View Article Online

View Journal

M) Cneck tor updates

Journal of

Materials Chemistry A

Materials for energy and sustainability

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: L. G. Graversen,
N. Schlegel, F. B. Holde, A. Sanz Arjona, S. Punke, T. M. Nielsen, A. S. Anker, J. Forner, G. K. H. Wiberg, M.
Arenz, R. K. Pittkowski and K. M. @. Jensen, J. Mater. Chem. A, 2026, DOI: 10.1039/D6TA02189A.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
Journal of accepted for publication.

Materials Chemistry A

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY rsc.li/materials-a
OF CHEMISTRY

(3


http://rsc.li/materials-a
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6ta02189a
https://pubs.rsc.org/en/journals/journal/TA
http://crossmark.crossref.org/dialog/?doi=10.1039/D6TA02189A&domain=pdf&date_stamp=2026-06-18

Page 1 of 21 Journal of Materials Chemistry A

View Article Online
DOI: 10.1039/D6TA02189A

Ultra-small iridium oxide nanoparticles: from one-pot hydrothermal synthesis to oxygen
evolution reaction catalyst

Laura G. Graversen,? Nicolas Schlegel,® Freja B. Holde,? Adrian S. Arjona,? Stefanie Punke,? Tobias
M. Nielsen,? Andy S. Anker,? Jonas Forner,® Gustav. K. H. Wiberg,? Matthias Arenz,”* Rebecca K.
Pittkowski,*2 and Kirsten M. @. Jensen*2

a Department of Chemistry and Nanoscience Center, University of Copenhagen, 2100 Copenhagen d,
Denmark

b Department of Chemistry, Biochemistry and Pharmaceutical Sciences, University of Bern, Freiestrasse 3,
Bern, 3012, Switzerland

*Corresponding authors: rebecca.pittkowski@chem.ku.dk and kirsten@chem.ku.dk

Abstract

Iridium oxide nanoparticles are efficient catalysts for the acidic oxygen evolution reaction (OER). We
present a straightforward one-pot hydrothermal synthesis method to produce sub-1 nm Ir oxide
nanoparticles in a single step, with size control achieved through post-synthesis annealing. By combining
X-ray total scattering and pair distribution function (PDF) analysis with small-angle X-ray scattering (SAXS),
we find that the sub-nanometer-sized oxide has an increased number of edge-sharing [IrOs]-octahedra
compared to the thermodynamically favorable rutile structure. PDF modelling using various cluster motifs
reveals that a sheet-like cluster, derived from rutile and comprising seven [IrOg]-octahedra with a (110)-
exposed surface, can describe the increased Ir-Ir edge-sharing connectivity. We further find that cluster
growth leads to a decrease in the number of edge-sharing motifs, going towards the bulk rutile structure
upon annealing. Operando X-ray total scattering and PDF analysis during OER reveal high structural
stability of the ultra-small (<3 nm) Ir oxides.

Introduction

Shifting towards a hydrogen-based economy to address the current energy crisis depends on developing
efficient technologies for water electrolysis. In this regard, polymer exchange membrane (PEM)
electrolyzers operating in acidic environments are a promising solution, operating at high current densities,
high pressures, with a low gas cross-over, and a compact system design.' 2 However, at the anode of PEM
electrolyzers, the oxygen evolution reaction (OER) suffers from slow kinetics, acting as the bottleneck
reaction, requiring large overpotentials to achieve the desired current densities.® In addition, the harsh
conditions in which PEM electrolyzers operate limit the type of catalyst that can be used. Iridium oxide-
based catalysts remain the definitive choice for activity and high stability.*6 However, iridium is scarce and
expensive. At typical loadings of 1-2 mg cm-2 for large-scale iridium-based electrolysers?, upscaling to a
terawatt energy scale would exceed the planet’s Ir reserves.® To address this, achieving a high dispersion
of iridium to maximize the surface-to-mass ratio is critical for its effective use as a catalyst. One strategy
involves synthesizing ultra-small nanoparticles (<3 nm).% 0 Wet-chemical methods have been widely
explored for IrO2 nanoparticle fabrication, and numerous routes have been reported.'” Most approaches,
however, proceed through multi-step pathways in which an intermediate phase is first formed. These
syntheses typically start from simple iridium salts such as IrCls or iridates M2lrCls (M = H, Na, NH4). Through
different synthesis steps, a wide range of different intermediates have been reported, including metallic Ir
colloids,'? aqua/hydroxide/chloro-iridate complexes,'3'® iridium nitrates,'® and hydrous Ir(oxy)hydroxides
formed by alkaline hydrolysis of HzIrCle."3 17 Many of the reported Ir(oxy)hydroxides arise from variations of
the Bestaoui hydrothermal route,'® involving slow hydrolysis of IrClzover 13 hours, followed by hydrothermal
treatment producing amorphous Ir(111/IV) oxides.'® Regardless of the specific route, these intermediates are
subsequently either thermally converted to IrOx'" 19 20 or electrochemically converted to “hydrous” or
“amorphous” IrOx."® 2! While these poorly crystalline counterparts are reported to be more catalytically
active than crystalline IrO2, they suffer from instability.” 2224 As a result, direct wet-chemical routes to
anhydrous, stable IrO2 remain highly sought after."" Hydrothermal methods using simple Ir salts in alkaline
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solution have similarly tendency to produce Ir hydroxides rather than anhydrous IrO,.2% 26 Attempts to
overcome this limitation by introducing strong oxidants (e.g., H202 or Na203) instead lead to the formation
of complex iridate oxides such as pyrochlores.26: 27 |nterestingly, rutile crystallization can be enabled by
introducing a dopant metal precursor that also acts as the oxidant; for example, HRuOs which promotes
the formation of mixed rutile Ir1xRuxO2.28 Collectively, these studies highlight a key gap in the field: a robust,
one-step wet-chemical synthesis method for nanocrystalline IrO-.

