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Abstract

Amorphous thin film materials and heterogenized molecular catalysts supported on electrode and other 
functional interfaces are widely investigated as promising catalyst formats for applications in solar and 
electrochemical fuels catalysis. However the amorphous character of these catalysts and the complexity 
of the interfacial architectures that merge charge transport properties of electrode and semiconductor 
supports with discrete sites for multi-step catalysis poses challenges for probing mechanisms that activate 
and tune sites for catalysis. This minireview discusses advances in soft X-ray spectroscopy and high-energy 
X-ray scattering that provide opportunities to resolve interfacial electronic and atomic structures, 
respectively, that are linked to catalysis. This review discusses how these techniques can be partnered 
with advances in nanostructured interface synthesis for combined soft X-ray spectroscopy and high-
energy X-ray scattering analyses of thin film and heterogenized molecular catalysts. These combined 
approaches enable opportunities for the characterization of both electronic and atomic structures 
underlying fundamental catalytic function, and that can be applied under conditions relevant to device 
applications.  
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Abbreviations

AAO: Anodic Aluminium Oxides; ALD: Atomic Layer Deposition; DFT: Density Functional Theory; DRIFTS: 
Diffuse Reflectance Infrared Fourier Transform Spectroscopy; EELS: Electron Energy Loss Spectroscopy; 
EXAFS: Extended X-ray Absorption Fine Structure; FTIR: Fourier-Transform Infrared Spectroscopy; GCA: 
Glass Capillary Arrays; HAADF-STEM: High-Angle Annular Dark-Field Scanning Transmission Electron 
Microscopy; HEXS: High-Energy X-ray Scattering; HR-TEM: High-Resolution Transmission Electron 
Microscopy; IMOC: Intramolecular Oxygen Coupling; NEXAFS: Near Edge X-ray Absorption Fine Structure; 
OEC: Oxygen Evolving Catalysis; OER: Oxygen Evolution Reaction; PDF: Pair Distribution Function; PCET: 
Proton-Coupled Electron Transfer; PMMA: polymethylmethacrylate; RIXS: Resonant Inelastic X-ray 
Scattering; SEM: Scanning Electron Microscopy; SIS: Sequential Infiltration Synthesis; TOF: Turnover 
Frequency; UHV: Ultra-High Vacuum; XANES: X-ray Absorption Near Edge Structure; XAS: X-ray 
Absorption Spectroscopy; XES: X-ray Emission Spectroscopy; XPS: X-ray Photoelectron Spectroscopy.
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Introduction

Amorphous thin film materials and heterogenized molecular catalysts supported on electrode and other 
functional interfaces are of growing, central importance in solar and electrochemical fuels catalysis.1-6 A 
key feature of these interfacial materials is the merging of charge transport properties of conductive and 
semiconductor supports with discrete sites for charge accumulation and multi-step, bond-making/bond-
breaking catalysis. A fundamental understanding of the mechanisms for interfacial electro-catalysis, and 
ultimately of achieving data-based design of new catalyst materials,7-9 requires resolving atomic and 
electronic structures of active sites along the sequence of proton-coupled redox steps driving multi-
electron bonding-breaking catalysis, and realizing these within a background of the electrode or semi-
conductor support structures. The complexity of the interfacial catalytic architectures poses a key 
challenge for resolving structural mechanisms underlying interfacial catalysis. Developments in X-ray light 
sources and approaches for the analyses of interfacial electronic and atomic structures can be partnered 
with advances in nanostructured interfacial synthesis to create new opportunities for the resolution of 
thin film and heterogenized molecular catalysts supported on electrode and other functional interfaces, 
and applied under conditions relevant to device applications.

For example, transition metal oxides are widely investigated for water-splitting, oxygen-evolving catalysis 
(OEC) in solar-to-fuels applications.1-6 Amorphous transition metal oxides typically show enhanced 
catalytic performance compared to their crystalline forms.10-17 Enhanced chemical reactivity can be argued 
to arise from higher densities of catalytic sites present in the former compared to the latter, presumably 
associated with the induction of unique coordination structures and defect sites at domain edges.14, 18-23 
The size of amorphous metal oxide domains ranges from “molecular-dimensioned”, few atom clusters, 24-

27 to the small nanometer scale.28-30 A key functional feature of amorphous oxide thin film catalysts is the 
disordered, linked network of structured domains that is microscopically porous, illustrated in Figure 1. 
This results in catalytic activities that scale with the 3D film volume rather than the projected 2D surface 
area.31, 32 Catalytic flux is observed to be a product of both the charge transport properties of the 
networked domains and the intrinsic turnover activities and volume density of the local catalytic atomic 
sites.22, 31-35 Understanding, and ultimately controlling atom site structures and reactivity is a core 
challenge for catalytic materials design and synthesis. 

Similarly, surface-supported, “heterogenized” molecular catalysts are of significant interest because of 
opportunities to insert catalytic sites based on single or few-atom metal coordination complexes onto 
conductive supports, and the opportunities to exploit well-developed tools of metal-ligand, and ligand-
based outer sphere coordination chemistries to tune chemical reactivity.5, 36-43 For example, homogeneous 
binuclear iridium-oxo coordination complexes designed for water splitting have shown marked 
enhancements in catalytic turn-over frequency and number (robustness) upon attachment to 
semiconductor oxide surfaces.44 A range of surface spectroscopy and structure probes, including diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS), electron energy loss spectroscopy (EELS) 
high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) demonstrate the 
preservation of the dinuclear nature of the molecular iridium catalyst when bound to oxide surfaces.45, 46  
In this case and for heterogenized molecular catalysts more generally, more detailed information on inner 
and outer coordination shell structures are needed, along with an understanding of how these structures 
correlation to electronic structure, particularly under solution and operando catalysis. These are critical 
for understanding ligand and environmental tuning of molecular frontier orbital structures that are 
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responsible for catalysis. Because of the challenges for achieving detailed structural characterization of 
heterogeneous interfaces and non-crystalline materials, additional approaches are needed.

Advanced characterization techniques such as time-resolved infrared spectroscopies,47-51  transition metal 
K-edge X-ray spectroscopy (XANES, EXAFS),21, 24, 52-58 electron microscopy, 45, 46, 59 surface X-ray diffraction, 
60 and ambient pressure X-ray photoelectron spectroscopy,61-64 have achieved milestone advances in the 
understanding of OER function for both thin-film and surface supported catalysis. Literature cited above 
and representative recent reviews for interfacial and electrochemical catalysis8, 56, 59, 65-69 provide further 
examples of these advanced techniques.

