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Abstract

Understanding the structure of nanoparticles under (electro)catalytic operating conditions is
crucial for uncovering structure-property relationships. By combining operando X-ray total
scattering and PDF analysis with operando small-angle X-ray scattering, we obtain
comprehensive structural information on ultra-small (< 3 nm) iridium nanoparticles and track their
changes during the acidic oxygen evolution reaction. When subjected to electrochemical
conditions at reducing potentials, the metallic Ir nanoparticles are found to be decahedral clusters.
Upon electrochemical oxidation, iridium oxide forms, containing small rutile-like clusters
composed of edge- and corner-connected [IrO¢] octahedra of very confined range. These rutile
domains are smaller than 1 nm. Combined with SAXS analysis of the patrticle size, we find that
the iridium oxide phase active in the oxygen evolution reaction (OER) lacks crystalline order.

Introduction

Water electrolysis for hydrogen production is a key technology in the storage of intermittent
renewable electricity.! Proton exchange membrane (PEM) electrolyzers offer the highest potential
for large-scale hydrogen production due to their high efficiency and operational safety, functioning
at high pressures and current densities.>? Currently, iridium-based electrocatalysts remain the
only viable anode catalysts for PEM electrolyzers, providing excellent stability and activity in the
acidic oxygen evolution reaction (OER).3-> However, iridium is a very limited resource as one of
the scarcest elements on Earth®. Therefore, it is crucial to significantly reduce the catalyst loading
(in gir KW?) to enable large-scale implementation of PEM electrolyzers using iridium catalysts.®
To fully exploit the iridium used as a catalyst, a high dispersion (surface-to-mass ratio) is essential,
and ultra-small iridium nanoparticles (NPs) spread on a high surface area support material provide
such a catalyst with high dispersion.” So far, it has been established that electrochemically formed
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iridium oxides that are poorly-crystalline/amorphous outperform crystalline rutile oxides of Ir.8-1!
Moreover, the crystal structure and oxidation state!? of the iridium oxide plays an important role
in catalyst activity and stability.**!* However, determining the atomic structure of the
electrochemically formed iridium oxide from ultrasmall iridium nanoparticles in the reaction
environment remains challenging, meaning that structure/property relations are still not well
understood.

It is widely acknowledged that the structure of most synthesized materials should be considered
as pre-catalysts rather than the actual catalyst phase, which only forms in the electrochemical
environment under reaction conditions.’>'® In oxygen evolution catalysis, for example, the
oxidative potential that is required to drive the conversion of water to oxygen often also leads to
redox processes in the catalyst material. Therefore, merely characterizing the as-synthesized
catalysts is rarely sufficient.!”® To conduct any theoretical, mechanistic studies of the oxygen
evolution reaction on a specific catalyst material, it is vital to identify the structural motif forming
the catalytically active site.®*®* As a consequence, numerous operando studies of iridium-based
electrocatalysts have been conducted to elucidate the catalyst structure under operating
conditions. These studies have mostly been focused on different spectroscopic techniques®®
including Raman spectroscopy,?®2* X-ray photoelectron spectroscopy (XPS),>>?® and X-ray
absorption spectroscopy (XAS).3202930 These studies have shown that the oxidation state of
iridium is crucial for the OER activity. Changes in oxidation state need to be accompanied by
changes in the atomic structure. For ultra-small NPs, it is however difficult to study these changes.
While XRD is the most suitable technique to study transformations of crystalline materials in
electrochemical environments,'®3! it does not provide information for ultra-small iridium NPs.
Raman and XPS do not provide structural information and XAS analysis is restricted to the first
coordination shell. We here apply operando X-ray total scattering with pair distribution function
(PDF) analysis combined with small-angle X-ray scattering (SAXS) to unravel the structural
changes of iridium in the electrochemical environment.