It is well established that size, structural motif, Ir coordination, and oxidation state?® of Ir oxide significantly
influences its electrocatalytic activity and stability.30-32 Nevertheless, the structure of ultra-small Ir oxide
catalysts is often assumed to be rutile as bulk 1rO2.3335 This is due to the small nanocrystal size, which
makes it challenging to fully characterize the catalyst’'s atomic structure using conventional methods: in
powder X-ray diffraction (PXRD), the small crystals lead to broad and diffuse peaks, which are difficult to
analyze.3¢ Instead, pair distribution function (PDF) analysis of X-ray total scattering data can offer atomic-
scale structural insights on ultra-small,36-38 amorphous,3®-4? or disordered*® 44 materials that only exhibit
local order. For example, PDF has been used for analyzing the structure of amorphous IrOy, linking the
presence of hollandite-like domains to enhanced catalytic activity.*54” PDF has also recently been used to
investigate catalyst structures under operando conditions during OER. Pittkowski ef al. used operando X-
ray total scattering with PDF combined with small-angle X-ray scattering (SAXS) to elucidate the active
iridium oxide phase forming from electrochemically oxidized sub-3 nm Ir nanoparticles.*® By correlating
particle size information from SAXS with local domain size insights from PDF, they identified ordered < 1
nm Ir oxide domains within larger disordered particles. However, it is unclear if such structures also appear
if the as-synthesized particles are oxides rather than metallic Ir nanoparticles.

Here, we present a one-step hydrothermal synthesis method for the preparation of IrOx clusters smaller
than 1 nm. Our direct hydrothermal synthesis circumvents the need for an initial hydrolysis step. We
furthermore demonstrate precise control of particle sizes through post-synthesis annealing at different
temperatures. The as-synthesized particles and the structural changes induced by annealing are analyzed
using PDF, SAXS, and transmission electron microscopy (TEM). Our data show that hydrothermal
treatment produces sub-1 nm rutile-like IrOx clusters predominantly grown along the (110)-plane. Upon
annealing, these clusters undergo structural changes, forming rutile-structured spherical particles (2-3 nm)
at 450 °C that preferentially grow along the crystallographic c-direction into elongated nanorods at 500 °C.

To understand the changes in the atomic structure during the activation of the IrOx nanoparticles under
acidic OER conditions, we use operando X-ray total scattering.*® Unlike the significant structural disordering
observed in electrochemically oxidized Ir,*® we find that as-synthesized IrOy is structurally robust, only
undergoing minor irreversible oxidation upon electrocatalytic activation. The rutile motifs in ultra-small IrOx
catalysts are structurally stable during operation, and do not form the same disordered oxide motif as seen
when oxidizing metallic Ir nanoparticles for the OER. Our findings emphasize the importance of thorough
structural characterization of electrocatalysts under operating conditions to fully understand their structure-
performance relationships.

Results and Discussion

Synthesis and structure characterization of IrOx nanopatrticles

We first synthesized ultra-small iridium oxide nanoparticles (<1 nm) hydrothermally. Our simple, one-pot,
surfactant-free synthesis is described in detail in the Methods section. Briefly, it involves dissolving HzIrClg
and NaOH in deionized water. The solution is then hydrothermally treated in an autoclave at 150 °C for 4
hours. Subsequently, the as-synthesized dried powders were annealed at 400, 450, or 500 °C for 1 hour.

Transmission electron micrographs of the annealed samples are shown in Figure 1. Agglomeration of small
particles is observed in all images, which is characteristic of unsupported nanoparticles. In the 400 °C
sample (Figure 1a), spherical particles with sizes of 1-2 nm are observed. High-resolution TEM (HRTEM)
images reveal lattice fringes, indicating the presence of crystalline domains. The d-spacings extracted from
Inverse Fast Fourier Transform (IFFT) analysis of randomly selected crystallites reveal multiple orientations
within the sample, which can be indexed to the (110) and (101) crystallographic planes of the rutile crystal
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structure. Details on the IFFT analysis are provided in Figure S1. The 450 °C sample (Figure 1b) shows a
broader distribution of crystallite sizes, although the particles largely retain a spherical morphology
(examples highlighted in yellow). In contrast, the 500 °C sample (Figure 1c) exhibits elongated rod-like
morphologies (yellow highlights), consistent with particle growth during annealing. However, extensive
agglomeration hinders the analysis, preventing determination of mean particle sizes.

Figure 1. TEM micrographs and d-spacings obtained from IFFT analyses of hydrothermally synthesized
IrOx after annealing. a) 400 °C, b) 450 °C, and c) 500 °C samples.