In this minireview, we focus on emerging opportunities for combined atomic and electronic structure 
analyses of thin-film oxides and molecular catalysts at electrode and functional interfaces by utilizing 
opposite ends of the X-ray energy spectrum: soft (< 1 keV) and tender (1-5 keV) X-ray spectroscopy 
combined with high-energy (> 50 keV) X-ray scattering and atomic pair distance function (PDF) analysis. 
These are focus areas in X-ray light source and X-ray analysis development.70-73 Further, the information 
retrieved from these approaches is complementary. Soft X-ray spectroscopy provides a means to 
interrogate the details of electronic structures and frontier orbitals that participate catalytic function, 
while high-energy X-ray scattering provides a direct reciprocal space technique for probing the underlying 
inner and outer sphere coordination structures with atomic-scale resolution. Advances in the 
understanding of surface chemistry and catalysis are recognized to be driven by the ability to benchmark 
quantum theory to experiment.74-76 Particularly for amorphous materials and molecular complexes bound 
to solid surfaces, active site structures are typically only incompletely defined. Since nuclear structures of 
materials are correlated to their electronic structures and chemical reactivates through multi-electron 
interactions, a combination of both soft X-ray spectroscopy and high-energy X-ray scattering analyses 

Figure 1. Conceptual structure models for amorphous transition metal oxides and semiconductor surface-bound 
molecular catalysts illustrating the common feature of catalytic sites at semiconductor surfaces. Part A. Illustrates 
an amorphous oxide modeled as a disordered, 3-D network of persistent structural domains, linked by disordering 
mono- and di-mu-oxo metal linkages. Part B. Domain model for the amorphous cobalt oxide water splitting 
catalyst film electrolytically formed in the presence of phosphate, CoOx-Pi.35 The model includes distortions seen 
from X-ray PDF data in coordination geometry for terminal oxygen sites.25 Mapped onto this model are schemes 
for mechanism for the oxygen evolving reaction, OER. These include the accumulation of high valence Co(IV)-oxo 
or Co(III)-oxyl radicals at domain edge sites (high valence cobalt atoms shaded dark blue). Mechanism for O-O 
bond formation by intramolecular oxygen coupling or di-mu-oxo bridged water intermediates (red dotted line),20 
water nucleophilic attack (black arrows),21 geminal oxygen coupling (blue, green arrows),21 and possibly slow OER 
at mononuclear sites.49 Part C. Model structure for a molecular OER catalyst derived from an iridium (green atoms) 
di-mu-oxo dimer complex bound to the (001) surface of hematite.45 OER mechanisms are proposed to proceed 
though di-mu-oxo bridged water intermediates.45
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offers opportunities to achieve a more complete interrogation of the electronic and atomic structures 
that support interfacial catalysis.

A key experimental factor that underlies approaches to combine soft and high energy X-ray analyses is 
the extreme difference in absorption and scattering cross sections between these X-ray regions. For 
example, Figure 2 shows a representative layered photocatalytic anode architecture77, 78 and the variation 
of X-ray penetration depth upon going from soft to high energy X-ray regions. The short penetration 
depth, and corresponding large X-ray absorption cross section, for soft X-rays makes them well-suited, in 
fact, restricted to probing ultrathin films and interfaces. This places stringent demands on experiments 
designed to probe operando interfacial catalysis. In contrast, the extremely long penetration depth and 
corresponding small scattering cross sections for high energy X-rays makes them well-suited to probing 
inner and outer sphere coordination structures with atomic-scale spatial resolution (< 0.2 Å) under 
operando, device-like conditions, but comparatively poorly suited to probing the thinnest films and planar 
surfaces. 

A connection between these extremes in X-ray analysis is made possible by advances in surface synthesis 
techniques. These synthesis approaches allow an equivalent electrode-supported catalyst architecture to 
be designed for experimental access in each X-ray region, and in-turn to be tailored to match device-
relevant electrocatalytic chemistry. The use of a shared interfacial catalyst architecture allows combined 
electronic and atomic structure characterization to be achieved for designed functional interfaces, and 
suggests new opportunities for interrogating both thin film materials and heterogenized molecular 
catalysts. This minireview will discuss examples showing how advances in soft X-ray spectroscopy and 
high-energy X-ray scattering provide complementary approaches for directly interrogating electronic and 
atomic configurations of amorphous and molecular transition metal catalysts with high resolution, and 
the interface and materials synthesis that allows these X-ray experiments to be connected.

Figure 2. Representative layered photocatalytic anode architecture. Part A shows a SEM cross-section of a layered 
architecture with dimension scale, consisting of a thermally processed hematite layer, conductive fluorine-doped 
tin oxide layer (FTO) and glass support, rendered in false color. This graphic is reprinted with permission from the 
Table of Contents graphic from ref. 77. Copyright 2012 American Chemical Society. Part B shows energy dependent 
X-ray attenuation lengths for the materials in each layer of the architecture, reflecting an experimental constraint 
for soft X-ray analyses. Calculated using NIST X-ray scattering tables. 
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1. Soft and Tender X-ray Spectroscopy of Interfacial Thin Films and Molecular Catalysis. 

Soft X-ray, core electron spectroscopy provides the opportunity to probe electronic structures for thin 
film and molecular catalysts in an element-specific manner. Co-measurement of electronic structure for 
both metal and ligand atoms provides a powerful means to interrogate the details of the frontier orbitals 
that determine catalytic function.79-83 For C, N, O, S, that are typically involved in coordination to transition 
metals, or are components of ligand functional groups, K-edge X-ray absorption involves 1s electron 
excitation to a series of unoccupied or partially filled molecular orbital states, Figure 3. For these elements 
in organic functional groups, fine structure in the K-edge X-ray absorption spectrum, XAS, shows features 
reflecting a series of transitions from O 1s to π* and σ* hybrid molecular orbital states with energies that 
are strongly correlated to molecular bonding, hybridization, charge, and environmental effects, such that 
they can often be used as a spectral "fingerprint" to identify the local bonding environment for the X-ray 
absorbing atoms.84-86 

For oxygen, or other atoms directly coordinated to transition metals, K-edge XAS spectra show a 
progression of absorption bands involving transitions from the O 1s state to a series of hybrid molecular 
orbital states with the coordinating metal atom, weighted by the extent of O 2p character in the final 
state. The first set of absorption peaks involve transitions from O 1s to mixed O 2p-metal 3d states, 
organized by ligand field splitting, and followed by a spectral region involving transitions from O 1s to O 
2p-metal 4s and 4p states.57, 84, 87, 88 Ligand atom K-edge transitions are shown to track the extent of 
covalency in the metal-ligand atom bonding, the ligand field, the number of 3d electrons, and charge 
states of the coordination complex; all of which are fundamental to the understanding of chemical 
functionality. 57, 84, 87, 88 

Electronic structure for metal coordination complex can be tracked in a complementary way from the 
perspective of the metal atom. For this, metal L-edge XAS for first-row transition metals, (0.1–2 keV) has 
proven to be particularly effective.89-92 Metal L-edge transitions arise from symmetry-allowed excitation 
of metal 2p electrons into unoccupied, predominately 3d rich valence molecular orbitals.89, 93-95  Transition 
metal L-edge spectroscopy has been shown to be extremely sensitive to the metal oxidation state, the 

Figure 3. Schematic diagram for core electron X-ray absorption spectroscopy (XAS), resonant X-ray emission 
spectroscopy (RXES) and resonant inelastic X-ray scattering (RIXS).
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ligand field, spin state and the extent of covalency in coordination with ligand atoms, and as such, probe 
the valence orbitals closely linked to catalytic function.89, 93-95 Capabilities for highly resolved X-ray 
resonant emission spectroscopy, RXES, and related resonant inelastic X-ray scattering, RIXS, 
spectroscopies are rapidly developing.57, 94, 96-99 XAS measures transitions from core to unfilled orbitals and 
RXES/RIXS provides a complementary measure of transitions between filled orbitals to core holes.57, 94, 96, 

97 Taken together, XAS with RXES/RIXS provide a means to characterize valence band electronic 
structures.57, 94, 96, 97 RIXS data are typically collected as 2D spectroscopic maps of scanned excitation 
energy, hvo, and measured X-ray emission, hvn, from filled orbitals to the core hole, Figure 3.  Significantly, 
for transition metal K-edge RIXS, pre-edge excitation includes 1s-to-unoccupied 3d absorption and 
emission from filled 3d-to-1s core hole. The difference between excitation and emission energies, and by 
taking into account multi-electron interactions in the intermediate states, provide a direct measure of d-
d ligand field splitting and measurements of the energetics and band structure for the valence orbitals 
most directly involved in chemical reactivity.57, 93, 97, 100-102 These developments in the interrogation of 
electronic structure by soft XAS and RXES/RIXS have created powerful opportunities to resolve electronic 
structures underlying catalytic functions for interfacial thin film and molecular catalysts used for OEC57, 94, 

96-99 The following examples of soft X-ray spectroscopy analyses applied to OEC provides an introduction 
to this rapidly expanding field of investigation.  