With SAXS it is possible to determine the particle size and morphology of catalyst particles, for
example, showing particle agglomeration and atomic rearrangements as previously reported in in
situ and operando SAXS studies of platinum fuel cell catalysts®?-% and iridium OER catalysts® in
electrochemical cells. While SAXS gives information on the nanoscale morphology, information
on atomic structure is, nevertheless, still missing. Here, PDF analysis can be applied. PDF is now
a well-established technique for investigating the atomic structure of amorphous,3¢-38
disordered,**-*! and nanostructured materials.**~** Compared to conventional XRD, where only
Bragg peaks are considered in the data analysis, total scattering techniques take diffuse
scattering into account, which makes it possible to extract structural information of materials with
only local structural order. The PDF is the Fourier transform of total scattering data and represents
a histogram of interatomic distances in the sample. It is thus an intuitive method for the analysis
of scattering data. PDF analysis has been used to study catalyst materials under reaction
conditions in e.g. heterogeneous thermal catalysis*6—° as well as electrochemical transformations
of battery materials.®-52 In the field of electrocatalysis, however, research using X-ray total
scattering combined with PDF analysis of catalyst materials under reaction conditions remains
scarce: a PEM fuel cell optimized for X-ray total scattering has been developed and used to study
alloyed nanoparticles as fuel cell catalysts.>*-5° Despite its relevance for studies of nanocrystalline
materials such as Ir nanopatrticles, to the best of our knowledge, there have been no reported X-
ray total scattering operando studies conducted on ultrasmall NPs functioning as electrocatalysts
in liquid electrolyte electrochemical cells.
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In this work, we investigate the structural changes of ultra-small Ir NPs in an electrochemical
environment using X-ray total scattering with PDF analysis combined with SAXS. We investigate
the atomic structure of the electrochemically formed iridium oxide in acid media under applied
oxidative potentials and track the structural modifications during oxygen evolution
electrocatalysis. Our results show that the nanoparticle oxidation results in rutile-structured iridium
oxides of <1 nm domain size with an increase in particle size during oxidation. An extensively
disordered iridium oxide exhibiting only local structure is identified as the OER active phase,
highlighting the need for structural studies of electrocatalysts under operating conditions.

Results and Discussion

Electrochemical protocol and operando PDF overview

Ultra-small iridium nanoparticles were prepared by a colloidal surfactant-free synthesis
approach’%%5” and immobilized on a high surface area carbon support.” Carbon was selected as
the support material to maintain dispersion while minimizing any particle-support interactions.”:
Electrodes were prepared by vacuum filtration of the Ir/C particles onto a gas diffusion layer to
obtain circa 10 micrometer-thick catalyst layers. All experiments were performed in a three-
electrode electrochemical cell®® that allows for collecting X-ray scattering data during the
electrochemical experiments. Details on the catalyst, electrode preparation, and operando
scattering experiments are given in Section 1 — Materials and Methods of the Supporting
Information (SI)

X-ray total scattering data were collected at a row of subsequentially applied electrochemical
potential steps as shown in Figure 1. Starting from the open circuit potential at circa 0.8 V vs RHE,
we first apply a low electrode potential to reduce any oxide that has formed due to exposure to
air.®® Subsequently, the obtained metallic iridium nanoparticles are oxidized at increasingly
positive potentials. We apply steps of more and more oxidative potentials up to a point where a
significant OER current is measured. In this way, we proceed from metallic iridium to iridium
oxidation and into the oxygen evolution regime. The mass activity derived from currents recorded
during the potential holds is shown as a function of applied potential in Figure 1 a. By collecting
X-ray total scattering data during the electrochemical protocol combined with PDF analysis, we
can follow the changes in the atomic structure of the nanoparticles at the respective applied
potentials. The overview in Figure 1 b shows the PDFs extracted at each potential step. Peaks in
the PDF represent interatomic distances in the material. In all stages of the experiment, PDF
peaks are only visible up to around 10 A, which agrees with the small, nanoscale nature of the
prepared particles.’>®

The PDF peak at ca. 2 A, highlighted in light red in the right panel in Figure 1 b, corresponds to
the first Ir-O distance. By analyzing the intensity of this peak, we can follow the oxide content in
the nanoparticle structure. At open circuit potential, the particles are partially oxidized and the Ir-
O peak is visible, as seen from the PDF plotted in gray in Figure 1 b. Once a low electrode
potential is applied (0.2 Vvs RHE), a reductive current is recorded (see Fig. 1 a and Sl, Fig. S4)
indicating the reduction of the nanoparticles to metallic iridium. The characteristic distances in the
PDF of the metallic particles (blue PDFs in Fig. 1 b) differ significantly from the oxidized particles
and the Ir-O peak disappears. Instead, a strong Ir-Ir peak (2.7 A) from the metal dominates the
PDF, which is highlighted in light blue in Figure 1 b.
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Figure 1: a) Mass activity derived from the currents collected during 10 min potential holds
(chronoamperometry), currents are averaged over the last 100 seconds, and b) corresponding operando
PDFs extracted from X-ray total scattering data collected at the respective potentials, with zoom in on the
local range of the PDFs in the region 2 to 4 A. The Ir-O distance from iridium oxide is highlighted in light
red and the Ir-Ir metal pair distance in light blue.