The trends observed in TEM are corroborated by powder diffraction data of the four synthesized samples
shown in Figure 2a alongside a calculated diffraction pattern of rutile IrO.. Bragg peaks corresponding to
rutile IrO2 are present after annealing at 450 °C and 500 °C. However, the 500 °C PXRD exhibits a (101)-
reflection (at 2.4 A™") that is more intense than expected relative to the (110)-reflection (at 2.0 A™"),
suggesting anisotropic growth. This is supported by Rietveld refinements, where an anisotropic particle
shape model is required (Sl Figure S2) to fit the peak intensities, yielding rod-like rutile crystallites with an
approximate width of 3 nm and a length of 4-5 nm. Comparatively broader Bragg peaks are exhibited for
the 450 °C analogue, indicating smaller crystallite sizes and inhibiting Rietveld analysis. In contrast, the
400 °C and pristine samples display significantly broader peaks dominated by diffuse scattering, suggesting
less crystalline structures or smaller crystallites. However, the positions of the broad features align with the
peaks observed in the more crystalline samples, indicating the formation of rutile-like Ir oxide (IrOx).
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The broad Bragg peaks prevent detailed structural insights from PXRD. Instead, PDF analysis of X-ray total
scattering data can be used to extract structural information by presenting the real-space atomic pair
correlations. The corresponding PDFs of the samples are shown in Figure 2b. The PDF peaks observed in
the local region agree with iridium oxide, as observed in the comparison with a simulated PDF from bulk
IrO2 rutile (Figure S3a). Information on the crystallite sizes is contained in the extent of atomic correlations.
From the insert in Figure 2b and Figure S3b, these are estimated to be ca. 8, 10, 25, and 50 A for the
pristine, 400, 450, and 500 °C samples, respectively. At first glance, the PDFs thus show hydrothermal
formation of extremely small or disordered particles, whose structure is related to that of bulk, rutile IrOo.
The data furthermore show increasing long-range order with higher annealing temperatures. Examining the
low-r region of the PDFs in Figure 2b, the first Ir-O peak appears at ca. 2.0 A, while the peaks at 3.1 A and
3.6 A represent Ir-Ir pairs from edge-sharing (ES) and corner-sharing (CS) [IrOs]-octahedra, respectively.
The intensity of the 2.0 A (Ir-O) and 3.1 A (ES) peaks remains similar across samples. In contrast, the 3.6
A peak intensity (CS) increases significantly for the 450 °C and 500 °C samples, indicating annealing-
induced structural changes.
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Figure 2. Diffraction data of hydrothermally synthesized IrOx Pristine, and subsequently annealed at 400
°C, 450 °C, or 500 °C. a) PXRD patterns of the four samples with a calculated pattern of rutile IrOz in grey.
b) PDFs of the local r-range, full-range PDFs shown in the inset. PDF fits using rutile IrO2 as the structural
model to the c) Pristine sample and d) 400 °C sample.

ES-rich clusters from hydrothermal synthesis and 400 °C annealing

To gain further structural insights into the synthesized structures, we model the PDFs. We begin by
investigating the as-synthesized pristine and 400 °C annealed samples. As the peak positions in PXRD
(Figure 2a) generally align with the rutile structure, we first use this as the structural model in PDF
refinements (Figure 2c-d). We use a spherical envelope function to describe the size and shape of the
particles. The model gives a reasonable fit to the PDF peak positions, and nanoparticle sizes of 7-8 A are
obtained. However, while the Ir-O peak at 2.0 A and the CS Ir-Ir peak at 3.6 A are well described, the ES
Ir-Ir peak at 3.1 A is much less intense in the rutile model compared to the PDFs of the pristine and 400 °C
samples. To identify the source of the increased ES Ir-Ir in the pristine and 400 °C samples, we look for
other known iridium oxide and hydroxide structures. The hollandite structure® consists of [IrOg]-octahedra
arranged to form 2x1 cavities (see Figure 3a) and has been reported by Willinger et al. to exist as the active
species in iridium hydroxide OER catalysts.#” Fits to the pristine and 400 °C PDFs using the hollandite
structure and the resulting refined structure are shown in Figure S4. As shown in Figure S3-S4, a much
larger ES/CS peak-intensity ratio is exhibited by the hollandite structure than observed in our data.
Achieving an ES/CS-ratio that describes the data requires a large reduction of the 3 angle (fit parameters
reported in Table S1). In turn, this elongates the Ir-O bonds to unphysical lengths (~2.3 A), far exceeding
the longest reported Ir4+-O lengths (2.096 A).5" This demonstrates that the structure of the pristine and 400
°C samples cannot be properly described by hollandite. We also compared the experimental PDF with that
calculated from iridium oxyhydoxide (IrOOH, Figure S3), which does not agree with the experimental PDF.

We therefore proceeded to calculate PDFs for various, discrete sub-1 nm motifs cut out from the rutile
structure. The models and PDFs are shown in Figure 3b-f and 3g, respectively, where they are also
compared to rutile and hollandite. Model 1 represents a spherical cutout of the rutile structure. This model
thus contains all aspects of the rutile structure with the center atom chosen as the center of the unit cell,
i.e., the Ir atom at (0.5, 0.5, 0.5). When fitting this structure to the PDF, we found that it, as the bulk rutile
model, describes the position of the peaks, but not the correct intensity ratio. The intensity of the edge-
sharing Ir-Ir peak is especially lower than in the data, as illustrated in Figure 3h, where the ratios from the
models have been calculated and plotted. The figure also includes ratios obtained from the experimental
PDFs. Model 2 is similar to Model 1 but is extended along c to introduce a larger amount of edge-sharing
octahedra. However, while the ES/CS intensity ratio gets closer to that of the experimental data, the medium
range order peak intensities do not agree with the data.
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We therefore cut out other motifs, and look towards those represented in specific crystallographic planes
in the rutile structure. The (100) plane only contains edge-sharing octahedra, while the (001) plane has
edge-sharing octahedra in a zig-zag pattern along c. As the PDF clearly shows both edge-sharing and
corner sharing, we must include both motifs in the model. We therefore considered the 110 plane, which is
the most thermodynamically stable surface in the rutile structure.52 5 Models 3, 4, and 5 are all cut from
this layer, but differ in their size. PDF refinements of the pristine and 400 °C samples using these motifs as
structural models are shown and discussed in Sl Figure S5. Based on the goodness-of-fit (Rw-value),
Models 3 and 4 provide equally good descriptions of the pristine (Figure 4a-b) and 400 °C (Figure 4c-d)
PDFs. Although the Rw-values are comparable, model 3's ES/CS ratio matches that of the pristine and 400
°C samples better (Figure 3h), whereas the smaller model 4 has a lower ES/CS ratio. We thus propose that
the sub-1 nm Ir oxides are built from [IrOs]-octahedra linked through edge- and corner-sharing, primarily
exposing the most stable surface, corresponding to the (110) plane in the rutile structure.??

