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Understanding the oxygen evolution reaction (OER) and Ir dissolution mechanisms in amorphous,
hydrous iridium oxides (am-hydr-1rO,) is hindered by the reliance on crystalline iridium oxide theoretical
models to interpret its behaviour. This study presents a comprehensive investigation of hydrous iridium
oxide thin films (HIROFs) as a model for am-hydr-IrO, to elucidate electronic and structural
transformations under OER conditions of proton exchange membrane water electrolyzers (PEM-WE).
Employing in situ and operando Ir Ls-edge X-ray absorption spectroscopy supported by density
functional theory calculations, we introduce a novel surface H-terminated nanosheet model that better
characterizes the short-range structure of am-hydr-1rO, compared to previous crystalline models, which
exhibits elongated Ir-O bond lengths compared to rutile-1IrO,. This atomic model unveils the electronic
and structural transformations of am-hydr-IrO,, progressing from H-terminated nanosheets to
structures with multiple Ir vacancies and shorter bond-lengths at OER potentials. Notably, Ir dissolution
emerges as a spontaneous, thermodynamically driven process, initiated at potentials lower than OER

Received 28th June 2024, activation, which requires a parallel mechanistic framework describing Ir dissolution by Ir defect
Accepted 27th November 2024 formation. Moreover, our results provide mechanistic insights into the activity-stability relationship of
DOI: 10.1039/d4ee02839b am-hydr-IrO, by systematically screening the DFT-calculated OER activity of diverse Ir and O chemical

environments. This work challenges conventional perceptions of iridium dissolution and OER
rsc.li/ees mechanisms in am-hydr-IrO,, providing an alternative perspective within a dual-mechanistic framework.
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Water electrolysis is crucial for effective harnessing energy coupling with intermittent renewable energy sources like wind and solar energy, being iridium the
state-of-the-art anode catalyst for the sluggish oxygen evolution reaction (OER). However, its scarcity drives efforts towards low loading designs with high

catalyst activities and low Ir dissolution rates, where the catalyst-specific activity-stability trade-off is particularly relevant. A preeminent candidate, amorphous,
hydrous iridium oxide (am-hydr-IrO,), exhibits higher activity but poorer stability compared to benchmark anhydrous rutile-IrO,, urging for the understanding

of the intricate relationship between these processes and for the atomistic description of the underlying (electro)chemical mechanisms. While mechanistic
insights based on rutile-IrO, models have been proposed, these explanatory frameworks derived from highly ordered materials are insufficient for describing

the amorphous and hydroxylated suboxide nature of the highly active am-hydr-IrO,. In this study, we combine results derived from in situ and operando
characterization techniques (e.g., synchrotron-based X-ray spectroscopies) with density functional theory calculations to derive a comprehensive model that

better describes the highly dimensional structure of am-hydr-IrO,. The proposed theoretical approach is capable of disentangling the OER-limiting steps from
the precious metal dissolution process and arises as an efficient model to better describe highly active, amorphous catalysts for water splitting.

Introduction

Water electrolysis (WE) is vital for global sustainable and
renewable energy systems." Efficient and stable anode materials
for the oxygen evolution reaction (OER) are essential for the
advancement of proton exchange membrane (PEM) WE technol-
ogy, with iridium-based materials being state-of-the-art.>® A
preeminent OER candidate material is highly active amorphous,
hydrous iridium oxide (am-hydr-IrO,). However, its technological
application is hindered by high iridium dissolution rates.*®
Thus, the realization of stable am-hydr-IrO, based catalysts relies
crucially on understanding the mechanisms underlying OER
and Ir dissolution. Numerous studies have been devoted to
deciphering activity-stability relationships in iridium oxides,*
where the crystal structure was reported to strongly influence
its properties, with am-hydr-IrO, exhibiting superior OER activity
but inferior stability compared to its crystalline-IrO, counter-
parts.'®'* Complementary mechanisms have been proposed
to explain the different OER performance of these two material
classes,"”" namely: the adsorbate evolution mechanism
(AEM)'®2° and the lattice oxygen evolution mechanism
(LOER).>"* These classical mechanisms describe transitions
in the oxidation state (coordination) of the active Ir species
during the 4-electron transfer process, with AEM prevailing in
crystalline oxides and LOER in amorphous (hydrous) iridium
oxides. For the latter, the participation of lattice oxygen in
the OER mechanism is suggested to be directly related to the
higher dissolution of Ir atoms, supposedly via unstable valent
states,>**> which paved the way to the widely accepted entangled
mechanism explaining the strong activity-instability correlation
in these Ir oxides. Yet the use of crystal-based theoretical model
interpretations®®° limits the ability to comprehensively
describe iridium oxide variants without any long-range order,
like am-hydr-IrO,. The high structural complexity of these amor-
phous materials, linked to the presence of bulk defects, consti-
tutes an insurmountable translational gap for these crystalline
models, which we aim to address in this study.

Consequently, we investigated hydrous iridium oxide thin
films (HIROFs) as a model system for am-hydr-IrO, exhibiting a
singular iridium suboxide species typically related to a high
OER activity.>'* The complex structure of this hydroxylated
porous electrochemically grown oxide requires appropriate

This journal is © The Royal Society of Chemistry 2025

theoretical models to interpret its OER activity and
stability** beyond conventional crystalline-IrO, approaches.
Furthermore, lack of long-range order necessitates the use of
experimental techniques capable of probing the local electronic
and geometric structural configurations of the material under
relevant operational conditions. In situ X-ray absorption spectro-
scopy in combination with density functional theory (DFT)
emerges as a suitable tool to unveil the complementary mechan-
isms governing the OER activity of am-hydr-IrO, and its low
stability caused by high Ir dissolution. Using an overarching
dual-mechanistic theoretical framework, unique insights into Ir
dissolution occurring already below the onset of OER, and the
predicted high activity of electrophilic O-species®®**2°?*3> and
metal Ir-sites are revealed and discussed in this study. The
study’s integrated approach offers a valuable methodology for
understanding and optimizing OER and Ir dissolution mecha-
nisms, thereby advancing the development of efficient and

stable am-hydr-IrO,-based anode materials.

Results
In situ synthesis of a highly porous am-hydr-IrO,

This work studies the structure of am-hydr-IrO, and its OER and
Ir dissolution mechanisms by investigating hydrous iridium
oxide thin film (HIROF) as a model system. HIROF is produced
by the controlled electrochemical oxidation of a metallic Ir (Ir°)
substrate by continuous cycling between reductive and oxidative
potentials, resulting in the monolayer-by-monolayer growth of
am-hydr-IrO,>" (Fig. 1(a)). The fast oxidation kinetics coupled
with slower reduction kinetics®® during the rapid cycling results
in the formation of highly porous, hydrated am-hydr-IrO, with
large number of bulk defects.>*” This ‘3-dimensional’ electro-
catalyst features a high density of catalytically active sites allow-
ing for near-complete participation of all Ir atoms in redox
reactions,”®* as indicated by the strong redox peaks in the
pseudo-capacitive region of the cyclic voltammograms (CVs),
increasing with the number of growth cycles (Fig. 1(b)). Inter-
estingly, the double-layer region and hydrogen underpotential
deposition (Hypp) regions remain mostly unchanged during the
growth, proportional only to the constantly accessible surface of
the underlying metallic Ir substrate."**'*®* The am-hydr-IrO,
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Fig. 1 Electronic synthesis and characterization of am-hydr-IrO,. (a) Schematic of the electrochemical oxidation of Ir° into HIROF,, where n is the number
of growth cycles. (b) Cyclic voltammograms (CVs) acquired at intervals of 100 cycles at 50 mV s~ during HIROF growth to 1000 cycles (HIROF;000),
exhibiting distinct redox processes. (c) Cross-section scanning electron microscopy (SEM) image of HIROF grown to 600 cycles from a 100 nm metallic Ir
substrate. (d) Cryogenic transmission electron microscopy (cryo-TEM) image of am-hydr-IrO,. (e) Ir 4f spectra of am-hydr-IrO, obtained by Al K, ultra-high
vacuum X-ray photoelectron spectroscopy (UHV XPS, light blue) and in situ “dip-and-pull” near-ambient pressure hard X-ray photoelectron spectroscopy
(NAP-HAXPES, dark blue) at 12 mbar using 3 keV, see Supplementary Notes 5 and 6 (ESIT), respectively, for further details. Spectra were normalized to the Ir
4f;,, peak maximum. UHV XPS Ir 4f spectra of metallic Ir (r°, grey), Ir 4f;, at 60.8 eV binding energy, and rutile-IrO, reference (Ir**, black), Ir 4f;, at 61.5eV,
is shown for comparison. The dotted vertical lines mark the maximum intensity of the 4f;,, peaks. (f) In situ Ir Ls-edge X-ray absorption near edge structure
(XANES) recorded at intervals during HIROF growth to 1000 cycles. Spectra of Ir° (grey) and rutile-IrO, (black) are shown as references for the white-line
(WL) positions of Ir° and Ir**. (g) In situ k?-weighted Fourier transforms (FTs) of the Ir Ls-edge Extended X-ray Absorption Fine Structure (EXAFS) recorded in
intervals during the HIROF growth to 1000 cycles. Ir° (grey) and IrO, (black) references are shown for comparison, with vertical lines marking the ‘Ir-O’ and
IP—1r® first coordination shell scattering peaks. FT analysis highlights the unique local geometric structure of am-hydr-IrO, (Ir—O scattering peak at longer
bond lengths compared to rutile-1rO,). (h) (i) In situ recorded Ir Ls-edge WL position, (i) mole fraction determined from EXAFS fittings, and (iii) am-hydr-1rO,
film thickness determined by CV charge integration as a function of growth cycles. Horizontal dashed lines in (i) indicate the Ir® and rutile-1rO, reference WL
positions. The solid grey line in (ii) indicates the fitted second-order polynomial trend line. Plotted in black squares in (i) are the am-hydr-IrO, film
thicknesses determined from cross-section SEM images, for HIROF grown to 600 and 800 cycles.