We follow the oxidation of the iridium NPs by gradually increasing the electrode potential. At 0.5
V vs RHE, the particles remain metallic. Starting from 1.1 V vs RHE, increasing oxidative currents
are recorded for each potential step, corresponding to iridium oxidation as seen in Figure 1 a. At
this point, the Ir-O peak reappears in the PDFs, showing the oxide character of the catalyst at the
applied potentials. At 1.5V and 1.6 V vs RHE, significant OER currents are recorded, as shown
in Figure 1 a. The corresponding Tafel plots (E vs log j) of the operando experiment are included
in the SI (Fig. S5) displaying a distinction between the activation and the OER regime in the
electrochemical data. The PDFs collected at these potentials thus allow us to extract information
on the atomic structure of the active catalyst during oxygen evolution.

To ensure the reproducibility of both the electrochemical performance as well as the structural
information obtained, the experiment was repeated for a second catalyst film. The same behavior
in the reduction and oxidation of the particles can be followed in the PDFs of the repeat
measurement as shown in the Supporting Information, Figures S6-7.

Structure of electrochemically reduced Ir nanopatrticles

Having established the overall evolution in atomic structure in the potential steps, we now analyze
the PDFs in detail. We first address the structure of the reduced, metallic Ir nanoparticles. The
PDF extracted at 0.2 V vs RHE is characteristic of a metallic nanoparticle with pair distances
extending to circa 12 A (see Fig. 2 a). Bulk metallic iridium is known to crystallize in the face-
centered cubic (fcc) crystal system, and we first test if the nanoparticles adopt the same structure.
The extracted PDF can however not be fully described by an fcc model, see fit in Figure 2 a (R
= 0.34). Certain peaks appear in the PDF, e.g., at circa 5 A (area highlighted in gray in Fig. 2 a),
which do not correspond to pair distances in the bulk fcc structure.

4
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It is well-known that small metallic NPs can differ in structure from their bulk counterparts and
take e.g. multi-twinned structures forming e.g. decahedral®®-%? or icosahedral particles.®® It has
furthermore been shown that Os NPs can form both fcc and hexagonal close-packed (hcp)
structures,®* and in other systems, stacking faults have been seen to be dominating for small
nanoparticles.®® PDF analysis allows us to characterize and distinguish between such structures,
as it is sensitive to the local atomic arrangements.®*-%! Recently developed tools allow to
automation of the analysis of PDFs from metallic nanoparticles to identify the best-fitting
model.®®7° Here, we first applied our newly developed method, DeepStruc, which uses Machine
Learning to solve the structure of monometallic nanoparticles of up to 200 atoms from PDF.7%"?
As seen in Fig. S9, DeepStruc suggests that the metallic Ir nanoparticles take either a hcp or a
decahedral structure. When fitting a hcp cluster model (Figure S8 b), the peak at circa 5 A is
included in the simulated PDF, which was absent when using the fcc model. The hcp model is,
however, also not able to describe all the distances present in the PDF (R, = 0.33). A better fit is
achieved with a two-phase model including both an fcc and an hcp phase (Rw = 0.28), which is
shown in Figure 2 b. Mixtures of crystalline hcp and fcc Ir phases under electrochemical reductive
conditions have been reported.”? Also, a two-phase model of fcc and hcp structures has previously
been used for PDF modeling of close-packed structures that contain stacking faults.®® The
agreement between data and the two-phase model could thus indicate that the nanoparticles
consist of defective, closed-packed structures. However, the model assumes a spherical shape
factor, and the crystallite sizes refine to 9 A for the fcc and 11 A for the hcp phase. Therefore, to
further analyze the NP structure, their particle size was analyzed with SAXS as well. We aobtain a
mean particle size of 14 A by fitting a model of polydisperse spherical particles with a lognormal
distribution (polydispersity of PD = 0.2) and a power-law to the SAXS curve as shown in Figure 2
d and Table S1. The log-normal size distribution of the polydisperse spheres model fit to the SAXS
data is presented in Figure 2 e. The SAXS results thus do not agree with the two-phase fcc and
hcp model.