We note that the models only describe the main structural motifs present in the particles, and cannot provide
information on the exact surface coordination, solvation, etc. Most likely, clusters of slightly different sizes
and shapes are present in the sample.
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Figure 3. a) Hollandite structure with 2x1 cavities. b-f) Different cut-outs from the rutile structure. g)
Calculated PDFs of various Ir oxide motifs, with the experimental PDF of the Pristine sample for reference.
h) Ratio of the measured PDF peak intensity of the ES peak at 3.1 A to the CS peak at 3.6 A (circles),
including ratios obtained from the calculated PDFs in g) (square).
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Figure 4. PDF fits for the Pristine and 400 °C samples using two cluster models. a) Pristine sample fitted
with Model 3 (corresponding to Figure 3d). b) Pristine sample fitted with Model 4 (Figure 3e). c) 400 °C
sample fitted with Model 3. d) 400 °C sample fitted with Model 4.

Extended rutile crystallization induced by high-temperature annealing

Turning to the 450 °C sample, the PDF correlation lengths exceed the size of the cluster, which indicates
that an extended crystallization has occurred. Therefore, we use rutile as the structural model. As shown
in Figure 5a, by employing a spherical envelope function describing the crystallite size, the rutile model
effectively captures the peak positions. However, issues in accurately capturing the peak intensities lead
to the observed feature-rich difference curve. Noticeably, these features resemble the calculated PDF of
the Model 3 cluster (structure shown in Figure 3d). This indicates the presence of a large distribution of
particle sizes, consistent with the TEM analysis (Figure 1b). To address this, we include the sub-1 nm
cluster model (Model 3) in the refinement, which substantially improves in both the local (grey highlight)
and global (>20 A) fit range (Figure 5b). PDF refinements reveal a mass ratio of ~36% cluster and 64% 3
nm rutile, suggesting that annealing at 450 °C for 1 hour predominantly grows the sub-1 nm clusters into
ca. 3 nm spherical IrO.. The difference curve still shows significant features, including a misfit of the Ir-O
peak, which reflects limitations of the simple two-phase model in representing the size distribution.
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Lastly, we examine the 500 °C sample. Figure 5¢ shows a fit using the crystalline rutile model, where a
spherical envelope function is again used to describe the crystallite size. The model fits well for PDF
features below 20 A, showing formation of a rutile structure, in agreement with the PXRD. However, the
long-range order (r >20 A) is poorly described by the spherical shape function. To reflect the anisotropic
morphology suggested by TEM and PXRD, a spheroidal shape factor was implemented in the PDF
refinement of the 500 °C sample. With this adjustment, the features above 20 A are captured properly
(Figure 5d), estimating a rod length of ca. 7 nm and a width of 1 nm. The spheroidal model may overfit
noise at high r-values, potentially overestimating the crystallite size, explaining deviations from PXRD
results. TEM further supports rod formation and reveals a distribution of crystallite sizes (Figure 1d). IFFT
analysis of three randomly selected rods (yellow highlighted regions in Figure 5e) shows consistent d-
spacings of ~3.3 A, corresponding to the (110)-crystallographic plane of the rutile structure.?* The random
deposition of nanoparticles onto the TEM grids during drop-casting should ensure random rod orientations.
The absence of d-spacings for the (101)-plane (~2.7 A) suggests preferential growth along the
crystallographic c-direction. Further details on the IFFT analysis are provided in Figure S1.
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Figure 5. PDF fits using rutile IrO2 as the structural model. a) 450 °C sample fitted with a monodisperse
spherical model. Notice the resemblance of the difference curve with the calculated PDF (yellow) of a sheet-
like cluster (Model 3) cut along the (110)-plane of the rutile structure. b) Fit with the Model 3 cluster along
with a 28 A spherical rutile model. The grey-highlighted region shows local improvements, while narrowing
the difference curve above 6 A indicates global improvements from the monodisperse model. ¢) 500 °C
sample fitted with a spherical nanoparticle model, and d) fitted with a spheroidal shape model. €) TEM
image showing elongated rods formed at 500 °C.