layer acts as a switchable conductor, becoming active for anodic ~ Cryogenic Transmission Electron Microscopy (cryo-TEM) ought to
reactions (such as redox and OER) and inactive for cathodic show the highly disordered nature of am-hydr-IrO, measurements
reactions (like Hypp), which are only characterized by the under- in its native acidic aqueous environment (Fig. 1(c)), respon-
lying metallic Ir substrate (see Fig. S1 in Supplementary Note 1, sible for its amorphous porous structure and low density®*
ESIf). The poor electronic transport of highly hydrated iridium (~1-2 g em™® compared to Prutilerro, = 11.6 g cm ™, refer to
oxides at potentials below 0.6 Vgyg is likely hindering the con-  Supplementary Note 2 for calculation details, ESIt). More details
tribution of the evolving surface at this lower potential window. on the electrochemical behaviour of am-hydr-IrO, as well as the
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comparison with metallic Ir and rutile-IrO, can be found in
Supplementary Note 3 (ESIt) and extensively elsewhere,*""'33

The chemical nature of am-hydr-IrO, was probed under
hydrated conditions by “dip-and-pull” technique®*™' in situ
near ambient pressure hard X-ray photoelectron spectroscopy
(NAP-HAXPES), which exhibited a single electronic state with a
Ir 4f binding energy (BE) position higher than anhydrous rutile-
IrO, and similar to that predicted for the trivalent Ir-defect site
in rutile-Ir0,>° (Fig. 1(d), and complementary O 1s spectra in
Fig. S8 in Supplementary Note 4, ESIt). This observation aligns
with previous studies on highly hydroxylated Ir(u)OOH
nanosheets*” and other am-Ir0,.>*** Under ultra-high vacuum
(UHV) conditions, am-hydr-IrO, exhibits a broader Ir 4f peak
shape (light blue spectra in Fig. 1(d)) explained by a higher
contribution of Ir*" in the analytical fit and lattice-O in the O 1s
spectrum (Fig. S11 in Supplementary Note 5, ESIT), associated
with its (oxy)hydroxide nature (refer to Supplementary Notes
4 and 5 for more details of the analytical fits, ESIT). Presumably,
UHV conditions cause dehydration®®** resulting in mixed iri-
dium states (Fig. S12 in Supplementary Note 5, ESIt), whereas
hydrated conditions preserve am-hydr-IrO,’s hydroxylated form
in a single electronic state. This hydroxylated iridium suboxide
species in am-hydr-IrO, is of prime interest, as it has often been
associated with sites with high intrinsic OER activity.”*® These
catalytic sites involve coordinatively unsaturated electrophilic
O-species situated at Ir defect sites.>**3°

The electronic and local geometric structure of am-hydr-IrO,
was further investigated under hydrated conditions by means
of bulk-sensitive in situ Ir L;-edge X-ray absorption near-edge
structure (XANES) (Fig. 1(e)) and extended X-ray absorption fine
structure (EXAFS) measurements (Fig. 1(f)) during the growth of
HIROF to 1000 cycles. The evolving XANES and EXAFS spectra
confirm near-complete conversion of Ir® into am-hydr-IrO,. Am-
hydr-IrO, exhibits an Ir Lz-edge white-line (WL) position at
lower excitation energies than rutile-IrO, (Fig. 1(e) and (g)-(i)),
confirming its unique suboxide state, consistent with our in situ
NAP-HAXPES observations. Complementarily, Fourier trans-
form (FT) analyses of the k*>-weighted Ir L;-edge EXAFS spectra
(Fig. S14, ESIY) reveal the unique geometrical structure of am-
hydr-IrO, (Fig. 1(f)). The evolving FT spectra (green to blue in
Fig. 1(f)) reveal the conversion of the metallic Ir substrate
(scattering peak at ~2.26 A attributed to the first-shell Ir’-Ir°
in the metallic Ir reference) to am-hydr-IrO,, with a character-
istic Ir-O scattering peak at ~1.68 A (blue spectra in Fig. 1(f)).
This indicates that am-hydr-IrO, has a longer Ir-O bond length
compared to crystal rutile-IrO,, which has an Ir-O scattering
peak at ~1.61 A. This demonstrates the distinctly different
structure of am-hydr-IrO, in comparison to rutile-IrO,, which
we consider as important as the Ir-O bond length is proposed
to be a fundamental factor influencing OER activity.*®*”

The characteristic, dominating spectral fingerprint of am-
hydr-IrO, after 1000 cycles of HIROF growth confirms its
successful preparation with a thickness sufficient to dominate
the Ir Lz-edge XAS spectroscopic signal. Quantitative analysis of
the first-shell Ir°-Ir° and Ir-O scattering paths in the EXAFS
spectra (see Supplementary Note 6 for the fits of the EXAFS

This journal is © The Royal Society of Chemistry 2025
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data, ESIt) was used to determine the molar fractions of the Ir°
and am-hydr-IrO, in the total generated HIROF sample after
1000 cycles. These analyses reveal an ~80% molar contribution
of am-hydr-IrO, in HIROF after 1000 cycles (Fig. 1(g)-(ii)),
corresponding to a thickness of ~300 nanometres (Fig. 1(g)-
(iii)), as calculated from charge integration of the main redox
couple (refer to Supplementary Note 1 for CV integration
details, ESIT) and cross-validated by cross-section SEM images.
CVs reveal negligible differences in the characteristic features
after ~800 cycles (Fig. 1(b)), pointing towards increased mass
transport limitations within the film.** Continued growth
beyond 1000 cycles is undesirable as this would lead to eventual
am-hydr-IrO, layer detachment due to mechanical instability.*®

Our results collectively highlight the necessity for a revised
structural model tailored to am-hydr-IrO,, considering its
unique electronic and structural properties (singular, hydro-
xylated Ir suboxide species, ‘3-dimensional’ nature, high active
site density, and longer Ir-O bond length) challenging the use
of conventional rutile-IrO, based theoretical interpretations.
Utilization of highly periodic structures would be unsuitable
for modelling materials like am-hydr-IrO, which exhibit only
short-range order, and also possess some amount of defects.
This also introduces the likelihood of a diverse array of distinct
possible active sites associated with different chemical envir-
onments. Therefore, novel structures, more accurately repre-
senting the physicochemical properties of am-hydr-IrO,, which
dictate its OER behaviour, are required.