We now consider decahedral structures, which were also suggested by DeepStruc. Decahedral
particles are constructed from fcc-shaped crystals separated by twin boundaries, resembling
stacking faults.”® Decahedral metal nanoparticles are readily obtained in many systems,® and the
formation of decahedral Ir nanoparticles has been reported via a similar synthesis route.” To
validate our modeling approach further, we used a brute-force structure-mining algorithm?®®° as
presented in the Sl in Table S2 and Figure S10. This algorithm also suggests decahedral particles
as best-fitting structural models, and the best fit when modeling the experimental PDF with an
Ir192 decahedral particle (Figure 2 f). The fit result is presented in Figure 2 ¢ (Ry = 0.31). Compared
to the two-phase fcc/hcp model, the decahedral Iryo, cluster has a diameter (ca. 16 A) that agrees
better with the particle diameter obtained in the SAXS measurement, while the fit obtains a
comparable Ry, value and uses significantly fewer parameters in the fitting procedure

The match between the PDF and SAXS size analyses is highlighted when comparing the
diameters obtained from the PDF fits for the different structural models to the particle size
distributions obtained from the SAXS model, as shown in Figure 2 e. It can be expected that the
data can be even better described by introducing a distribution of differently sized decahedral
particles or additional stacking faults in the metallic nanoparticles.
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Figure 2: Characterization of metallic nanopatrticles obtained through electrochemical reduction (potential
hold at 0.2 V vs RHE) with a) fit of an fcc phase model, b) two-phase model with both an fcc and hcp phase
to the PDF and c) best fit of a model of decahedral particles to the PDF: the decahedral particle is
constructed with three layers parallel to the fivefold axis, three layers truncated perpendicular to the
pentagonal edges and one layer truncated perpendicular to the five apical vertices (192 Ir atoms). Figure
d) shows the fit to the SAXS data of a model of polydisperse spherical particles, as well as e) as probability
density of the log-normal size distribution with added particle diameters obtained from the different PDF
structural models and f) structure of the Iri02 decahedral cluster.
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Electrochemical formation of iridium oxide before OER

We now analyze the oxide formation under electrochemical conditions in detail. From a potential
of 1.1 V vs RHE, oxide formation is evident in the Ir catalyst. The local range of the PDF obtained
at this potential is shown in Figure 3 a. In the PDF the Ir-O peak at circa 2 A - highlighted in red -
evidences the oxidic character of the material. Further peaks are seen at ca. 3.2 A and 3.6 A,
highlighted in orange and brown in Figure 3 a. These peaks agree well with Ir-Ir distances in
iridium oxide. Based on reported crystalline iridium oxide structures,”>’® we can assign the peak
at ca. 3.2 A to Ir-Ir in neighboring edge-sharing [IrOs] octahedra (orange arrow in the structure
cut-out), while the one at 3.6 A corresponds to Ir-Ir in corner-sharing [IrOs] octahedra (brown arrow
in the structure cut-out). Simulated PDFs of different iridium oxides are presented in Figure S11.
Based on the ratio of corner-sharing to edge-sharing Ir octahedra, we can further characterize the
atomic structure of the formed iridium oxide. Hollandite-type iridium oxide motifs, which have been
found in low-crystalline iridium oxide samples that are highly OER active,’”> would be
characterized by an equal number of corner-sharing to edge-sharing [IrOg] octahedral units. As
seen in Figure S11, this leads to two Ir-Ir peaks of similar intensity. However, in our experimental
PDF, the corner-sharing peak is more intense than the edge-sharing peak. This ratio of corner-
sharing and edge-sharing Ir octahedra indicates the presence of a rutile-type oxide, where one
[IrO¢] octahedron has two and eight edge-and corner-sharing neighbors, respectively, see
structure cut-out in Figure 3.

The PDF contains very few peaks at distances larger than 4 A. This indicates a very disordered
oxide with a rutile-type local motif of edge- and corner-sharing [IrO¢] structural units. The PDF
also shows that at 1.1 V vs RHE, the iridium metal is not completely oxidized, as the edge-sharing
Ir-Ir distance of circa 2.7 A (blue highlight in Figure 3 a) is still visible. When compared to the
partially oxidized particles in the catalyst film at open circuit potential, we find no significant
differences in the iridium oxide structure formed at 1.1 V vs RHE, as can be seen in Figure 1.