Resolving mechanisms for activation of oxygen ligand atoms in transition metal oxides for OEC. 
Electronic structures arising from the ligand field of octahedrally coordinated metal-oxo complexes have 

Figure 4. Catalytic scheme identifying a stable intermediate state, , as a precursor to OEC. 𝑁𝑖 +4 ― 𝛿𝐹𝑒3 + ― 𝑂 ―2 + 𝛿

Reproduced from Drevon et al, 2019, ref 55, with permission under license agreement from Scientific Reports. To 
view this license, visit http://creativecommons.org/licenses/by/4.0/.
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suggested general mechanisms for activation of transition metal-oxo complexes for OEC. 18, 103, 104 
Advances in transition metal and O XAS have provided an experimental approach to investigate these 
fundamental concepts in impressive detail. For example, measurements of metal K-edge and O K-edge 
XAS have been used to demonstrate the key role that transition metal 3d and the oxygen 2p covalent 
hybridization plays for activating O atom ligand for OEC in perovskites, ABO3 (where A is an alkali or rare-
earth ion and B is a transition metal).103, 105, 106 The extent of covalency in the B-O bond was determined 
by analysis of the positions and intensities of the O K-edge XAS for a series of perovskites in which the ion 
A and metal B atoms were systematically varied.105 OEC activities of the substituted perovskites were 
shown to track the extent of covalency in B-O bonding, and interpreted to show that increasing O 2p 
character in the eg ligand field orbitals promotes OEC by allowing the mixing of electron density and charge 
through the metal 3d state: B3+-O2– ↔ B(3+δ)+-O(2−δ)–. 105  Ligand field tuning of O for OEC was directly 
interrogated by operando electrochemical metal K- and L-edge XAS and O K-edge XAS measurements for 
Fe, Ni oxyhydroxides (Ni-FeOxHy).55 In these oxides, O K-edge XAS revealed that partial oxidation of oxygen 
accompanies the Ni(IV/III) redox transition to  form a stable intermediate with an electrophilic oxygen site 
having oxyl radical character as a precursor to OEC.55 This precursor is proposed for function as the site 
for hydroxyl anion oxidative addition and O-O bond formation as illustrated in the mechanistic scheme, 
Figure 4.55 These results correlate with in-situ in situ O K-edge X-ray photoemission and absorption 
spectroscopy of oxidized O2- and O1- atom species as precursors to OEC in IrO2 electrocatalysis.107 These 
examples show that soft XAS analyses offer an experimental opportunity to directly detect mechanisms 
for activating ligand oxygen atoms for OEC in mineral oxides. 

Soft XAS approaches have been used extensively to investigate other oxides and molecular complexes for 
OEC.57 For example, cobalt K- and L-edge XAS and cobalt K-edge RIXS were used to analyze the electronic 
structure of a cobalt-oxo cubane, Co4O4(acetate)4(pyridine)4, in the Co(III)4 and the first one-electron 
oxidation state of the complex.108 The XAS/RIXS methods were shown to probe the extent of “localized” 
Co(IV) electronic structure among the cubane core and permitted an analysis of the extent of electronic 
hybridization between Co 3d and O 2p states, thus providing an approach to investigate the evolution of 
electronic structures in catalytic cobalt cubane cores.108 

Resolving electronic structures underlying charge transport in thin-film oxides. A characteristic aspect 
of thin-film transition metal oxide OEC function is the convolution of catalytic activity at the active sites 
with the charge transport properties of the oxide films.22, 31-35 This is reflected in the significant variation 
of OEC activity that arises by varying the metal content and anions used as the electrolyte during 
electrochemical film deposition.109-114 Electrochemical analyses show that the catalytic activities are 
determined by a combination of parameters, including the number density of catalytic sites, intrinsic 
catalytic rate, electrochemical over-potential, proton and charge transport properties of the films.19, 21, 22, 

28, 31-34 
For example, catalytic activities for amorphous cobalt (oxy)hydroxides thin films formed by anodic 
electrochemical deposition vary characteristically depending upon the anions used in the electrolyte 
solutions.110, 113, 115, 116 The process for electrochemical deposition from aqueous cobalt solutions 
containing phosphate (Pi), methyl phosphate (MePi), and borate (Bi) as anions in the electrolyte have 
been studied in particular detail, 110, 115, 116  and the oxyanions are understood to limit layering and cobalt 
(oxy)hydroxide domain growth to different extents. 25, 28, 29   Correlations between the bulk catalytic and 
conductive properties for the  OEC with electronic structures for the cobaltate domains have been probed 
by Co L-edge XAS and K-edge XES/RIXS.35 
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In particular, Co L-edge XAS and K-edge RIXS have been used to compare electronic structures of the 
amorphous cobalt (oxy)hydroxide formed in the presence of phosphate, CoOx-Pi, versus borate, CoOx-Bi, 
during electrochemical deposition.35  Both catalysts share a common cobaltate core structure,25, 28, 29 but 
differ significantly in OER performance. For example, Figure 5A shows a plot of turnover frequency, TOF, 
per cobalt atom measured at variable fixed over-potentials as a function of the thicknesses of the 
amorphous CoOx-Pi and CoOx-Bi catalyst films.35 Sites for OEC within CoOx-Pi and CoOx-Bi catalyst films 
have been shown to be uniformly distributed throughout the full 3D film volume, rather than being 
restricted to the 2D surface area.32  The attenuation with TOF with increasing film thickness is understood 
to arise from charge transport impedance within the films.31-33 The 1.6-fold difference in slopes for the 
plots in Figure 5A shows that the CoOx-Bi has a lower film-thickness dependent impedance compared to 
CoOx-Pi, although the crossing of the curves with diminishing film thicknesses indicates that the catalytic 
rate for CoOx-Pi on a per atom basis is higher than that for CoOx-Bi.28, 35 This has been interpreted to be a 
consequence of the smaller domain size for CoOx-Pi compared to CoOx-Bi, discussed further in Section 2 
below, with the phosphate form of the catalyst having a higher density of active domain edge sites. 28, 35 
In terms of differing electronic properties, conductance measurements of films in the absence of 
electrolyte show the conductivity of CoOx-Bi to be 60-fold higher than that of CoOx-Pi.35 Hence, both 
electrocatalytic current measurements and the intrinsic conductance properties of the catalysts as bulk 
films show that the Bi form of the amorphous oxide supports higher charge transport than the Pi form.28, 