Revealing the structural configuration of am-hydr-IrO,. by
theory-guided evaluation of in situ Ir L;-edge XAS data

A comprehensive screening of structures that could model am-
hydr-IrO, was performed by comparing the experimental in situ
Ir Lz-edge EXAFS data of HIROF;y, with various atomistic
models. These models range from more periodic rutile-types to
flexible structures, with well-defined edges like stacked-sheets or
nanosheets, potentially forming water containing ‘hydrogel”
networks, similar to previous work on Ru oxides.*® Given the
highly porous nature, large surface area, and the monolayer-
by-monolayer growth®' of am-hydr-IrO,, we expect highly
flexible arrangements allowing for water intercalation to best
describe am-hydr-IrO,. For this reason, sheet-like structures have
been proposed to complement the crystal-like periodic models.
Providing enough lateral periodicity to mirror the short-range
order observed experimentally, finite sheet structures offer a
variety of local motifs at the edges that can mimic the defective
environments and coordinatively unsaturated O-edge sites found
in bulk vacant sites associated with high activity.”*® With
sufficient size to bridge the mesoscale of the studied material
with the computational limitations of current quantum chem-
istry, these nanosheets exhibit high mobility of charge carriers,
allowing for good electronic and ionic transport in the material,
as expected from a highly active OER electrocatalyst as am-hydr-
IrO,. For all the proposed models, various surface terminations
(e.g., *H, *O, *OH, *OOH, and their numerous combinations)
and different degrees of surface coverages (@;) were considered.
All the structures have been pre-selected by ab initio

Energy Environ. Sci., 2025, 18, 1214-1231 | 1217
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thermodynamics (i.e., most stable structures from a large struc-
tural manifold with a formal theoretical basis for their existence).

Individual fits of the experimental EXAFS data were per-
formed using every atomic model, constraining their intera-
tomic distances and coordination numbers obtained after
structural relaxation (see Supplementary Note 7 (ESIf) for
details on the EXAFS fittings and on the figure-of-merit para-
meter - 1/r-factor — used to quantify the EXAFS goodness-of-fit).
This systematic approach, focusing on EXAFS fitting of the
short-range order, served as an efficient filter to select the most
probable structure families and surface terminations to
describe am-hydr-IrO,. Fig. 2(a) shows the EXAFS goodness-
of-fit of the different structure-termination-permutations con-
sidered, which describes their ability to mimic the elongated
Ir-O bond of am-hydr-IrO,.

Nanosheet structures exhibited the highest goodness-of-fit
(largest circle in Fig. 2(a)), and thus is the best atomistic model
to describe the structural properties of am-hydr-IrO,, along

View Article Online

Paper

with stacked-sheet structures. These results suggest a struc-
tured network composed of pores and channels, where single
nanosheets likely describe the walls, and stacked sheets are
indicative of the joints. This amorphous architecture likely
facilitates efficient water transport between interconnected
nanostructures, mirroring the highly porous structure of am-
hydr-IrO,. Nanosheets consist of hydrogen atoms adsorbed
preferentially atop the threefold-coordinated O atoms (0*), which
are bonded to sixfold-coordinated Ir atoms (Ir®) (Fig. 2(b)). At the
nanosheet edges, coordinatively unsaturated Ir sites (Ir®) are
present with O existing as both onefold-coordinated terminal
(0°"%) species and as twofold-coordinated bridging O-atoms
(O™). These edge sites can be used as a proxy to simulate bulk
defective environments likely found in am-hydr-IrO,, which are
also analogous to electrophilic p;,-O and p,-O species in the Ir-
defect site of the rutile-IrO, structural model as discussed
elsewhere.”?**%*> The optimal H-coverage (@) was determined
to be 0.50 monolayer (ML) (Fig. 2(c) and (d)). Structural models

b) Nanosheet atomistic model
surface

f |rcus Obr
edge

d) EXAFS fitting performed with:
80 % am-hydr-IrO,_+ 20 % Ir°
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3 - ‘ H-terminated nanosheet
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g
<
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Fig. 2 Electronic and local geometric structure of am-hydr-1rO,. (a) EXAFS goodness of fit values (1/r-factor from the EXAFS fit results) for a library of
atomic models differentiated by atomic model families and surface termination types. Atomic model families include rutile-IrO,, stacked sheets, and
nanosheet structures. Surface termination types were divided into H-terminated, bare, and oxo, peroxo, superoxo groups. The radii of the circles
correspond to goodness of EXAFS fit values. Overall, nanosheets describe the experimental data the best. See Supplementary Note 11 (ESIf) for more
details of EXAFS fittings. (b) Ball and stick perspective and top model views of the nanosheet with a 0.50 monolayer H-coverage (@ = 0.50 ML). The
threefold-coordinated O and sixfold-coordinated Ir®f surface species constituting the nanosheet surface are highlighted. At the nanosheet edges, the
coordinatively unsaturated (cus) Ir*“s, onefold-coordinated terminal O°“*, and twofold-coordinated bridging (br) OP" species are highlighted. (c) EXAFS
goodness of fit values (1/r-factor from the EXAFS fit results) as a function of H-coverage (@) for EXAFS fits using nanosheet structures with varying H-
coverages. (d) in situ k*-weighted FT spectra of HIROF;o00 With EXAFS fits performed using an H-terminated (@ = 0.50 ML) nanosheet structure (in blue)
compared to employing the conventional bulk rutile (tetragonal) IrO, structure (in red) for the am-hydr-IrO, component (molar fraction = 80%).
Elemental fcc (face-centered cubic) Ir was used for the metallic Ir substrate component (molar fraction = 20%).
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with higher ©y values were thermodynamically unfavourable, e.g.,
undergoing Ir-O bond breaking during the structural relaxation;
therefore, these models were not considered in the analysis of the
experimental data. In fact, the low current densities measured at
the double-layer region of the CV (Fig. 1(b)) likely originate from
the low electronic conductivity typically associated with highly
hydrated structures, as the nanosheet found to best fit our data.
The use of the nanosheet atomistic model with @y = 0.50 ML in
the EXAFS fitting (Fig. 2(d)) illustrates its improved description of
the electronic and structural properties of am-hydr-IrO, in com-
parison with conventionally adopted rutile-IrO,. This supports
experimental observations by in situ NAP-HAPXES and in situ Ir
L;-edge XANES and EXAFS measurements (Fig. 1), highlighting
the distinctly different chemical environment in am-hydr-IrO,
(e.g., hydroxylated Ir suboxide and longer Ir-O bond, 2.04 A) in
comparison to rutile-IrO, (e.g., anhydrous Ir*" and shorter Ir-O
bond, 1.98 A). Our results bridge a critical gap in literature by
unveiling the (until now) undefined structure of highly hydro-
xylated iridium suboxide materials, better describing the higher
surface area and flexible morphology of am-hydr-IrO,.

This advances our ability to investigate and understand the
electronic and structural changes of am-hydr-IrO, under
potential application, providing a coherent theoretical-experi-
mental framework to interpret the intricate mechanisms that
define its OER electrocatalytic behaviour (ie., activity and
stability). The unique structure of the nanosheet suggests the
presence of various potential active sites (Ir®f, 0> and the edge-
related Ir*"*, O°** and O sites mimicking bulk defects) and
thus hinting at the co-existence of multiple OER reaction
pathways in am-hydr-IrO,, beyond the commonly assumed
mechanisms based on rutile-IrO, surfaces.®!%2226:3435
The following section aims to interpret the potential-induced
transformations of am-hydr-IrO, using this newly introduced
H-terminated nanosheet model.

Electronic and structural transformations of am-hydr-IrO,
under potential application

Electronic and structural changes of am-hydr-IrO, under
potential application were investigated by operando Ir L;-edge
XANES and EXAFS, along with Fixed Energy X-ray Absorption
Voltammetry (FEXRAV),”® with three distinct regimes: “pre-
redox”, “redox”” and “OER” (Fig. 3).

At potentials (< ~0.60 Vgyg), characterized by near-
featureless CV response indicating minimal charge transfer
processes, am-hydr-IrO,. exhibits subtle changes in its electro-
nic and structural configuration, evidenced by a slight WL shift
(Fig. 3(a)) and minor changes in its Ir-O bond length (Fig. 3(c)).