We note here that the Ir-Ir distances in the oxide phase are slightly larger than those previously
observed from operando extended x-ray absorption fine structure (EXAFS).?° This relates to the
operando PDF data treatment. Before Fourier-transforming the total scattering data to obtain the
PDF, the signal from the carbon support is subtracted to isolate only the contribution from the
catalyst. Despite our efforts, achieving a complete background correction of the carbon support
proved difficult for the operando measurements. This difficulty is mainly related to the fact that the
carbon support changes during the measurement, i.e., it becomes oxidized. We therefore observe
an additional peak at around 1.4 A in the PDF, which corresponds to the C-C distance in the
carbon support. The PDF of the carbon support is shown in Figure S12. We note that a second
C-C distance from the support is expected at 2.5 A (Figure S12), which is however hidden
underneath the Ir-Irmea distance. The superposition of the two signals leads to an apparent shift
of the Ir-Ir metal distance to smaller distances, which we regard as an artifact from the insufficient
background correction of the carbon support. Similarly, the peak originating from the Ir-Ircomer
distance is convoluted with the signal from the C-C distance at around 3.7 A, which can explain
why relatively long distances are obtained for this particular peak in the PDF as compared to
crystalline iridium 7 and in operando EXAFS (both 3.55 A).2°
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O and Ir-Ir pair distances of the PDFs collected at 1.4, 1.5, and 1.6 V vs RHE.

Changes in catalyst structure when going to OER conditions

When we apply increasingly oxidative potential steps, small changes in the atomic structure of
the particles can be observed in the PDFs. Figure 3 b (bottom panel) shows the Ir-O distance
obtained from the PDFs plotted in Figure 1. The Ir-O distance is plotted as a function of potential,
and we note a shift in the Ir-O pair distance to smaller distances. This corresponds to a contraction
of the Ir-O bond when iridium becomes progressively more oxidized. This trend has previously
been observed in an operando EXAFS study of ultra-small Ir nanoparticles of ca. 2 nm diameter,
prepared by the Adams fusion method when applying potential steps in the same potential
region.?® Similarly, the Ir-Ir distance of ca. 3.6 A in corner-sharing [IrOs] becomes shorter when
the potential is increased, indicating a contraction of the iridium oxide structure at higher

potentials, which agrees with more oxidized iridium (Figure 3b, upper panel).
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The same trend is observed for the repeated measurement of a second catalyst film (light markers
in Figure 3 b), confirming that this is a general trend. The extracted distances for the two different
measurements differ only slightly. The deviations of absolute lattice parameters extracted from
the PDFs are likely due to variations in the alignment of the sample when measuring in operando
conditions, which lead to slight differences in sample-to-detector distance in the different
experiments. Therefore, the investigation of trends in the evolution of bond and pair distances is
more relevant in this study. We furthermore note here that the observed contraction might in
reality be larger than observed here, as it is influenced by a change in the contribution of the
carbon signal, and the convolution of the Ir-Ir distance with the C-C signal shifts the observed
distance to higher r.

The amount of metal present in the partially oxidized particles is continuously reduced, as can be
followed by the shift in the metal Ir-Ir / C-C peak in Figure 1. The peak moves gradually closer to
2.5 A when the potential is increased from 1.1-1.4 V vs RHE. At this point, the radial distance of
the observed peaks agrees with the reference C-C distance, and no further movement in the
peaks is observed when applying a potential of 1.5 or 1.6 V vs RHE.

Structural disorder in the OER active oxide

No substantial changes in oxide structure are visible at 1.5 and 1.6 V vs RHE, where a significant
OER current is measured, as seen in Figure 1 a. Still, the local coordination of a rutile-type oxide
with edge and corner-sharing [IrO¢] octahedra is evident and no long-range order is visible. At the
potential of 1.6 V vs RHE, peak broadening is observed, which can be interpreted as increasing
mobility of the atoms in the structure at higher oxygen evolution currents (steady-state current i =
130 mA/mg).