35

Figure 5. Resolution of atomic and electronic structures underlying catalytic function for CoOx-Pi and CoOx-Bi forms of 
amorphous cobalt (oxy)hydroxide OEC thin films. Part A shows the per cobalt atom turnover frequency, TOF, measured 
for CoOx-Pi and CoOx-Bi at different overpotentials (vs NHE) as a function of film thickness, measured by the number of 
cobalt atoms/cm2. Parts B and C show domain models for CoOx-Bi and CoOx-Pi, respectively, determined by high energy 
X-ray scattering (HEXS).25,28,29 Superimposed are indications of the differing extents of inter-site delocalized orbitals, 
determined by Co K-edge RIXS, right panels.35 Figure adapted with permission from ref 35. Copyright 2018 American 
Chemical Society.
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Co L-edge XAS and K-edge RIXS have shown that differences between catalytic and dry conductance 
properties of the borate and phosphate forms of the amorphous cobalt oxyhydroxide catalysts can be 
traced back to differences in electronic structure measured at the atomic scale. Co L-edge XAS showed 
that CoOx-Pi and CoOx-Bi differ in the presence of a significant fraction (17%) of tetrahedral Co(II) defect 
atoms in CoOx-Pi compared to the absence in CoOx-Bi.35 Further, Co K-edge 1s3p and 1s3d RXES/RIXS 
showed that the two forms of CoOx differ significantly in oxygen-mediated, inter-site metal coupling, 
delocalized orbitals that are present in CoOx-Bi but absent in the Pi form.35  The difference in inter-site 
electronic coupling was found to correlate with the enhanced conductivity and band transport properties 
of CoOx-Bi compared to CoOx-Pi in the dry state35 and the redox-linked charge transport properties during 
wet electrocatalysis.28, 31-33, 35 The cause for disruption of inter-site coupling in CoOx-Pi compared to the Bi 
form is of interest since this seems to limit electrocatalysis in a material that otherwise might be 
positioned for enhanced OEC because of the higher number density and intrinsic TOF of the catalytic sites. 
Co K-edge RIXS showed significant line broadening for the 1s3d transitions in CoOx-Pi compared to those 
in CoOx-Bi and the reference LiCoOOH material.35  This together with optical resonance Raman35 and PDF 
data,25 suggests that a significant “ligand field strain” or coordination geometry disorder exists among the 
cobalt atoms within the CoOx-Pi domains. This suggests the possibility that the greater extent of 
coordination geometry or ligand field disorder in CoOx-Pi compared to CoOx-Bi may be correlated to a less 
efficient mixing of orbitals between atomic sites and result in the differences observed in charge transport 
efficiencies between these two catalytic materials. 

Complementary analyses of O K-edge XAS on CoOx-Pi have also shown the presence of a pre-edge peak 
characteristic of empty oxygen p orbital hybridization with cobalt 3d orbitals, and that the presence of 
this band scales with Co(III) oxidation state content.117  Delocalized, oxygen-mediated inter-site coupling 
transition have been further analyzed in mineral forms of the cobalt oxides,100  , 118, 119 and more generally 
among electronically active metal oxide materials.57, 93, 97, 101, 102, 108, 120 In-situ, electrochemical Co K-edge 
1s3p RIXS measurements show that the inter-site transition for CoOOH attenuates with the accumulation 
of Co(IV) valence sites and at electrochemical potentials sufficiently high to enable OEC. 118 These and the 
preceding discussion illustrates opportunities to utilize advances in soft X-ray spectroscopy to investigate 
the progression of electronic structures that accompany multi-step fuels catalysis.

Advances in surface synthesis enabling operando soft X-ray interrogation of interfacial catalysis. 
Advances in nanoscale interface design and synthesis open additional opportunities for soft X-ray 
interrogation of interfacial catalysis under device and applications relevant conditions. For example, X-ray 
window, electrode “chip” assemblies have been designed to handle the short, 100 nm scale penetration 
depths for soft X-rays and the need to work in high vacuum beamline environments to enable soft XAS 
operando electrochemical measurements.121-124 A schematic diagram of a recently implemented X-ray 
electrode chip is shown in Figure 6A,125 configured to function as a high vacuum X-ray window and as a 
working electrode for an electrochemical cell, Figure 6B, and which could be configured for total 
fluorescence yield or X-ray emission detection.121-124 An alternate design for a liquid electrochemical cell 
for soft XAS is shown in Figure 6C.55, 126 A key feature of these operando cells is the multilayer electrode 
architectures. These exploit capabilities in lithography and interfacial synthesis to create multilayer 
architectures that are fabricated to provide short, 100 nm scale soft X-ray path length to access the 
catalytic films while maintaining functional electrochemical connections and compatibility with an ultra-
high vacuum (UHV) X-ray environment. Further innovations for accomplishing soft X-ray measurements 
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of catalysts under operando conditions include experimental designs for UHV exposed surface solvent 
layers64 and submicron liquid jets.127

The 100 nm scale penetration depth for soft X-rays makes them well-suited for interrogating the bulk 
electronic properties of catalyst films of comparable dimension.  However, this limits the sensitivity of soft 
XAS for the few atom layers at surfaces, and particularly for electrode and surface-supported, 
heterogenized molecular catalysts that are of wide-spread interest for solar and electrochemical fuels 
applications.5, 36-43  The examples discussed above have been applied for the characterization of bulk thin 
film catalysts. However, opportunities exist to extend soft XAS analyses to sharp interfaces and surface-
supported molecular catalysts by exploiting the synthesis of nanostructured, high surface area supports 
to realize porous scaffolds with thicknesses matched to the attenuation depth of soft X-rays. Examples 
include N 1s XAS fine structure analyses of metallated and free base protoporphyrin dyes bound to 
nanostructured ZnO Surfaces128 and Fe and Ni K- and L-edge XAS OEC clusters on nanostructure carbon 
“paper” electrode supports.129  These approaches build on advances in scaffold and surface synthesis. 
Further opportunities for development lie in the need to extend these synthetic approaches to make 
concomitant analyses of electronic and atomic structure, for example by enabling interfacial catalyst 
characterization using high-energy X-ray scattering and PDF analyses discussed in the following section.

2. High-Energy X-ray Scattering for Atomic Structure Interrogation of Thin Film and Interfacial 
Molecular Catalysts.  

A key feature of catalysis is the site-specific tuning of structures that leads to the activation of bond-
making and bond-breaking chemical reactivity. The advances in soft and tender X-ray absorption and 
related hard X-ray emission spectroscopies described above are exciting because of the opportunities 
these have created for resolving electronic configurations of transition metal catalysts at functional 
interfaces and operando conditions, and to identify how transition metal electronic configurations are 
linked to chemical reactivity. A further challenge lies in resolving the atomic structures that underpin the 

Figure 6. X-ray window, electrode “chip” assemblies for electrochemical soft XAS. Schematic pictures for 
(a) the electrode chip and (b) operando XES cell. Reproduced from Ref. 125, with permission from the 
PCCP Owner Societies. Part C shows a design scheme for a liquid electrochemical cell for soft XAS, 
reproduced from ref. 55 under license agreement from Scientific Reports. To view a copy of this license, 
visit http://creativecommons.org/licenses/by/4.0/