A more significant WL shift occurs between ~ 0.60 Vgyg and
~1.23 Vgye (Fig. 3(a)). This potential region is typically attrib-
uted to a Ir*" < Ir*" redox couple with a maximum around
0.97 Viye and a smaller pre-peak at 0.70 Vgyg with various
attributions®"** (Fig. 3(b)). The potentiodynamic FEXRAV
measurement (orange curve in Fig. 3(a)), which monitors
the spectral intensity change at a fixed excitation energy of
11219.5 eV (WL of rutile-IrO,) during cyclic voltammetry,>°
provides insights into the reversibility of the main redox
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Fig. 3 Electronic and local geometric structural transformation of am-
hydr-IrO, under potential application. (a) Operando Ir Lz-edge white-line
(WL) position as a function of applied potential. Horizontal dashed grey
lines indicate the Ir° and rutile-1rO, reference WL positions. Fixed energy
X-ray voltammetry (FEXRAV) measurement at the WL position of Ir**
(11219.5 eV) is shown in orange in (a) and in (b) its corresponding CVs
acquired at 2 mV s is shown in blue. The FEXRAV 1st derivative is shown
in orange in (b). (c) First coordination shell Ir-O distance of am-hydr-1rO,
as a function of applied potential, obtained by operando Ir Ls-edge EXAFS
fits using the H-terminated nanosheet (O = 0.50 ML) structure. The
horizontal dashed grey line indicates the first coordination shell Ir-O
distance of the rutile-IrO, reference.

couple, associated with the first major electronic transforma-
tion of am-hydr-IrO,. The FEXRAV 1st derivative signal (orange
line in Fig. 3(b)) closely aligns with the oxidation/reduction
profiles of the main redox peak (blue line in Fig. 3(b)), high-
lighting the reversibility of the oxidation/reduction process.
Furthermore, the Ir-O bond length also starts to decrease
within this regime (Fig. 3(c)).

A third distinctive region is observed under OER relevant
potentials (>1.23 Vgyg), where the WL energy position does
not significantly change but a stronger contraction of the Ir-O
bond length is evident (Fig. 3(c)).

The observed trends in the WL position shifts and Ir-O bond
length contraction of am-hydr-IrO, agree with the trends found
in other studies on amorphous iridium oxides,**>° however,
limited interpretations of their electronic behaviour are
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provided, and mainly based on rutile-IrO, models. Our alter-
native approach, using the highly dimensional, amorphous and
flexible H-terminated nanosheet model, establishes a dual-
mechanistic theoretical framework based on DFT-predicted
structural transformations of the nanosheet (Fig. 4). The
proposed model supports the experimental WL position and
Ir-O bond length data trends of am-hydr-IrO, and attempts to
unify in a unique explanatory framework the dissolution of Ir
with the oxidation behaviour extensively observed in the redox
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and OER regions, thereby providing deeper insights into the
electronic and structural transformation processes occurring
across the three potential regions and the correlations between
both mechanisms.

Dual-mechanistic framework: chemical transformations
and spontaneous Ir dissolution

Ab initio thermodynamic analysis was employed to reveal
the structural progression of the nanosheet with changing

DUAL-MECHANISTIC FRAMEWORK
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Fig. 4 DFT supported analysis of the in situ Ir Lz-edge XAS of am-hydr-IrO, at applied potentials. (a) and (b) Phase diagrams showing the stability of the
different terminations of the iridium nanosheet surface as a function of applied potential, following the dual-mechanism framework of (a) the chemical
behaviour (i.e., deprotonation and oxidation) and (b) Ir defect formation. The vertical dotted lines indicate the OER thermodynamic equilibrium potential of U =
1.23 V. At the top of each of the plots are marked the potential regions associated with the pre-redox, redox and OER regimes. Perspective atomistic views of
the deprotonation of the nanosheet (@ = 0.50-0 ML) and spontaneous Ir dissolution (1V, 2V, to 3V,) in the nanosheet are shown under (a) and (b),
respectively, highlighting the fully coordinated Ir® and O species, and dangling O%" and O* species. (c) Ir 5d derived partial density of states (pDOS) of the most
stable structures predicted by the phase diagrams in (a) and (b). For comparison, the pDOS of rutile-IrO; is also shown. Vertical dashed lines give the energy
position of the weighted centroid of the unoccupied states. (d) Comparison of the experimental and theoretical Ir—O interatomic distances. The operando
experimental Ir-O bond lengths are reproduced from Fig. 3(c) and are shown as green triangles with error bars. DFT obtained distributions of Ir-O bond
distances from the most stable structures predicted by the phase diagrams are shown by the coloured violin plots. The respective mean values are shown as
circles. Black bars delimit the potentials related to the most relevant chemico-structural changes of am-hydr-IrO,.
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applied potentials. DFT-calculated phase diagrams (Fig. 4(a)
and (b)) illustrate the nanosheet structures’ Gibbs free energy of
formation (AG) versus electrode potential, with lower AG indi-
cating more thermodynamically favourable structures. Within
the proposed dual-mechanistic framework, our analysis juxta-
poses Fig. 4(a) the chemical transformations of the nanosheet
in the pre-redox and redox potential regions, and Fig. 4(b) the
spontaneous loss of iridium atoms from am-hydr-IrO, during
OER and at lower applied potentials. For this, Fig. 4(a) focuses
on the chemical behaviour (deprotonation and oxidation),
crucial for understanding the structural changes under redox
potentials and insights into the distinct OER activity of the
different sites co-existing in am-hydr-IrO,. Complementary,
Fig. 4(b) presents structures related to Ir defect site formation
within the pristine nanosheet. Combined, Fig. 4 encapsulates
the dual-mechanistic framework providing theoretical interpre-
tations of the activity-stability trade-off in am-hydr-IrO,.*""*?
Inherent bulk defects in am-hydr-IrO, are modelled by the finite
nanosheet edges. Moreover, a small quantity of Ir defects is
expected during HIROF growth, given notable Ir dissolution
quantities within this potential region (>1 Vgyg)."'"*® Their
contribution to deprotonation behaviour is modelled using
a nanosheet with a single Ir vacant site, i.e., 1Vy. The vertical
lines at U = 1.23 Vryge mark the thermodynamic OER onset
potential.

Fig. 4(a) illustrates the DFT-predicted progressive deproto-
nation of distinct O-sites in the nanosheet, reaching complete
deprotonation at high redox-relevant potentials. According to
the reaction:

*O-H - *O+ H + e~

fully coordinated O3 sites at the nanosheet’s surface are
progressively deprotonated from a @y = 0.5 ML H-coverage
until @y = 0 ML coverage is reached at ~1.10 Vryg, indicated
by the blue asterisk in Fig. 4(a), where the bare nanosheet
(black horizontal line) intersects with nanosheets with H-
surface coverages (blue lines). Similarly, complete deprotona-
tion of the coordinatively unsaturated O* sites at Ir defect sites
(1Vy) occurs already at slightly lower potentials within the
redox region, ~0.90 Vgyg (red asterisk in Fig. 4(a)). As pre-
viously reported by DFT calculations for rutile-Ir0,,°®" as the
potential increases, the formation of key OER absorbed inter-
mediate species (-OH, -OOH, and -OO) becomes increasingly
likely. OER intermediates on all the plausible active sites in
the nanosheet atomistic model, were considered (grey lines in
Fig. 4(a)). Generation of higher oxidized intermediates is only
favoured at OER potentials, according to the thermodynamic
model described above. The higher AG of the proposed inter-
mediates compared to the bare nanosheet within the redox
potential region precludes their contribution to redox couple
mechanisms. Our thermodynamic calculations strongly sug-
gest deprotonation of both 0% and 0% as the major mechanism
during the redox process within the region 0.4-1.2 Vgyg, and
thus, challenges the extensively proposed Ir hydroxylation
mechanism associated with the main redox couple.?**%°%
Furthermore, the different deprotonation potentials of the
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saturated and unsaturated O-sites in the nanosheet (~0.90 Vgyg
and ~1.10 Vgyg) likely model the different chemical environ-
ments found in the grown am-hydr-IrO,, reflecting the broad
nature of the redox peak.

Considering the second aspect of the dual-mechanistic
framework, ie., the structural transformations of the
nanosheet, our DFT-guided study suggests that the formation
of Ir defect sites:

I 6f . N 1 6f N
160" L Ir§f — 40%-20% 1, 114207207101

in the bare nanosheet becomes thermodynamically favourable
already below 1.23 Vgpg (at ~0.95 Vgyg, intersection of black
and red lines in Fig. 4(b)), prior to the formation of any
expected higher-oxidized reaction intermediates. Our DFT cal-
culations indicate losing an iridium atom from the nanosheet
is a spontaneous, thermodynamically driven process, and
unrelated to OER pathways, disagreeing with current proposed
relationships between Ir dissolution and OER mechanisms.'*%*
The DFT-predicted ~0.95 Vgyg onset potential for spontaneous
Ir vacancy formation also coincides with the redox regime
where deprotonation occurs (Fig. 4(a)), highlighting the co-
existence of multiple processes occurring in this region
and shedding light on reversible (main peak) and irreversible
(pre-peak) redox features. This can also explain the high density
of Ir defect sites in am-hydr-IrO, likely due to Ir dissolution
occurring during HIROF growth, a process involving repeated
cycling around the potentials where spontaneous Ir vacancy
formation is proposed. At even higher potentials, under
OER relevant conditions, multiple adjacent Ir vacant sites
(e.g., 2Vy and 3Vy) become rapidly more energetically favour-
able (Fig. 4(b)). Our DFT framework predicts a higher thermo-
dynamic instability of the nanosheet structures within the OER
region, and therefore exhibits robust alignment with experi-
mentally observed high rates of Ir dissolution under OER
conditions in am-hydr-IrO,, as reported elsewhere.*'* The
spontaneous dissolution of adjacent Ir atoms generates defec-
tive environments in the structure that resemble the local
motifs already present in the sheet’s edges and enhance
the amount of coordinatively unsaturated oxygens. Our
approach reveals that the progressive evolution of the
nanosheet in the OER potential region is essential for creating
new defect sites, though it comes at the cost of irreversible loss
of iridium.