To highlight the disordered nature of the electrochemically formed iridium oxide, we compare the
sizes extracted for the particles at 1.5 V vs RHE from the SAXS data compared to the
corresponding PDF data. Fitting a polydisperse sphere model to the SAXS data (Figure S13), we
obtain a mean particle size of 15 A in diameter. The log-normal size distribution of the particles is
shown in Figure 3 c. To estimate the domain size of the identified rutile structure motif, we fit a
model of a rutile-type oxide to the operando PDF. The results are summarized in Fig. S14.
Assuming a spherical shape model, the diameter of the rutile phase in the PDF modeling results
in only 8 A. We note that the PDF still shows small, weak features at larger r-distances, which
could be due to several effects, such as particle size distribution, structural disorder, or
amorphous shell formation. However, the much smaller spherical diameter of the iridium oxide
obtained from the PDF (highlighted in red in Figure 3 c) compared to the SAXS model indicates
avery disordered iridium oxide shell at larger r-distances. An increase in structural variability with
more oxidative potential is further reflected in the peak broadening of the Ir-O and Ir-O pair
distances observed in the PDFs at 1.6 V vs RHE, which are presented in zoom-in in Figure 3 d.
This is also evident from the increasing atomic displacement parameters Uiso, of both Ir and O,
obtained from the rutile structural model that we fit to the operando PDF data. At 1.4 V vs RHE,
an Uss, value of 0.006 A2 for Ir and 0.01 A? for O is obtained, while at 1.6 V vs RHE, these are
increased to 0.02 A% and 0.11 A2 for Ir and O, respectively. This highlights that under operating
conditions, the OER active iridium oxide catalyst is characterized by a large amount of structural
disorder.

Only by combining operando SAXS and PDF analysis, we can fully characterize the structure of
the electrochemically formed OER active oxide. The information that is obtained from the different
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techniques is sketched in Figure 4. By extracting the nanoparticle size from SAXS and the
structural motifs from PDF analysis, we show that the OER-active iridium oxide phase is highly
structurally disordered. The oxide consists of Ir-O octahedral units that are connected in a rutile-
like fashion in small clusters ordered up to max. 8 A, while the particle itself is much larger with a
15 A diameter. Structural flexibility and disorder have been related to higher OER activity, which
is e.g. observed in electrochemically prepared iridium oxide when compared to calcined
crystalline rutile IrO,.%°

|

Ir-O coordination

IrO, cluster

nanoparticle

Figure 4: Sketch illustrating the information that can be extracted by operando X-ray PDF and SAXS on the
structure of the electrochemically formed iridium oxide, which is active in the oxygen evolution reaction.
While PDF can provide information on the very local Ir-O and Ir-Ir coordination similar to EXAFS, PDF can
also provide information on mid-range structural information of the arrangement of metal polyhedra within
the nanoparticle. Combined with morphological information from SAXS, a complete picture of the atomic
structural arrangement in the iridium oxide nanoparticle is obtained.

Conclusions

We investigate the structural dynamics of ultra-small iridium nanoparticles exposed to an
electrocatalytic environment. Employing a combination of operando of X-ray total scattering and
PDF analysis with analysis of operando SAXS data, we can extract valuable insights into the
atomic arrangement and morphology of the Ir nanoparticles under reaction conditions. We first
reduce the particles to study the structure of the metallic Ir nanoparticle under potential control,
but non-reactive conditions. Interestingly, the atomic structure of the Ir nanoparticles cannot be
fully described by an fcc phase but shows additional hcp-like features. Further analysis of the
PDF reveals that the metallic nanoparticles are most likely Irig, decahedral clusters. The diameter
of the Ir1g, cluster is comparable to the mean particle diameter obtained from the SAXS analysis
(14 A). When applying oxidative potentials, we identified a clear formation of a disordered iridium
oxide. The local structure of the electrochemically formed oxide contains both corner- and edge-
sharing Ir-O octahedra, similar to a rutile oxide, albeit displaying limited structural order.
Increasing the applied potential, we observed that the residual metal is gradually oxidized and
that the iridium oxide structure contracts. At relevant oxygen evolution current densities, a
discernable rise in atomic mobility became evident, notably reflected in large ADP values for Ir
and especially O.
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Using operando SAXS analysis, we determine the diameter of the iridium oxide nanoparticles to
be consistently around 15 A at 1.5 V vs RHE. Given that the PDF only displays atomic pair
distances up to 8 A for iridium oxide, we infer that the atomic structure of the OER-active oxide
exhibits considerable disorder, yet contains local rutile-like structural motifs. In conclusion, our
findings underscore that operando PDF analysis is a powerful tool to extract information on the
atomic arrangement of ultra-small nanoparticles. When combined with operando SAXS analysis,
this approach provides a comprehensive understanding of the disordered nature of the OER
active phase that is formed in the electrochemical environment.
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