PXRD and PDF analyses thus indicate formation of ultra-small domains. To confirm whether the smallest
samples (pristine and 400 °C) consist of ultra-small crystalline particles or if their diffuse scattering and low
coherence length are due to an amorphous structure, SAXS was performed. Additionally, SAXS was used
to further examine the morphology of the larger samples (450 °C and 500 °C). The data are shown in Figure
S6. Modelling of the SAXS data (described in detail in Table S2) revealed spherical diameters of ~1 nm for
both the pristine and 400 °C samples and 2 nm for the 450 °C sample. These values align closely with the
cluster and crystallite sizes obtained from PDF analysis (Table 1), indicating that the correlation sizes in the
PDF correspond to individual particles. For the 500 °C sample, SAXS supports a cylindrical morphology
(Figure S6f in Sl). The analysis suggests average nanorod diameters of 5 nm and lengths of 15 nm. This
finding is consistent with TEM (Figure 5e), suggesting that TEM's localized images represent the sample's
average morphology. The larger sizes from SAXS, compared to PXRD and PDF, could indicate multiple
crystallite domains within the rod particles or agglomerated rods. However, as discussed in Figure S6, we
could not reliably model polydispersity from the present data.

An overview of the structure, sizes, and morphologies of the four samples is provided in Table 1, highlighting
the presence of size-dependent atomic structures in ultra-small IrOx nanoparticles. This structural analysis
suggests that hydrothermally synthesized sub-1 nm IrOx are characterized by sheet-like structures with
exposed (110)-facets from the tetragonal rutile structure. The samples cannot be described using the
hollandate structure which would be expected for (oxy)hydroxides rather than oxides. Minimal structural
changes or growth take place upon annealing at 400 °C. This observation contrasts with previous reports
that associate increased ES/CS ratios with local monoclinic or orthorhombic distortions.3'- 3 When the
annealing temperature increased to 450 °C, isotropic growth transforms some of these sheets into ~3 nm
spherical rutile IrO2, as graphically shown in Figure 6. Eventually, increased temperatures promote
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anisotropic growth, possibly driven by the preferential exposure of the thermodynamically stable (110)-
surface,? 93 resulting in the formation of nanorods.

8
2
§ Table 1. Overview of the obtained particle size, morphology, and structure of the four samples from SAXS
g and PDF.
5 Sample Size SAXS Size PDF Shape SAXS Shape PDF Structure
o
B4 Pristine 12 A 7A Spherical Spherical Cluster
é 400 °C 12 A 8 A Spherical Spherical Cluster
5 450 °C 22 A 8+28A Spherical Spherical Cluster + rutile
('g) (polydisperse) (polydisperse)
Zg 500 °C 50x130 A 11x74 A Rod Rod Rutile
2
c
o -
E Hydrothermal 450 °C Annealing 500° C
Q - .
@ Clustegs (110)-plane  Cluster + Butlle spheres Rutile rods
¥ 1 1 oads e R
) 90‘3’[‘;:* s . '__..-;j:%g\ _“’QC,{‘ 'M
5 oYY IsotropiC cluster, ¥
E ! poror® %@o.wté‘;" attgchment" Wi it

- L JTR - b ttachment in

y b R R fidepts IECTITNSNLITE

% \ncreased 4 4““‘:;%*" HEAY (116)-piane ™~
. S\ ‘ Wt
2
% Figure 6. Schematic of the proposed growth pathway. Annealing at 450 °C promotes hydrothermally
£ synthesized IrOx clusters to stack forming spherical rutile IrO2 nanoparticles, which at higher temperatures

attach preferentially along the c-axis forming elongated rutile nanorods.
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Structural changes during OER

Having gained a thorough understanding of the structure of the synthesized samples, we move on to
investigate how the particles behave and change under OER conditions. Therefore, the annealed IrOx
nanoparticles (400 °C, 450 °C, and 500 °C) were tested in an operando gas diffusion electrode (GDE)
setup, illustrated in Sl Figure S7.4° These experiments allow studying of the catalyst structure under
operating conditions.

(cc)

Catalyst usage requires depositing the particles on carbon. PDFs of the as-synthesized IrOx and the carbon-
supported IrOx measured in the operando setup are provided in Figure S8. We find the PDFs of the 500 °C
sample to remain largely unchanged before and after carbon deposition. In contrast, for the 400 °C and
450 °C samples, the intensity of the Ir-Ir CS peak (3.6 A) appears to have decreased after carbon
deposition. While this could imply minor structural changes during the electrode preparation process, it is
more likely to originate from challenges in background subtraction of the operando data, as discussed in Sl
Figure S9 and shown by Pittkowski et al.*8

X-ray total scattering data for PDF analysis were collected at OER conditions, running a
chronoamperometric protocol. The catalysts were stepped from open circuit potential (OCP, see Sl Table
S3) to 1.4 Vree in intervals of 0.2 V and then to 1.6 Vrue at intervals of 0.1 V, after which the potential
program was reversed back to 1.0 Vrxe. Each potential step was held for 20 min. The three samples’ current
responses in the operando setup, normalized to the geometric area, together with ex situ polarization curves
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are shown in Figure S10.The operando measurements show an inverse correlation between the samples’
particle sizes and the current response, with the 500 °C sample exhibiting the highest current density. This
is contrary to the expected trend, as samples containing smaller particles generally exhibit larger
electrochemically accessible surface areas, resulting in increased current responses. However, because
the catalysts are deposited on a carbon support and further vacuum filtrated on a microporous layer, we
cannot use capacitance as a proxy for electrochemically accessible surface area. Consequently, variations
arising from catalyst-layer deposition and morphology cannot be excluded as the origin of the observed
current trends. The ex situ measurements (Figure S10b) corroborate this interpretation, as we find the
sample with the smallest crystallite size to exhibit the largest mass activity. Therefore, we focus the
discussion on the structural stability of the catalysts rather than their intrinsic activities.