Assuming that the nanosheet atomistic model best describes
the electronic and structural properties of am-hydr-IrO,, our
DFT-predicted dual-mechanistic framework provides explana-
tory theories for both chemical transformations (deprotonation
and OER intermediate formation) and Ir dissolution processes,
and is to the best of our knowledge, the first atomistic model
able to describe the process of pronounced Ir dissolution at
OER potentials. Based on these premises, this framework pre-
dicts several mechanisms (e.g., deprotonation, Ir dissolution and
oxidation) occurring with the three potential regions (pre-redox,
redox and OER), which align well with the potential-dependent
electronic and structural transformations of am-hydr-IrO,
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observed experimentally by operando Ir L;-edge XANES and
EXAFS (Fig. 3).

Beyond using the simplified average Ir oxidation state
formalism often adopted in several studies,®®>°® interpreta-
tions of the experimental WL shifts (e.g., electronic transforma-
tions of am-hydr-IrO,) presented in this work are based on
calculations of the Ir 5d partial density of states (pDOS)
(Fig. 4(c)), which correlate with energy reconfigurations of the
unoccupied states as probed by the XAS process. This approach
avoids assumptions of one-to-one linearity between Ir L;-edge
WL position and formal Ir 5d occupancy describing Ir oxidation
states, but rather interprets WL position shifts relative to
modifications of the Ir 5d energy configurations with respect
to the whole electronic structure. Further details on the correla-
tion between the formal oxidation state of the active sites
derived from simple electron-counting and the calculated elec-
tronic structure (based on the Bader charge analysis) are
presented in Supplementary Note 8 (ESIf). O 2p pDOS are
shown in Fig. S18 (ESIY) for completeness, although strong
Ir-O hybridization in the nanosheets suggests similar trends to
those observed in Ir 5d pDOS.

Interestingly, the expected low electronic conductivity
of highly hydrated oxides could explain the insulating
properties of am-hydr-IrO, at low applied potentials e.g., why at
cathodic potentials the electrochemical signal is dominated
by the underlying metallic Ir substrate (Fig. 1(b)). In the
nanosheet structures with high H-coverages (e.g., Oy = 0.50
ML in Fig. 4(c)), there appears a large gap in the Ir 5d pDOS,
indicating insulating behaviour. As H-coverage decreases with
increasing applied potential, the gap closes and Ir 5d states
extend across the Fermi level, giving transition to a more
conductive state.

The experimentally determined average Ir-O bond lengths
obtained by EXAFS fittings correlate well with the trend of the
different Ir-O bond lengths of the DFT-predicted nanosheet
structures over the three potential regions (bond length dis-
tributions presented as violin plots in Fig. 4(d)).

In the pre-redox region below ~0.60 Vryg, characterized by
minimal charge transfer processes, the experimental average
Ir-O bond length (Fig. 3(c)) closely aligns with the DFT-
predicted mean Ir-O bond lengths of the H-terminated
nanosheet (Fig. 4(d)), longer than those of rutile-IrO,. Likewise,
the difference in the WL position of am-hydr-IrO,. and rutile-
IrO, (Fig. 3(a)) agrees well with the anticipated difference in
their Ir 5d electronic configurations. Analysis of the Ir 5d pDOS
reveals a large difference in the energy positions of unoccupied
states between the H-terminated nanosheet and rutile-IrO,
(Fig. 4(c)), thus validating their large WL position difference.

The strong WL position shift over the redox regime
(Fig. 3(a)) can be explained by the dramatic change of the
electronic configuration as the H-terminated nanosheet
becomes fully deprotonated. The trend in the large shift of
the centroids of the Ir 5d unoccupied states towards higher
energies following the deprotonation process (vertical lines in
Fig. 4(d)) correlates well with the observed Ir L;-edge WL
position shift over ~0.80 to 1.60 Vgyg. The centroids of the
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Ir 5d unoccupied states of the bare nanosheet and rutile-IrO,
appear similar, confirming their expected similar Ir L;-edge WL
positions. Both experimentally observed WL position shift and
initial Ir-O bond contraction (Fig. 3(a)) agree with the nanosheet
structural transformation during deprotonation, culminating at
the end of the redox potential region (Fig. 4(d)). The effect of a
single Ir vacancy formation on the expected WL position is of
roughly the same order of magnitude as arising from deprotona-
tion (Fig. 4(c)). This further highlights the difficulty to deconvo-
lute co-existing mechanisms in the redox regime and supports
the need for a dual-mechanism to comprehensively explain the
am-hydr-IrO, behaviour.

Moreover, the rapid decrease in the experimentally observed
Ir-O bond length within the redox and OER potential regimes
aligns well with the DFT-predicted potential range for multiple
Ir vacancy site formation. The 1Vy,, 2Vy, and 3Vy nanosheet
structures exhibit wide distributions of Ir-O bond lengths
(Fig. 4(d)), with the shorter bonds emerging from edge termi-
nation effects and dangling bonds at the Ir defect sites (refer to
Supplementary Note 9 (ESIY) for the different contributions of
Ir-O bond distributions). Consequently, the observed reduction
in Ir-O bond length can be related to (increasing) concen-
tration of dangling bonds and edge terminations resulting
from Ir vacancy site formation. Contraction of the Ir-O bond
length increases with increasing OER potentials. In this
potential regime, Ir defect site formation and formation of
oxidized OER intermediates both influence Ir-O bond lengths.

Our dual-mechanistic DFT-guided framework (Fig. 4) reli-
ably predicts the observed electronic and structural transforma-
tions of am-hydr-IrO, across the pre-redox, redox, and OER
potential regions, convincingly explaining trends in the shifts
in the Ir L;-edge WL position shifts and EXAFS determined Ir-O
bond length contraction (Fig. 3). Thus, our study provides, for
the first time, a comprehensive framework that can simulta-
neously explain all aspects of the activity-stability trade-off in
am-hydr-IrO,.

In the following section, we delve into the exploration of the
different chemical environments that could participate in the
OER to gain more insights into the underlying mechanisms in
am-hydr-IrO,.

DFT-guided understanding of the OER mechanism of
am-hydr-IrO,

The previous section outlined the DFT-predicted dual-mechanistic
structural progression, suggesting that under OER potentials,
finite nanosheets with highly accessible surface It and O* sites,
and coordinatively unsaturated O°** and O™ edge sites (mimicking
bulk defects) undergo Ir dissolution resulting in the formation of
multiple Ir defect sites with additional coordinatively unsaturated
0* and O sites. These unsaturated O-sites have already been
proposed to be responsible for the high activity of amorphous,
hydrous iridium oxides.®?%3%3

Supported by ab initio calculations and employing the widely
adopted OER pathway,®” our investigation primarily seeks to
explore the underlying chemistry of each of these sites in the

This journal is © The Royal Society of Chemistry 2025
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nanosheet to unveil the nature of the OER mechanism(s) in
am-hydr-IrO,.