Page 11 of 31 Nanoscale

http://creativecommons.org/licenses/by/4.0/


12

tuning of catalyst electronic configurations. Resolution of the interplay between atomic and electronic 
structures, described by multi-electron theory, is necessary for the development strategies to achieve 
advanced catalyst designs. Extended X-ray absorption fine structure (EXAFS) is a familiar and widely-
applied approach for interrogating transition metal coordination structures for transition metal catalysis 
at functional interfaces and under operando conditions.21, 24, 52-58 In the following, we discuss an emerging 
opportunity for coordination shell structure resolution relevant to interfacial catalysis through high angle 
X-ray scattering and atomic pair distribution function (PDF) analysis. 130-139  Compared to EXAFS analysis, 
HEX-PDF offers opportunities for structure characterization across a broader range of inner and outer 
coordination shell distances than can be typically accessed by EXAFS analysis alone. Emerging work is 
demonstrating opportunities to extend HEXS-PDF analyses for the characterization of transition metal 
catalysis at functional interfaces and under operando conditions. Significantly, the interfacial synthesis 
approaches being developed for interfacial HEXS-PDF analysis are analogous to those used for operando 
soft XAS, and hence these introduce opportunities for combined atomic structure and electronic 
configuration analysis using reciprocal space X-ray techniques, EXAFS and HEXS-PDF, combined with soft 
X-ray and atomic spectroscopy analyses.

HEXS-PDF provides opportunities to probe molecular and materials structures with a spatial resolution 
that can be extended to 0.1 Å.130-132 The high spatial resolution and penetration depth for high energy X-
rays make PDF well-suited for in-situ and operando characterization of catalysts.133-139 Atom pair distances 
measured by PDF are useful complements to those determined by EXAFS analyses. The two approaches 
provide atom pair distances measured with comparable spatial resolution, however, EXAFS provides an 
element-selective measurement of X-ray absorbing atom-to-neighboring atom pair distances,140, 141  while 
PDF provides an all-atom measure of pair distances.130-132 For amorphous and disordered molecular 
materials, we have found that atom pair distances resolved by EXAFS are often limited to primarily the 
first, and possibly second coordination shells. In contrast, PDF can resolve a more complete set of atom 
pair distances across a wider range of inner and outer shell coordination distances.        

To illustrate the different extents of outer sphere structure resolution, Figure 7 compares EXAFS and PDF 
data collected for three different metal oxide oxygen-evolving catalysts. Figures 7A and B show EXAFS and 
PDF data for amorphous CoOx-Pi 24, 25 and amorphous IrOx 26, 142 catalyst film materials, respectively. Figure 
7C shows EXAFS and PDF data measured for an iridium-oxo dimer homogeneous OEC molecular complex 
in aqueous solution.143 In each case, EXAFS and PDF are seen to provide an accurate measure of the 1st 
shell metal atom-to-ligand atom pair distances. However, 2nd sphere oxo-bridged, metal-to-metal pair 
peaks are measured with variable, lower intensity. Note that the EXAFS plots are not corrected for 
scattering path dependent phase corrections.140, 141 This causes the apparent shifts in peak positions 
between the plotted EXAFS and PDF data. For all three catalysts, the PDF measurements are seen to 
resolve the 1st metal atom coordinate distance and a set of longer-range pair distances that are not 
resolved or only poorly resolved by EXAFS measurements. The three sets of PDF data were found to be 
sufficient for quantitative structure model testing. Best-fit structures for the amorphous metal oxide 
domains and molecular coordination complex are shown in the insets.25, 26, 143 The structure selected by 
fitting to PDF data alone does not necessarily yield a unique structure solution, but a representative 
structure whose distribution of atom pair distances match those in experiment. The iridium-oxo dimer 
molecular complex shown in Figure 7C was determined using a combination of solution EXAFS and PDF 
data to screen and select a best-fit structure from a library of candidate structures derived from DFT 
calculations.143 A structure for this complex was subsequently determined crystallographically144, 145 and 
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demonstrated the validity of using a combination of in-situ EXAFS and PDF measurements with DFT 
structure modeling as an approach to achieve de novo structure determination.143 This study 

demonstrates the validity of HEXS PDF analysis for atomic structure interrogation when single crystal 
structure determination is impractical or impossible as is the case for many amorphous and heterogenized 
materials and molecules. 

The ability of PDF to determine outer sphere atom pair distances with sub-angstrom resolution provides 
opportunities to resolve local site structures that cannot be achieved by other methods. This is illustrated 
by the PDF analysis of domain structure in amorphous CoOx-Pi.25, 28, 29 Figure 8A shows a comparison of 
experimental and calculated PDF using a 13 cobalt atom cobaltate structure, model 1. The model provides 
good agreement with the experimental PDF, although discrepancies are seen for the pair correlation 
peaks labeled c, g, corresponding to Co-O distances that include contributions from both lattice and 
terminal oxygen atom sites indicated in the inset.  Figure 8B shows the improvement in PDF fitting upon 
introducing slight displacements to the coordination geometries for the terminal oxygen atoms, resulting 
in approximately 0.25 Å shifts in position.25 The scale of these displacement demonstrates the sensitivity 
of PDF for detecting fine structure changes that may be critical to function. These results further provide 
a demonstration of the ability to use PDF to detect differences in coordination geometries between edge 
and lattice site locations in the cobaltate domains, and therefore, an opportunity to track site-dependent 
chemical reactivity. These aspects are discussed further with extension to operando electrochemical PDF 

Figure 7. Comparison of EXAFS and PDF for amorphous oxides and a molecular OEC coordination complex. Part A 
shows a comparison for the amorphous CoOx-Pi catalyst. The EXAFS data are reprinted with permission from ref. 
24. Copyright 2010 American Chemical Society. The structural model inset and PDF were as described in ref. 25. 
Part B shows data for the amorphous iridium oxide “blue layer” thin film catalyst. EXAFS are reprinted with 
permission from ref. 142. Copyright 2013 American Chemical Society. PDF data and amorphous domain structure 
model were described in ref. 26. Part C show data for an iridium-oxo dimer molecular catalyst. The data are 
reprinted with permission from ref. 143. Copyright 2016 American Chemical Society. For each panel atom pair 
distance distributions measured by EXAFS are on top and those measured by HEXS and PDF analysis are on the 
bottom. In each case, the black line traces show experimental data, red line traces show calculated patterns based 
on coordinate models. For each of the PDF panels, and for the EXAFS data in Part C, the coordinate models shown 
in the insets were determined by fitting to the experimental data. For Parts A and B, EXAFS data were fit to simpler 
minimal models.
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analysis discussed below. While PDF analysis has been shown to provide a powerful tool for the 
characterization of solution, bulk, or thick film amorphous and non-crystalline molecular materials,133-139 
a key challenge lies in the development of techniques for the in-situ and operando PDF characterization 
of ultrathin catalytic films and interface-supported molecular catalysts. 