1.2V
B 1 57
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1.6V
1.5V
1.4V
1.2V
1.0V
ocV
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1 1 1 1 1 1
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Figure 7. Operando chronoamperometry protocol stepping from OCP to 1.6 Vrxe and back to 1.0 VRhE.
Simultaneously measured PDFs for the a) 400 °C sample, b) 450 °C sample, and c¢) 500 °C sample.

To investigate how the as-synthesized catalyst structure changes during OER, we look at the operando
PDF data (Figure 7) at every potential step. Across the applied potential range, no major changes in the
maximum correlation length are observed (see Figure S11), indicating that the cluster and crystallite sizes
remain stable throughout the OER protocol for all three samples. To investigate local structural changes,
we analyze the Ir-O peak (red highlight), Ir-Ir ES peak (yellow highlight), and Ir-Ir CS peak (blue highlight).
As explained in detail in Figure S12, we applied Gaussian fitting to each of the three peaks, tracking the
peak position throughout the electrocatalytic process. The fitted peak positions are shown in Figure 8 as a
function of applied potential. Here, we observe a shift of the Ir-O peak towards smaller r-values at more
oxidative potentials, indicating an Ir-O bond contraction. This observation is consistent with Ir oxidation as
is expected under OER conditions from previous operando spectroscopy studies of iridium oxide based
materials.® 29 56, 57 Combining PDF with operando X-ray absorption spectroscopy, Pittkowski et al.#
demonstrated that the Ir-O bond length extracted from PDF can be used as a quantitative proxy for the Ir
oxidation state. Based on this correlation, they proposed the presence of an Ir%* active species at oxidizing
potentials. In our data, the shortened Ir-O distances of 1.94-1.95 A at high potentials are consistent with
the formation of such Ir%* species, in agreement with previous studies by Diklic et al.?° and Lebedev et al.58
Additionally, Minguzzi et al.®® demonstrated the involvement of an Ir%* intermediate in Ir/IrO2 core-shell
nanoparticles during OER through operando X-ray absorption spectroscopy.
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During the reductive potential scan, the Ir-O bond expands again as the reduction takes place; however, it
appears that this expansion is not completely reversible (Figure 8a). Such irreversible oxidation has also
been observed in electrochemically oxidized Ir nanoparticle catalysts.®° In contrast to the Ir-O distances,
the Ir-Ir correlations show less pronounced responses to the applied potential. In the case of the two small
nanoparticles (400 °C, 450 °C), the data indicate a very slight reversible contraction of the Ir-Ir bonds (both
ES and CS) during the potential step cycle (Figure 8b-c). We note, however, that the observed changes in
peak position are close to the r-resolution of the data.

400 °C 450 °C 500 °C
1.98 [a) Ir-0
1.96 -
o< 1.94 N NN N NN NN N Y M ! S|
5 b Ir-Ir (ES
o 312 ) ( )
c
Q0
T 31F
g 1 1 1 1 1 1 1 1 1 1 1
0 C Ir-Ir (CS
3.56 o) (CS)
3.54
352 N AN NN TN MU N SN N SO N |

T OV R ASAT AR ADAD AD AR ATAD
Potential / VRHE

Figure 8. Parameters extracted from Gaussian fitting of operando PDF data. a-c) Changes in bond length
as a function of potential during the potential step protocol.

Our operando analysis thus indicates that all three samples are generally structurally stable under the
applied conditions. We observe small changes for the smallest particles, which we relate to oxidation.
Possibly, the ultra-small size of the IrOx clusters allows greater oxidation-driven breathing of the structure
than in the crystalline IrO2 nanoparticles, yet without causing disordering or amorphization. While PDF is a
bulk technique, the small crystallite size (sub 1 nm for the 400 °C sample) means that surface atoms make
up a large part of the material, and thus contribute significantly to the observed signal.t'. 2 Consequently,
our data indicate that no significant surface restructuring® to IrO.OH or amorphisation® occurs in these
catalysts under OER conditions. The stability of the particles contrasts with the significant structural
disordering observed in electrochemically oxidized Ir, as previously investigated with PDF analysis.*8

The structural robustness is furthermore illustrated when tracking the intensity ratio between the ES (3.1 A)
and CS (3.6 A) peaks in the operando PDFs. As shown in Figure 9a, the largest crystallites (500 °C sample)
do not exhibit a change in the ES/CS ratio during the potential step protocol (from OCP to 1.6 Vrue and
back to 1.0 VruEe), maintaining a steady ratio throughout. A small change is observed for the two smallest
particles (400 °C and 450 °C), as the data show a slight reversible decrease in the ES/CS intensity ratio by
~5% during chronoamperometry stepping. To investigate the structural stability of the catalysts further, we
applied a potential of 1.65 Vrne for 2 hours while recording operando PDF (current responses seen in Figure
S13). Figure S14 shows the local range of the PDF measured at the beginning and after 2 hours of stability
testing. Again, minimal structural changes were observed throughout the whole measurement (see Figure
S15). The intensities of the ES and CS peaks were again determined through Gaussian fitting (Figure 9b),
revealing a very small but systematic and continuous decrease in the ES/CS peak ratio during OER for IrOx
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crystallites below 3 nm (400 °C and 450 °C). This reduction in ES Ir-Ir motifs indicates that the nanoparticles
may become structurally more similar to the thermodynamically stable rutile structure during extended
OER.%* Possibly, the decreased amount of ES Ir-Ir may result from preferred Ir dissolution from ES sites
within the sheet-like crystallites. In contrast, the 500 °C sample, which closely resembles the ideal rutile
structure from the beginning, likely refrains from ES Ir-Ir dissolution (see Figure S14). Apart from these very
small changes to the PDF, we find no evidence of dissolution-redeposition-induced reorganization, in
contrast to previous reports.5®

a)Potential step b) Potential hold

1
0.9
0.8
0.7
0.6
0.5
04

11 1
oCP12161410 0 05 1 15 2
Potential /VRHE Time / h

I
ES/CS intensity ratio =£2-214
CS, 3.6A

ES/CS intensity ratio / a.u.