According to the classic DFT peroxide pathway proposed by
Rossmeisl et al.,®” the reactions can be described as follows for
the O (e.g., O°""'%) and Ir (e.g., Ir*") active sites:

O-site: *O + H,O — *O—-OH
O, [[r**]"+H,0 — *O-H — *O
Ir-site: “Ir + H, O — *Ir-OH — *Ir-O 4+ H,O

0Oy

— *Ir-OOH = *Ir

where the charge carrier (H'/e”) balance is implicit and the
catalyst resting state is underlined, constituting the starting
reaction coordinate. The functional group (i.e., *O or *Ir) is
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Energy & Environmental Science

separated from the site by a “-_”, and in the case of the bare site
(e.g., “*") the underlying site is denoted between “[]|” (e.g.,
[Ir°"*]¥). The sites explored in this work include the readily
accessible surface Ir®f sites, O' sites at Ir defect sites (modelled
by 2V}, and 3Vy,) likely arising from Ir dissolution, and O sites
at nanosheet edges absorbed to Ir"® sites, which mimic bulk
defects. For the various plausible active sites in the nanosheet,
only the edge site has a different resting state and its corres-

ponding reaction is:

Edge-site: *O—-H — *O+H,O0 — *O-OH

% I tH,0 — *O—H

Fig. 5 illustrates the DFT-predicted thermodynamic stabili-
ties of these OER intermediates (Fig. 5(a)) and their subsequent
AG barriers for O, evolution alongside the marked potential
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Fig. 5 DFT peroxide OER mechanism at multiple active sites within the nanosheet atomistic model. The top panels show the different active sites for
which the energy requirements of the peroxide pathway were calculated: the O and Ir®f sites at the nanosheet surface, O sites at the 1V, defect sites,
O sites at 2V, defect sites, and O°“*H sites at the nanosheet edges. (a) Phase diagram showing the stability of different terminations of the nanosheet
surface as a function of applied potential. The bare nanosheet with O3 and Ir® sites is shown by the solid horizontal black line in the phase diagrams.
Intermediate OER species (*O, *OH, *OOH, *—) at the coordinatively saturated Ir® sites are shown in blue, those at the coordinatively unsaturated O’ site
in the 2V,, atomistic model are shown in orange, and those at the O°“* edge site are shown in purple. The coordinatively saturated O*' site with an *OOH
(*O3'OH) termination is shown by the black dashed line. The thermodynamic stability of the 3V, structure is shown in yellow. The vertical dashed line
indicates the OER thermodynamic equilibrium onset potential U = 1.23 V, and the potentials regions associated with the pre-redox, redox and OER
regimes are marked at the top of the plot. (b) The reaction coordinate energy diagram for each active site is shown at U = 1.23 V, along with the reaction
steps below. The potential determining step (PDS) indicates the highest free energy change and is indicated by the thicker lines. The thermodynamic
overpotential () for each pathway is annotated in the energy diagram. (c) Comparison of the experimental Ir-O bond lengths derived from EXAFS fittings
and the theoretical Ir-O interatomic distances of the OER intermediate species for the edge site (O“*H). Horizontal lines indicate the experimental Ir—-O
bond lengths within the OER region (1.25-1.6 Vrye). The resting state (most thermodynamically stable) is shown by the star and the PDS is indicated by
the square.
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determining step (PDS) (Fig. 5(b)) for the various potential
active sites (Ir*f, 0*, 0%, O and O®%). Oxygen vacancies
([Ir"*]*) have not been included since their DFT-predicted AG
at relevant potentials are much higher than the considered
motifs without O-defects (Fig. S25 in Supplementary Note 10,
ESIT). The most stable structure (i.e., catalyst resting state)
among reaction intermediates at each of the sites at 1.23 Vgyg
(lowest AG) constitutes the starting reaction coordinate
(Fig. 5(a)). The PDS describes the largest AG change among
all four proton-coupled electron transfer (PCET) steps, which is
the minimum required for OER to become exergonic (Fig. 5(b)).
The prospective likelihood of the chemical species to act as
active sites in am-hydr-IrO, is evaluated based on their thermo-
dynamic favourability and energy barriers of O, generation
pathways using the nanosheet atomistic model.

Based on this theoretical framework, at 1.23 Vgyg, coordina-
tively unsaturated O-species (O'f at Ir defect sites and O at
edge sites) are the most thermodynamically favourable sites
for water oxidation (purple and orange lines in Fig. 5(a)).
Surprisingly, atop site of fully coordinated Ir® is more thermo-
dynamically favourable for the stabilization of higher oxidized
OER intermediates (blue lines in Fig. 5(a)) than higher coordi-
nated O-species (i.e., O°' and 0*) showing higher AG values at
1.23 Vggg. Fully coordinated 0% atoms arise as the least
reactive site, even compared to O°" or O sites in rutile-IrO,
surfaces.®®®' Likely, the rigid, upstanding bond character of
*0*-OH and their even distribution hinders the additional
stabilization effects through hydrogen bond networks (large AG
difference between *O**-OH and bare nanosheet lines in
Fig. 5(a)).

Consequently, O°* and O* sites exhibit the highest energy
barriers for OER, with the first reaction steps of nucleophilic
H,O attack having the highest free energy changes of 5 = 1.45
Vrue and 1 = 1.54 Vgyg, respectively (Fig. 5(b)). At the cost of
irreversible Ir loss leading to the formation of multiple adjacent
Ir vacant sites, highly uncoordinated dangling O'f bonds at Ir"
defect sites are one of the most energetically favourable OER
sites (e.g., orange 2Vy, lines in Fig. 5(a)), with n = 0.81 Vgug
(Fig. 5(b)). Simulating finite structures like the studied
nanosheets in this work offers a unique advantage in modelling
the edge sites’ contributions to OER (i.e., mimicking bulk
defects). The mixture of *O““*-H/*O"® edge sites (Fig. S30 in
Supplementary Note 10, ESI{) exhibited the lowest energy
barrier for OER (1 = 0.52 Vgyg, Fig. 5(b)) of all the investigated
O-sites, consistent with findings on RuO, nanosheets.*®

While untangling contributions of parallel mechanisms to
describe the experimentally measured average Ir-O bond
length under OER potentials is challenging (given predicting
kinetic effects with DFT is error-prone), comparing the theo-
retical and experimental Ir-O bond lengths already provides
some insights into the potential dominating active sites and/or
OER intermediates which best fit the experimental data. For
instance, *O-H (*O'7***_H) and *O-OH (*O'7"_OH) species
at the O'7°" sites best agree with the experimentally observed
Ir-O bond lengths at OER potentials. These two species repre-
sent the thermodynamic resting state (*O-H) and potential
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determining step (*O-OH), which according to the reaction
scheme, would be present with highest concentrations given
their lower energy barriers compared to the other reaction steps.
These theoretical Ir-O bond lengths correlate well with the
average Ir-O bond length observed experimentally (Fig. 5(c)),
and further support the validity of our theoretical framework.

Our DFT calculations suggest OER-active sites in am-hydr-
IrO, extend beyond only the participation of O-sites - a per-
spective that has not previously been considered or integrated
into current mechanistic schematics of OER."*?*% Metal Ir*f
surface sites also offer a highly feasible O, formation pathway
with 1 = 0.71 Vryg (Fig. 5(b)). Activation of these sites occurs at
much higher OER potentials, implying Ir participation in OER
likely occurs at higher potentials (hinted by the additional
small shift of the WL position >1.55 Vgyg), complementing
current theories of a different OER and Ir dissolution mechan-
isms at higher potentials.®*®°

While oxidation of edge sites is less thermodynamically
favourable than generating Ir defect sites in the nanosheet
(higher AG of purple edge versus orange defect lines at 1.23
Vgrae in Fig. 5(a)), edges and bulk defects are inherent in am-
hydr-IrO, due to the nature of HIROF preparation. Therefore,
alongside highly active Ir defect site, O'f bonds and surface Ir°"
sites in the nanosheet, the higher activity of O®*® edge sides
must be considered when describing am-hydr-IrO, activity.

Our DFT calculations, which rely on the nanosheet atomistic
model capturing the electronic and structural characteristics of
am-hydr-IrO,, propose new insights into the prospective active
and inactive sites in am-hydr-IrO,, revealing the likely species
responsible for the higher activity of am-hydr-IrO, compared to
rutile-IrO, (Fig. S4, ESIt). Furthermore, our results substantiate
the importance of modelling finite structures, morphologically
analogous to the investigated am-hydr-IrO, electrocatalyst and
more closely mimicking real-world materials.

