, minimal overlap with light element absorption edges, and ready access to extended EXAFS ranges, advantages that, combined with the resolution gains demonstrated here, make this approach broadly attractive for operando studies of 4d transition metal systems. The primary practical constraint is photon throughput, which currently favors higher-flux sources, but ongoing developments at fourth-generation synchrotrons are expected to make such measurements increasingly routine.
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