Figure 9. Changes in peak intensity ratio of ES peak at 3.1 A and CS peak at 3.6 A extracted from Gaussian
fitting of operando PDF data recorded during a) potential step protocol, and b) holding a constant potential
of 1.65 VRHE.

Surprisingly, the structural stability of the 500 °C sample does not translate into electrochemical stability.
The largest crystallites show the greatest current losses, decreasing by 31% and 27%, respectively, after
2 hours (See Figure S13). In contrast, the smallest particles (400 °C sample) are more electrochemically
stable, exhibiting only a 16% current loss. While this may seem contradictory, given that the largest
crystallites were structurally the most stable as observed in the PDF (see Figure S14), it is important to
note that the PDF exclusively probes the structural stability of the Ir oxide catalyst. In contrast, the
electrochemical current reflects a combination of phenomena occurring in the gas diffusion cell, including
carbon support degradation, mass transport limitations, oxygen accumulation on the catalyst surface, and
changes in the electrolyte environment over time.85 Hence, the loss of activity is more likely linked to catalyst
film deterioration than catalyst particle degradation. Figure S16 shows TEM images of the particles that
could be recovered from the operando experiment. The relatively small nanoparticle size, combined with
significant carbon contamination originating from the gas diffusion layer and Nafion binder makes imaging
of the particles by (S)TEM challenging. Nevertheless, we observe particles with a rod-like morphology,
approximately 10 nm in length and 5 nm in width. These dimensions and morphologies are consistent with
those observed for the as-synthesized 500 °C sample. Within the resolution and limitations of the
measurements, we therefore do not observe evidence of substantial morphological changes after 2 h under
OER operating conditions.

Conclusion

We have successfully synthesized iridium oxide below 1 nm via a one-step hydrothermal method. Using
PDF and SAXS analysis, we showed that the structure of the as-synthesized particles deviates substantially
from bulk rutile IrO2, exhibiting an increased amount of edge-sharing [IrOe]-octahedra. By fitting different
discrete models to the PDFs, we suggest that the samples are best described as a sheet of edge- and
corner-sharing [IrOe]-octahedra, demonstrating the PDF's sensitivity to different cluster motifs. Subsequent
annealing at different temperatures enables size-tuning of the Ir oxide catalysts. While the structure is
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retained when annealing at 400 °C, annealing at 450 °C leads to the formation of polydisperse spherical
nanoparticles, ranging from 1 to 3 nm with a rutile IrOz structure. Annealing the sample at 500 °C, we find
the formation of elongated rods (approx. 5 nm wide and 15 nm long). PDF coupled with TEM analysis
shows preferential growth along the crystallographic c-direction.

We further investigated structural changes during electrocatalysis using operando PDF. These
measurements reveal that the IrOx nanoparticles exhibit remarkable structural stability. Our measurements
show only minor structural changes in the smallest nanoparticles, which we relate to oxidation, as seen
primarily from the elongation of the first Ir-O distance. Our data does not indicate any major structural
reorganization or amorphization upon catalyst use.

Experimental methods

Synthesis of IrOx

IrOx samples were hydrothermally synthesized using 0.04 g (0.1 mmol) of hydrogen hexachloroiridate(IV)
hydrate (99.9 % trace metals basis, Sigma-Aldrich) dissolved in 10.0 ml of deionized water in a Teflon-lined
steel autoclave to obtain an Ir concentration of 0.01 M. Complete dissolution results in a blue solution.
NaOH(s) was added until alkaline conditions (pH = 10) were achieved. The change in pH leads to a color
change from blue to yellow. The sealed autoclave was placed in a preheated oven at 150 °C for 4 hours.
The precipitates were washed with ethanol (VWR, 96%) three times and left to dry overnight. Subsequent
annealing was performed by transferring the dried iridium oxide powder to a porcelain crucible, which was
placed in a cold oven. The temperature was increased to 400, 450, or 500 °C at a 30 °C/min ramping rate
and maintained at the specified temperature for 1 hour. The sample was annealed in an open crucible,
allowing unrestricted exposure to atmospheric air throughout the process.

Total scattering and PDF

Ex situ X-ray total scattering data were measured on the as-synthesized IrOx powders at DESY on beamline
P02.1 using an X-ray wavelength of 0.207345 A equipped with a Perkin Elmer XRD 1621 flat panel
detector.®® The as-synthesized powders were loaded into Kapton tubes with an inner diameter of 1.0 mm.
The X-ray exposure time was 4 min. The obtained data were integrated using PyFAI in Dioptas®” and
background subtracted, normalized and Fourier transformed to PDFs using PDFgetX368 with Qmin = 0.4 A-
1, Qmax =21 A, rpoy = 0.9 A, and Quamp = 0.029 A-'. Subsequent modelling was performed using the Diffpy-
CMI software.8°
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SAXS

Ex situ SAXS measurements were performed in-house with a Nano-inXider instrument with a wavelength
of 1.54 A. The IrOx nanoparticles were dispersed in a mix of 3:1 H2O:IPA and loaded into 1.5 mm
borosilicate capillaries. Each sample was measured for 2400 s with a Q-range of 0.006 - 4 A-'. The data
were merged, corrected for the background of the solvent and the capillary, and eventually log-binned. The
analysis was conducted with SasView 5.0.6.