 PDF analysis of ultrathin films and interfacial molecular catalysts. The small scattering cross section 
(deep penetration depth) for HEXS places significant constraints on detection and PDF analyses from 
ultrathin films and interfacial catalysts, particularly under operando electrochemical conditions. We have 
investigated strategies for investigating structures of ultrathin films and interfacial catalysts. Here we 
illustrate opportunities for thin film and few-atom metal cluster characterization by presenting examples 
of PDF characterization of metal oxides fabricated by sequential infiltration synthesis, SIS.146  SIS is an 
emerging technique for the synthesis of organic polymer-templated transition metal oxides.147, 148 SIS 
builds upon sequential, saturating, gas phase reactions of atomic layer deposition, ALD, but utilizes 
functional handles within polymers. Selective SIS can be achieved in thin films with nanoscale organization 
as routinely produced through phase-segregating block co-polymer.149, 150 Inorganic replicates of the 
polymer nanopatterns are achieved through metal-atom coordinating functional groups within selected 
polymer blocks which act as nucleation sites for metal-oxo complex assembly. Successive cycles of SIS-
ALD synthesis provide a mechanism to achieve a controlled, element-by-element assembly of metal-oxo 
clusters through precisely choreographed precursor introduction and purging. Etching techniques and 
thermal processing can be used to anneal the SIS metal oxides and remove the organic components, 
leaving only inorganic oxides.149, 151 We have interrogated indium oxide SIS ALD assembly processes in 
polymethylmethacrylate, PMMA, spin-coated thin films by tracking SIS In(O)x(OH)y cluster growth using a 
combination of SEM/TEM, FTIR, 151  In K-edge EXAFS, and HEXS-PDF analyses.146 The nucleating and few-

Figure 8. PDF Resolution of distortions in coordination geometry in the amorphous CoOx-Pi domain structure. Part 
A shows experimental (black) and calculated (red) PDF for a cobaltate domain model structure 1 (inset). The arrows 
mark specific pair correlation, c, g which show mis-matched between the experiment and model. These atom pair 
distances are marked on the in-set and involve Co-O atom pairs in the lattice and terminal oxo edge sites. Part B 
shows experimental (black) and modified model 2 (green) PDF for a cobaltate domain model structure, shown 
supper-imposed on the model 1 structure. Compared to 1, model 2 contained random coordination geometry 
distortions corresponding to position displacements of about 0.25 Å. The calculated PDF shows an improved fit to 
data. The experimental also so a pair peak at 1.5 Å corresponding to the P-O pair distance for phosphate which is 
absent from these models. See ref. 25 for further information.
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atom clusters formed during the sequence of individual SIS ALD cycles serve as benchmarks for assessing 
capabilities for high-resolution PDF characterization of interfacial few-atom clusters and molecular 
catalysts, and demonstrate the merit of a PDF approach to investigate mechanisms underlying SIS. 

Figure 9 shows a plot of SEM thicknesses and atom percentage of InOx(OH)y in hybrid films formed by SIS 
infiltration into spin-coated PMMA films, and plotted as a function of the number of SIS cycles.151 The 

hybrid film thickness is seen to progressively swell from an initial PMMA film thickness of about 100 nm 
to approximately 340 nm following 9 SIS cycles.151  We found that PDF characterization is able to provide 
critical new information on the nucleation and few-atom clusters formed during the initial stages of SIS.146  
Figure 10A shows PDF patterns measured for hybrid SIS InOx(OH)y/PMMA films as a function of the 
number of SIS cycles.146  PDF of the InOx(OH)y clusters formed during the first ALD cycle show characteristic 
atomic pair distances that correspond to mono- and di-μ-oxo-linked indium dimers, but no pair 
correlations at longer distances. The analysis suggests that the SIS nucleating clusters can be described by 
a combination of the dinuclear clusters 1 and 2 and the trinuclear cluster 3, shown in Figure 10B.146  The 
finding of predominately di- and tri-nuclear clusters is remarkable since it suggests that the mechanisms 
and atomic mobility in the initial nucleating phase of SIS in PMMA differ from those in traditional surface 
ALD synthesis on oxide supports.146  Tracking of the InOx(OH)y clusters in subsequent SIS cycles reveals 
that the InOx(OH)y clusters can be understood to react and further grow by indium addition to the terminal 
oxo sites on the nucleating clusters 1-3, causing a predominately linear growth format for the clusters.146 
High-temperature annealing uniformly converts the SIS InOx(OH)y clusters that result from all number of 
SIS cycles to a similar nanocrystalline cubic In2O3 final structure. The detection of nucleating di- and tri-
nuclear 1x SIS cycle InOx(OH)y clusters, and the deciphering of the mechanism for SIS cluster growth 
demonstrate clear opportunities to implement high-resolution, in-situ PDF analyses for characterization 
of few-atom cluster and molecular catalysts.

Figure 9. Cross sections of hybrid SIS InOx(OH)y /PMMA films. Part A. Shows SEM measured thicknesses (left axis) 
and atom percentages of InOx(OH)y (right axis) for the hybrid films as a function of number of sequential ALD 
synthesis cycles. Part B. Shows an example of a SEM cross-section for the 1x SIS hybrid film. Reprinted with 
permission from ref. 148. Copyright 2013 American Chemical Society.
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The PDF of the InOx(OH)y in hybrid films shown in Figure 10 were obtained using two different scattering 
geometries.146 The first used a transmission scattering geometry, illustrated in Figure 10C, on PMMA films 
spin-coated onto 100 nm thick silicon nitride windows, and interrogated using 58.7 keV X-ray scattering. 
The thin silicon nitride support was necessary for minimizing background scattering and to enable 
detection of scattering from the thin, SIS hybrid films. In this configuration, the PDF analysis with high 
signal-to-noise with a spatial resolution of 0.2 Å required 50 minutes of data acquisition for each of the 
sample and background images at beamline 11-ID-B of the Advanced Photon Source. A second 
experimental geometry used the recently introduced technique of grazing incident PDF, GI-PDF, with 86.7 
keV X-rays, figure 10D.152 GI-PDF proved to be a much more efficient data acquisition technique, allowing 
comparable signal-to-noise and spatial resolution to be achieved with 50-fold shorter data acquisition 
times compared to the transmission scattering geometry. GI-PDF offers a significant advance by enabling 
a more rapid collection of HEXS for PDF characterization of ultrathin films and interfacial chemistry.152 The 
increased sensitivity for the GI-PDF measurement compared to the transmission geometry arises in part 
from the increase in the area of incident X-ray footprint, with corresponding increase in the volume of the 
film that is interrogated by X-rays, compared to the transmission geometry. Follow-on development for 
operando and functional-catalysis PDF will need to consider approaches for the incorporation of 
electrochemical interfaces and time-resolved techniques.