Discussion

Understanding the mechanisms underlying Ir dissolution and
OER activity of an amorphous, highly dimensional iridium
oxide catalyst, such as am-hydr-IrO,, demands novel, applicable
atomistic models beyond crystalline IrO, structures, capturing
its high active surface area, unique hydroxylated Ir suboxide
state, and multiple active sites. Our proposed nanosheet-based
model aims to clarify factors limiting am-hydr-IrO, perfor-
mance, particularly its intrinsic trade-off between low stability
against Ir dissolution and high OER activity. DFT-guided inter-
pretations of experimental Ir L;-edge XANES and EXAFS data,
supported by the new nanosheet model, predicted the mechan-
isms behind the electronic and structural transformations of
am-hydr-IrO,, across three potential regions (pre-redox, redox,
and OER) with distinct thermodynamically driven transforma-
tions. Our dual-mechanistic nanosheet model offers a more
comprehensive view, integrating chemical transformations
(e.g., deprotonation and OER intermediate formation)
with spontaneous Ir dissolution both prior to and under
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OER-relevant potentials, proposing parallel, complementary
mechanisms operating in the redox and OER regions. This
advances our understanding of the complex behaviour of am-
hydr-IrO, under OER conditions.

The nanosheet model’s structural progression provides
insights into am-hydr-IrO,’s comparatively inferior stability
against Ir dissolution versus rutile-IrO,.*""** Previous ICP-MS
experiments on am-hydr-IrO, reveal Ir dissolution beginning in
the redox region, below 1.23 Vgyg, and peaking at ~1.40 Viyp. """
In contrast to mechanistic explanations of kinetic-driven Ir dis-
solution via unstable solvated I** OER intermediate,** our study
proposes a purely thermodynamically driven process of Ir loss,
independent of OER mechanisms. Our theoretical model predicts
Ir dissolution both below OER potentials in the redox region and
the higher dissolution rates observed under OER potentials.
Notably, the DFT-predicted potential (~1.35 Vgyg) for rapid
formation of multiple adjacent Ir vacant sites (i.e., a drastic loss
of iridium atoms from the nanosheet atomistic model) aligns
closely with the experimental maximum rate of Ir dissolution at
~1.40 Vgge. "M

On the other hand, a few ordered layers of hydrous iridium
oxides have shown higher stability against Ir dissolution,**”°
likely related to their extended long-range ordering. Enhanced
structural order would likely limit Ir defect site formation, via
stabilizing surface terminations, however, further investiga-
tions of periodic systems using the presented theoretical model
are required. Our atomistic model approach was also able to
complement previous predictions about the thermodynamic
instability of metal oxide couples under OER, which assumed
the presence of OER pathways in the theoretical framework.®®”*

The creation of new sites during the thermodynamically
driven Ir defect formation process under OER potentials can
prospectively trigger the participation of these new sites, beyond
the inherent highly active edge sites. In fact, O-dangling bonds
formed at these Ir defect sites are among the most active sites
according to our calculations presented in Fig. 5. Since the
O-dangling bonds, along with highly active edge sites, possess
the shortest Ir-O bond lengths in the atomistic model, we
propose that the degree of Ir-O bond contraction under OER
potentials could be a good descriptor of the contribution of these
highly active O-species, as captured by Fig. 4(d).

Though limited research has addressed the energetic beha-
viour and contribution to the OER activity of the Ir°’ metal sites,
the nanosheet atomistic model presented in this study pro-
poses their role to be significant in am-hydr-IrO, and compar-
able to the active O-sites studied. In fact, nucleophilic H,O
attack is the bottleneck for the Ir*’ sites as well as for the defect-
related O'f sites and *O®™*-H edge sites in the nanosheet,
consistent with previous studies on the rate-limiting nature of
the H,O attack on the electrophilic O species®**’* (i.e., edges
and O' sites).

Generally, our results highlight the critical role of defect
sites in the electrocatalytic activity of am-hydr-IrO,. Thus, we
suggest that hydrous iridium oxide-based -electrocatalysts
synthesized with high concentrations of pre-existing defect
sites would yield a dense array of catalytically active sites, like
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O dangling bonds or edges. Recent literature reports promising
approaches to tailor such materials, achieving a successful
trade-off between OER activity and stability, such as core-shell
IrO,@IrNiO,, where Ni leaching enhances defect density®®
or amorphous iridium (oxy) hydroxides where Li facilitates
long-range order breaking.”>”* Another strategy for long-term
stabilization could involve beneficial interaction with the cata-
lyst’s support, e.g., thin iridium oxide films on TiO, with core-
shell morphology.®’

Conclusions

This study introduces new key insights into the structural
dynamics and electrocatalytic behaviour of am-hydr-IrO, materi-
als, alongside proposing a novel Ir dissolution mechanism. By
examining a highly active and porous catalyst with a singular
hydroxylated Ir suboxide species, comparing experimental in situ
and operando Ir L;-edge data with theory-predicted structures and
surface terminations, we have developed a nanosheet atomistic
model more representative of the physiochemical properties
of am-hydr-IrO,, surpassing conventional crystal-based models.
DFT-supported analyses of experimentally observed electronic
and structural changes reveal under redox potentials (~0.60-
1.23 Vgyg) parallel deprotonation and spontaneous Ir loss via
vacancy formation mechanisms, and under OER potentials
(>1.23 Vgyg) rapid generation of multiple Ir defect sites, crucial
for creating additional active sites despite the high cost of Ir loss,
delving into previously unaddressed iridium dissolution mecha-
nisms. Notably, the most active sites cluster around Ir defect sites
and at edges, pointing to the importance of bulk defects in
dictating electrocatalytic behaviour of am-hydr-IrO,. Our results
and approach challenge the traditional understanding of OER
mechanisms in am-hydr-IrO, and offer an alternative atomistic
perspective, shedding light on the delicate relationship between
OER activity and durability. In addition, we expect our findings to
be broadly applicable to interpretations of the behaviour of other
amorphous, hydrous iridium oxides, potentially guiding the
development of more efficient and stable anode materials.

Experimental methods
Preparation of HIROF and electrochemical measurements

Electrochemical measurements were done in 0.5 M H,SO,,
using a 1 x 1 cm Pt mesh (52 mesh woven, 0.1 mm diameter
wire, 99.9% Alfa Aesar) as the counter electrode and a Mini
HydroFlex reversible hydrogen electrode (Gaskatel) as the
reference electrode (all potentials reported are relative to
RHE) with a Biologic SP-300 potentiostat. HIROF synthesis
involved continuous potential cycling of the Ir° substrate pre-
pared by sputter deposition (see Supplementary Note 11 for
preparation details, ESIt) between 0.05-1.5 Vg at 500 mV s~
for a specified number of complete cycles (referred to as
“HIROF,” where ‘n’ indicates the number of cycles of growth),
leading to the formation of highly porous am-hydr-IrO, layer
on top of the Ir’ substrate. Cyclic voltammograms (CVs) from
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0.05-1.5 Vgur at 50 mV s ' were conducted to assess the
electrochemical behaviour of am-hydr-IrO, in HIROF after dif-
ferent growth cycles (see Supplementary Note 1, ESIt). The OER
activity of am-hydr-IrO, in HIROF, was compared to the Ir® and
rutile-IrO, references (see Supplementary Note 11 for prepara-
tion details, ESIt) using linear sweep voltammetry from 1.2 Vgyg
to 1.6 Vrpg at a scan rate of 10 mV s~ ' (see Supplementary Note
3, ESIf). Am-hydr-IrO, possesses a higher activity (i.e., higher
current density at 1.6 Vgyg) than its anhydrous rutile-IrO,
counterpart and the Ir° substrate from which it is grown.

Scanning electron microscopy (SEM)

Cross-section SEM images were obtained using a Hitachi
S-1400 microscope operating at 5 kV. Thicknesses were mea-
sured using imageJ,”> and the density estimation calculations
are shown in Supplementary Note 2 (ESIt).

Cryogenic transmission electron microscopy (cryo-TEM)

Cryo-TEM imaging was performed using a JEOL JEM-2100
electron microscope (JEOL GmbH, Eching, Germany) operated
at 200 keV. Deposition of am-hydr-IrO, on TEM grids was
performed by growing HIROF to 2000 cycles in 0.5 M H,SO,
and by ultra-sonication for 40 min, and a subsequent delamina-
tion of the am-hydr-IrO, layer; a 4 pL drop was taken from the
aqueous solution and drop-casted onto a lacey carbon-coated
copper TEM grid (200 mesh, Electron Microscopy Sciences,
Hatfield, PA). The TEM grid was then plunge-frozen in liquid
ethane using a vitrobot (FEI Mark IV) set at 4 °C and 95%
humidity. The TEM grid was transferred to the cryo-transfer
holder of the microscope (Gatan 914, Gatan, Munich, Germany)
and imaging was performed using a bottom-mounted 4*4k
CMOS camera (TemCam-F416, TVIPS, Gauting, Germany). Imag-
ing was carried out at temperatures around 93 K. For further
information refer to Supplementary Note 12 (ESIT).