TEM

TEM micrographs were acquired using a Thermo Fisher Talos 200i TEM operated at a 200 kV acceleration
voltage. As-prepared samples were dispersed in HPLC-grade ethanol by ultrasonication with a horn
sonicator. 5 pL of the suspension was drop-cast onto Agar Scientific holey carbon film supported on 400-
mesh copper grids and air-dried. During imaging, the grids were mounted in a single-tilt FEI ST holder.

Total scattering operando OER on GDE
The catalyst inks for operando measurements were prepared by dispersing 0.0079 g IrOx powder (400,
450, or 500 °C sample) in 2 mlisopropanol (99.8 %, Sigma-Aldrich) and 6 ml ultra-pure water (MilliQ system,
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18.2 MQ, 3 ppb TOC). 32 ul Nafion™ 117 (5 wt% in H20, Sigma-Aldrich) was added, and the stock solution
was homogenized using a horn sonicator for 4 hours (Qsonica sonicator, Q500). The inks were cooled in
ice baths during sonication to prevent solvent evaporation. The stock solutions were diluted to obtain a
concentration of 200 pgi/cm? by adding 6 ml ultra-pure water and 9 ml absolute ethanol (99.5 %, Sigma-
Aldrich) to 2.33 ml stock solution. The resulting ink was horn-sonicated until a homogeneous ink solution
was obtained. Over the course of approx. 5 hours, the catalyst inks were vacuum filirated onto a gas
diffusion layer (GDL) with a C-based microporous layer (MPL) coating (Freudenberg H23C8, FuelCell
Store). Using a custom-made stencil, the prepared catalyst films were cut into shapes that fit the
electrochemical cell. These cuts served as working electrodes (WE) in the three-electrode electrochemical
cell developed by Wiberg et. al*® A platinum mesh served as counter electrode (CE), and a leakless
Ag|AgCl (eDAQ) electrode served as reference (RE). 0.5 M perchloric acid (99.999 % purity, Merck) was
used as electrolyte. After each experiment, the shift of the RE versus a freshly prepared trapped hydrogen
electrode was measured to convert the WE potential to an RHE scale.

X-ray total scattering data were collected on beamline 15-1 at Diamond Light Source using an X-ray
wavelength of 0.16167 A equipped with a Perkin EImer XRD 4343 CT detector. The obtained data were
integrated using PyFAl in Dioptas®” and Fourier transformed to PDFs using PDFgetX3%8 with Qmin= 1.8 A-
1, Qmax = 20 A1, and rpoy = 0.9 A. Two operando electrochemical protocols were performed. Potential steps
from open circuit potential (OCP) were held at 1.0, 1.2, 1.4, 1.5, and 1.6 V vs RHE, followed by stepping
back to 1.0 V vs. RHE at the same increments, holding each potential for 20 min. The X-ray beam with a
20 ym vertical size alternatingly probed the active catalyst layer and the carbon support for 10 minutes
each. Scattering data on the empty cell and liquid electrolyte were also obtained to allow for background
subtraction by linear interpolation between the four sets of scattering data. Catalyst stability was
investigated through constant potential holds at 1.65 V vs RHE for 2 hours. Scattering data of the catalyst
layer and carbon support were alternately measured every 1 minute, with background subtraction
performed similarly to the potential step measurements.

Ex situ electrochemical measurements

Catalyst inks were prepared by dispersing the IrOx samples in a 3:1 mixture of ultra-pure water (MilliQ
system, 18.2 MQ, 3 ppb TOC) and 2-propanol (99.8 %, Sigma-Aldrich). 0.096 % Nafion ionomer (5 wt.% in
aliphatic alcohols, Sigma-Aldrich) were added to the ink, yielding an IrOx concentration of 1.572 mg mL-".
The inks were dispersed using a horn sonicator (Q500, Qsonica) for 30 minutes while cooling the ink in an
ice bath to prevent solvent evaporation. The inks were then drop cast onto printed circuit board electrodes
(PCB) to yield mass loading of 20 ug cm2. The PCBs were prepared following the procedure introduced by
Forner et al using the same 3D-printed cell design.”® Briefly, the as-received PCBs are degreased in 2-
propanol and subsequently electroplated first with Pd and then with Au. This provides an acid-resistant
substrate and ensures good electrical conductivity between the ink and the substrate. Two glassy carbon
rods served as counter electrodes and a freshly prepared trapped hydrogen bubble served as a reversible
hydrogen electrode (RHE). Each PCB consists of 8 individual electrodes, one of which is left blank and the
others are used electrochemical characterization. 10 consecutive cyclic voltammograms were recorded in
0.5 M H2SO4 (prepared from 96 % ultra-pure, Sigma-Aldrich) between 1.25 Vrue and 1.65 Vrue at 0.01 V
s'. The data was collected using a ECi-210 potentiostat controlled by EC4™DAQ software (both Nordic
Electrochemistry ApS). The solution resistance was determined on-line by applying an AC perturbation of
5000 Hz with an amplitude of 10 mV. The data was iR corrected using the determined solution resistance.
Capacitive contributions were removed by averaging forward and backward scan. Possible current offsets
were removed by subtracting the currents recorded at 1.28 Vr1e from the whole CV. The data from the 7
drop-cast electrodes was then averaged. Uncertainties represent the 95% confidence interval of the mean
calculated using the Student’s t-distribution.
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