Figure 10. PDF analysis of hybrid SIS InOx(OH)y/PMMA films. Part A shows PDF patterns measured for the hybrid 
films following 1, 2, 3, 5, 7 SIS-ALD cycles, indicated by the inset labels. Part B shows InOx(OH)y cluster models 
that can be used to fit the data.  The 1x, 2x, 3x PDF were measured using the transmission geometry, Part C, and 
the 5x and 7x PDF were measured using a grazing incidence geometry, Part D. The PDF data and structures are 
described in ref. 146. The grazing incidence experiment geometry, Part D, is reproduced from ref. 152 with 
permission from the IUCr. 
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Extending PDF to electrochemical operando characterization of interfacial catalysis. PDF techniques 
have been developed to investigate structures and electrochemical mechanisms of micron-scale 
electrodes and redox-active materials, particularly with respect to battery and energy storage 
processes.153-157 A high surface area capillary working electrode designed for PDF analysis of nanoparticles, 
and possibly additionally suitable for PDF analysis of homogeneous molecular metal complex catalysts, 
has also been described.158 We have introduced high-surface area, micro- to nano porous working 
electrodes and electrochemical cells as an approach to achieve high-resolution PDF for thin interfacial 
catalyst films during electrochemical operation.159 In this approach glass capillary arrays, GCA, or anodic 
aluminum oxides, AAO, were chosen as porous scaffolds with pore diameters that range from 100 microns 
to 20 nm, and provide 10 to 104 increases, respectively, in HEXS signal intensity compared to a planar 2D 
interface.159  A key feature of this approach is the ability to use ALD to create conductive and tailored 
interfaces conformally coated on the 3D porous substrates. This approach creates a high surface area 
replicate of device and “electrode chip” interfaces used in soft X-ray spectroscopy to enable electronic 
structure analysis by soft X-ray spectroscopy and atomic structure analysis by PDF of the same microscopic 
system. For example, Figure 11A shows real-time monitoring of the growth of an amorphous CoOx-Pi OEC 
film measured at continuous intervals during electrochemical deposition by HEXS peak scattering.159 HEXS 
intensities could be calibrated to film thickness measured by SEM, Figure 11B, and show that with 40 µm 
pore diameter GCA substrates, PDF analysis is possible for amorphous first row transition metal oxides 
with a film thickness of only 60 nm.159 The HEXS signal scales with the 3D working electrode surface area, 
and on-going work shows that by selecting AAO supports with comparable porosity, but with pore 
dimensions on the 10 nm scale, PDF analyses can readily be extended to investigate sub-nm films as well 
as supported molecular catalysts assemblies with effective thickness of ~ 1 nm.  

Figure 8. In-situ tracking CoOx-Pi electrochemical film deposition. Part A. Plot of HEXS signal intensity at 
selected times during the continuous electrochemical deposition. The scattering intensity was measured by 
the amplitude of the peak feature at q = 4.5 Å-1, and recorded for two positions along the ITO/GCA pore. Part 
B. SEM image of CoOx-Pi film on the ITO/GCA electrode following 50 minutes of electrolysis, measured 
following HEXS measurements, and used to scale HEXS intensity to film thickness. The inset shows a field of 
view imaging one of the ITO/GCA pores. The circle marks the area of enlargement shown on the right. 
Reprinted from ref. 159 with permission from IUCr. 
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  Resolving amorphous domain edges as sites for redox activity and catalysis for transition metal 
oxyhydroxide OEC by PDF.  A key challenge for catalysis research lies in resolving the sites and 
mechanisms for bond-making/bond-breaking catalysis. The role of the bulk lattice, metal-bridging oxygen 
sites for OEC in transition metal oxides has been described, particularly for highly covalent oxides.104 
However, for the late first-row transition metal oxyhydroxides, a large body of research including 
electrochemical metal K-edge EXAFS,21, 58, 126 oxygen K-edge XAS,21 electrochemical metal K-edge RIXS,118 
magnetic resonance,160-162 electrochemical analysis,19, 21, 22, 160, 163 time-resolved IR,49 and isotope effects,20, 

164, 165 has converged to identify high valence metal sites with terminal metal-oxo coordination at domain 
edges and defects as the most active sites for OEC. For the extensively investigated cobalt oxyhydroxides, 
mechanisms have focused on the role of edge-located di-μ-oxo-bridged Co(VI) atom pairs,19-21, 164, 165 
illustrated in partial mechanistic scheme, Figure 12A.20  A Co(IV-IV) oxidation state for the di-μ-oxo-
bridged Co(VI) atom pair is understood to be the precursor to O-O bond formation that predominately 
occurs through direct intramolecular oxygen coupling (IMOC), either through the terminal oxyl atoms of 
the di-μ-oxo-bridged Co(VI) atom pair, site a in Figure 1B,20 or through geminal oxygen coupling, site b in 
Figure 1B.21, 164, 166 A combined analysis of H/D isotope effects165 and a comparative analysis of operando 
Co K-edge EXAFS and O K-edge XAS for a series of CoOx materials with differing OEC efficiencies21 have 
resolved additional atomic structural factors linked to OEC function. A proposed expanded reaction 
scheme is shown in Figure 12B,165 that now details the function of specific atomic sites in the individual 
proton-coupled electron transfer (PCET) redox steps which lead to OEC, and can be corroborated with 

Figure 12. Reaction schemes for OEC in cobalt oxyhydroxides. Part A shows a reaction scheme for OEC illustrating 
PCET redox steps and charge accumulation in di-mu-oxo linked cobalt atoms, with the Co(IV)-Co(IV) state serving 
as the precursor for O-O bond formation. The curved connectors represent phosphate, or OHx terminal or bridging 
ligands. Reproduced with permission from ref 20. Copyright 2016 American Chemical Society. Part B shows an 
elaborated reaction scheme, illustrating specific protonation sites, metal coordination changes, and water 
nucleophilic attack to the Co(IV)-Co(IV) precursor state to generate O2. Reproduced with permission from ref 165. 
Copyright 2019 American Chemical Society. 
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atomic density functional theory, DFT.165 These analyses identify key differences in the functional 
reactivities of lattice μ3-oxo-bridge and edge μ2-oxo-bridge oxygen atom sites.21, 165 The models predict 
the special reactivity of the edge μ2-oxygen atoms for redox-linked protonation, and the coordination 
changes that are expected to accompany the catalytic cycle and occur at the μ2-oxygen atom sites.21, 165 

These studies demonstrate the critical impact that advanced X-ray spectroscopy analyses have on the 
resolution of OEC function. However, X-ray spectroscopy does not detect structure directly, but infers 
structure based on measured shifts in energies and intensities for X-ray transitions, and by comparison to 
computation and model structures. Following from this, it can be anticipated that enhancement in the 
resolution of mechanisms for OEC function could be achieved by combining X-ray spectroscopy analyses 
with X-ray structure measurements that are capable of resolving the locations for coordination changes 
that are expected accompany the catalytic cycle.

Figure 9. Electrochemical PDF fine structure change for CoOx-Pi OEC films. The PDF patterns were recorded with the 
CoOx-Pi OEC electrochemically poised in the Co(III-II) and Co(III-III) redox states, blue and red line traces, respectively. 
The inset shows the CoOx-Pi domain structure model,25 annotated with arrows showing how PDF peak distances 
correspond to locations in the domain structure. Co-O atom pairs involving the terminal oxygen ligand atoms are 
marked with red arrows a, c, g, while Co-O atom pairs involving di-µ-oxo-bridged oxygen at the domain edge are 
marked in blue, c, d. Selected non-terminal Co-Co atom pairs, b and f, are also marked in blue. Electrochemical PDF 
measurements show that peaks having contributions from atom pairs with the terminal oxygen ligand have redox 
state dependent changing in intensity, suggestive configurational broadening. PDF data were adapted from ref. 159 
with permission from IUCr. 
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PDF analyses may offer an opportunity to distinguish sites for chemical reactivity. For example, PDF 
patterns for few-atom metal clusters contain information on pair distances for sites within the cluster. 
Figure 13 shows operando PDF patterns for the amorphous CoOx-Pi thin-film oxygen-evolving catalyst, 
measured using the 3D porous working electrode assembly described above, Figure 11, and shown for 
films poised at electrochemical potentials corresponding to the Co(III-II) and Co(III-III) oxidation states.159 
Prior electrochemical Co K-edge EXAFS has shown that only a portion of the cobalt atoms undergo 
reversible Co(III/II) redox cycles.21 The interior lattice cobalt sites with μ3-oxo-ligation are inferred to be 
“irreducible”, or resistant to reduction to Co(II).21 The PDF shows that oxidation of the CoOx-Pi film from 
the Co(II)-Co(III) oxidation is associated with the shortening of the coordinating Co-O bond distance in 
accord with redox dependent changes measured by EXAFS.58 These PDF fine structure changes are fully 
reversible and can be cycled back and forth.159 A notable feature of the redox PDF fine structure change 
is the amplitude attenuation seen for the coordinating Co-O bond distance peak, labeled a.  The analysis 
shown in Figure 8 demonstrates how attenuation of PDF peak amplitudes can arise from dispersion in 
coordination geometry.25, 159 In the cobaltate domain model, the terminal oxo and domain edge μ2-oxo-
bridge oxygen atoms make specific contributions to peaks in the PDF. The terminal oxygen atoms 
contribute to the Co-O atom pair peaks a, c, g, as indicated in the inset model, while the μ2-oxo-bridge 
oxygen atoms at the domain edge make contributions the Co-O pair distance peaks c, d, e. Significantly, 
the oxidation-induced broadening and amplitude loss is seen for the set of the peaks a, c, g where the 
terminal oxo atoms make contributions, but not for the peaks b, d, e, f, where the μ3-oxo-bridge oxygen 
atoms make contributions. This result provides a spatially resolved identification that the terminal oxo 
ligands at domain edge cobalt atoms undergo Co(III/II) redox state change, and that the oxidation state 
change is correlated with a distortion in the coordination geometry for this oxygen ligand.159 Within the 
context of the reaction scheme shown in Figure 12B,165 it is also notable that the atom pair peaks 
associated with the μ2-oxo-bridge oxygen atom sites show no redox dependent changes and suggests that 
redox cycling does not distort the coordination geometry at this oxygen ligand site. 

Work on resolving CoOx-Pi redox state PDF fine structure changes is on-going. The present results suggest 
opportunities to exploit electrochemical PDF fine structure analyses as a site-discriminating approach159 
that can be combined with X-ray spectroscopy for a more discriminating, detailed examination of 
mechanistic models. We comment further that atom site identification from PDF fine structure changes 
is likely to be best implemented with molecular or few atom clusters. For example, the relatively smaller 
size and a higher proportion of domain edge to interior lattice sites for CoOx-Pi compared to CoOx-MePi 
and CoOx-borate,28, 29 make the CoOx-Pi OEC well-suited for to the effects of domain edge site structure.

3. Concluding Remarks and Prospects for Future Work.   
This minireview has discussed examples showing how advances in soft and tender X-ray absorption 

and related hard X-ray emission spectroscopies have provided approaches for directly interrogating 
electronic configurations of transition metal catalysts with high resolution. Of particular impact is the 
ability to detect distinguishable electronic environments for both metal and coordinating ligand atom sets 
in complex materials. In the examples discussed, these capabilities have allowed specific electronic 
configurations and orbital structures to be linked to catalytic activity. At the opposite end of the X-ray 
spectrum, advances in high energy X-ray light sources, beamlines, and reciprocal space scattering 
techniques are emerging to demonstrate new opportunities for direct structure characterization of 
amorphous and disordered interfacial materials under operando conditions. Emerging work on interfacial, 
molecular and few atom cluster catalysts is demonstrating opportunities to resolve the atom pair distance 
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distributions that probe outer sphere coordination geometries with site-specific, spatially-resolved 
structures that are not otherwise accessible. Taken together, high-resolution spectroscopy and scattering 
approaches offer opportunities to achieve a more complete description of electronic and atomic 
structures underlying fundamental catalytic function. 

Time-resolved X-ray spectroscopy and high energy X-ray scattering. Looking forward, clear opportunities 
and research priorities in catalysis lie in the tracking of the time evolution of electronic and nuclear 
structures along the reaction coordinate leading to bond-making and bond-breaking catalysis.167-171 For 
multi-electron, proton-coupled water-splitting and fuels catalysis, the time-domain of interest spans from 
ultrafast timescales, associated with light-driven, excited state photochemistry, to microsecond and 
longer time domains that probe intermediate redox state advancement and charge-accumulating events 
and that precede bond-making and bond-breaking catalysis. The remarkable success in structure 
resolution of intermediate redox states leading to photosynthetic water-splitting by the Mn4O5Ca OEC 
cluster in photosynthesis serves as a paradigm for the successful tracking multi-step catalysis driven by 
single electron charge-transfer events.172-176 A key challenge in artificial photosynthesis and fuels catalysis 
lies in creating (photo)electrochemical interfaces capable of comparably driving multi-step catalysis driven 
by single-electron redox steps.

Approaches for carrying out time-resolved electronic structure analyses by time-resolved soft XAS are 
well-advanced. X-ray free electron laser(XFEL) 177, 178 73, 179-181 70 and high harmonic generation182 light 
source developments have created dramatic opportunities to track structural dynamics in light-excited 
states with ultrafast time resolution, and to probe structures for longer-lived intermediate states that are 
free of radiation damage.72 Opportunities for carrying out time-resolved HEXS lag behind those in place 
for soft, tender, and hard XAS, due in large part to the limited brightness in the high-energy X-ray region 
with current X-ray light sources. However the advent of new, fourth-generation light sources will create 
opportunities for time-resolved HEXS and PDF analyses. For example, upgrades to the Advanced Photon 
Source to a fourth-generation high energy synchrotron, will offer high energy X-ray beams (60 – 120 keV) 
with at least 2 orders of magnitude higher intensity and coherence.71 This will enable opportunities for 
the development of pump-probe PDF analyses with time resolution from sub-nanosecond to longer time 
domains. Further, high energy upgrades are possible for the Linear Coherent Linac Light Source (LCLS-II-
HE), to extend the XFEL for 25 keV X-ray pulse analyses.73 Pump-probe synchrotron time-resolved wide 
angle X-ray scattering using 25 keV X-rays have demonstrated that the increased reciprocal space 
resolution provided by this high-energy extension will be significant for deciphering outer sphere 
structural dynamics in excited state photochemistry.183  

Combined soft X-ray spectroscopy and high-energy X-ray scattering analyses for interfacial catalysts.  
Opportunities for further impact in the resolution of fundamental mechanisms in multi-step catalysis 
emerge from advances in X-ray light sources and surface synthesis, particularly those that offer new 
approaches for the interrogation of interfacial thin film and surface-supported molecular architectures 
under operando conditions. Notably, the coherent, diffraction-limited fourth generation synchrotrons will 
offer high energy X-ray beams (> 50 keV) for PDF analysis with submicron focused beams.71, 184 This will 
dramatically improve capabilities for the interrogation of interfacial ultra-thin films and supported metal 
clusters through both grazing incidence and focused beam techniques. In addition, advances in scaffold 
and electrochemically active surface synthesis techniques that allow X-ray data acquisition to be 
optimized for the same electrode-supported catalyst architecture using both soft and high energy X-ray 
regions will enable a combined electronic and atomic structure characterization of functional interfaces. 
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This will enable new opportunities to achieve an experimental characterization of the details of electronic 
and atomic structures that support interfacial catalysis. Particularly for amorphous materials and 
molecular complexes bound to solid surfaces where active site structures are typically only incompletely 
defined, these combined approaches will offer opportunities to achieve a more complete interrogation of 
electronic and atomic structures that support interfacial catalysis.
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