X-ray photoelectron spectroscopy (XPS)

In situ near-ambient pressure hard X-ray photoelectron spectro-
scopy (NAP-HAXPES) at 3 keV and 12 mbar was carried out at
the SpAnTeX end-station*® at the KMC-1 beamline”® of BESSY II
using a PHOIBOS 150 HV NAP electron analyser from SPECS.
The electron analyser and the potentiostat (Biologic SP-300)
shared a common grounding. Using the ‘dip-and-pull’ method
with a 3-electrode configuration,*™*" a thin film of electrolyte
on the surface of the electrode was formed for the in situ growth
of am-hydr-IrO,, as shown in Fig. S6 in Supplementary Note 4
(ESIt). Thus, NAP-HAXPES measurements provided informa-
tion of the hydrated condition of am-hydr-IrO,.

The electronic structure of am-hydr-IrO, in HIROF was
measured by XPS conducted in ultra-high vacuum (UHV) with
an Al K, excitation X-ray source (1486.58 eV, PREVAC RS40B1)
and a ScientaOmicron Argus CU analyzer in the energy materials
in situ laboratory Berlin (EMIL).”” The HIROF electrodes were
rinsed with deionized water and dried in the Ar-filled glovebox
antechamber (10> mbar) for ~ 2 hours prior to measurements
(see Supplementary Note 5 for additional details, ESIT).
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The in situ NAP-HAXPES and ex situ UHV Al K, XPS Ir 4f
spectra were fitted using the LMFIT python package’® using an
asymmetric finite Lorentzian”® lineshapes for metallic Ir (Ir°),
rutile-IrO, (Ir*"), and am-hydr-IrO,, and a Shirley background.
Further details on the fitting procedures and the complemen-
tary O 1s spectra can be found in the Supplementary Notes 4
and 5 (ESIt), respectively.

Ir L;-edge X-ray absorption spectroscopy

The growth of HIROF to 1000 cycles and its response upon
applied potentials (0.3-1.6 Viryg) was studied by Ir Ls-edge X-ray
absorption spectroscopy (XAS). Measurements were carried out
at two different beamlines: KMC-3 at BESSY II, Germany®**!
(Supplementary Note 13, ESIf) and NOTOS at ALBA, Spain
(Supplementary Note 14, ESIt). Ir L;-edge X-ray absorption
near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) measurements were collected to obtain
simultaneous electronic and local geometric information. The
in situ Ir L;-edge XANES and EXAFS collected during HIROF
growth presented in Fig. 1 were obtained at the KMC-3 beam-
line (raw XAS data and in situ electrochemical growth is shown
in Supplementary Note 15 (ESIt), along with discussions of the
correlation between WL position and WL intensity). The in situ
Ir L;-edge XANES and EXAFS of am-hydr-IrO, under potential
applications presented in Fig. 3 were collected at the NOTOS
beamline (raw XAS data shown in Supplementary Note 16,
ESIt). The experimental data collected from both beamlines
exhibit strong correlations (Fig. S41 and S42 in Supplementary
Note 17, ESIt), indicating a high level of agreement between the
results obtained from different experimental setups. In addi-
tion, Fixed Energy X-ray Absorption Voltammetry (FEXRAV)°
measurements at the KMC-3 beamline were also performed at
the Ir*" white-line energy with CVs recorded at 2 mV s
between 0.05 and 1.5 Vgyg.

For each XANES and EXAFS measurement, three spectra
were collected and averaged. Some minor deglitching of small
intensity spikes due to small bubbles and/or vibrations was
removed using the Athena software,®*®® a program in the
IFEFFIT package. The signal-to-noise ratio of the oscillations
was determined to be sufficient until k = 11 A™!, therefore
EXAFS fittings were performed on k*-weighted EXAFS spectra
over a krange of k = 3-11 A™' (Fig. $38 in Supplementary
Note 15, ESIt). Reasonable quantitative parameters could there-
fore be determined until R = ~4 A for the first coordination
shells of the It° and am-hydr-IrO, components, which is
sufficient for this work as it focusses on the short-range
investigation of the local geometric structure of am-hydr-IrO,.

The Ir L;-edge XANES and EXAFS data were averaged and
normalized using the Athena software.®”®* For handling of
the EXAFS data, the Larch software package®* was used. The
ab initio atomic scattering paths were constructed using the
FEFF 8.0 code®® within the Larch package.®*

EXAFS fit analysis of the Ir° and rutile-IrO, references were
used to determine the passive electron reduction factors (Sy>) of
the metallic and oxide iridium components used in the EXAFS
fits of the in situ Ir L;-edge EXAFS spectra of the HIROF system
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(Supplementary Note 18, ESIt). Fittings of the in situ Ir Ls-edge
EXAFS collected during HIROF growth to 1000 cycles were per-
formed using a two-component structural model consisting of fcc-
elemental Ir to model the Ir° substrate in HIROF, along with
rutile-IrO, as an initial approximation for the am-hydr-IrO, in
HIROF (Supplementary Note 6, ESIT). A linear combination of the
first coordination scattering paths was employed to determine the
relative weight of the Ir° scattering path, which can be approxi-
mated to the nominal concentration of the Ir° within the sample
environment. The EXAFS spectra were fitted over R = 1-3.5 A using
the first coordination shell scattering paths, with relaxed energy
shift (AE,) and Debye-Waller (o) parameters, and constrained
interatomic distances (R) and coordination numbers (CNs). The
EXAFS fits are reported in Fig. S14 (ESIT) along with the fitting
parameters in Table S3 in Supplementary Note 6 (ESIT). These
EXAFS fittings were later repeated using the H-terminated
nanosheet and stacked nanosheet structures (best fit structures),
yielding the same mole fraction trend but with better r-factor fit
values (Fig. S15 in Supplementary Note 6, ESIt).

Fittings of the in situ Ir L;-edge EXAFS HIROF,, Spectra
were performed to obtain the atomic model that best describes
am-hydr-IrO,. Larch’s scripting capabilities®® enabled the effi-
cient analysis of all structural options maintaining consistent
input parameters, as opposed to the approach of using
Artemis®»® which requires manual structure importing and
fitting. This expedited the analysis and enabled tailored work-
flows to efficiently explore all structural options in the library
provided by DFT. In these fittings, the parameters related to the
Ir° substrate were fixed (i.e., R, CN, and the mole fraction,
0.2 = 0.1). All the oxygen scattering paths in the first coordina-
tion shell(s) of the library structures were included within the
fit, and with their respective CN and R fixed, while only the AE,
and ¢ parameters were allowed to vary within reason during the
fitting process. Exclusion of structural options was made based
on poor EXAFS fit parameters such as large r-factor values, large
AE, shifts and negative ¢ values. See Supplementary Note 7
(ESIY) for further details.

Fittings of the in situ Ir L;-edge EXAFS data of am-hydr-IrO,
after 1000 cycles of HIROF growth under potential application
(Supplementary Note 16, ESIt) were focused on monitoring
changes in the first coordination shell Ir-O bond length.
A single component model, H-terminated nanosheet (O =
0.50 ML), was used to fit the region R = 1-2.1 A, where the
CN and R were also allowed to vary.

Density functional theory

All DFT calculations are performed using the projector aug-
mented wave (PAW) method®® as implemented in the VASP
code.®””®® The 5d and 6s states of Ir, and the 2s and 2p states of
O are explicitly considered as the valence states. Electronic
exchange and correlation (xc) are treated at the level of the
semi-local generalized gradient approximation (GGA) functional
due to Perdew-Burke-Ernzerhof (PBE)*® and including the van
der Waals (vdW) correction method of Tkatchenko and Scheffler
(TS).°° In addition, to estimate the contribution of an aqueous
environment to the structures, energetics, and electronic
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structures of the iridium oxides, we apply an implicit solvation
model in our surface calculations with a relative permittivity (&)
value of 80 to mimic the immediate water environment (Supple-
mentary Note 20, ESIt). This is achieved via the VASPsol®!
subroutine, which is augmented to the VASP code. The kinetic
energy cut-off of the planewave basis set is set to 700 eV for all
calculations. The Brillouin zone integrations are carried out with
reciprocal distances of 0.2/2r A~', producing (12 x 12 x 8)
k-grids with 131 irreducible k-points for bulk-layered IrO,. Opti-
mized lattice parameters for bulk-layered IrO, are determined by
iteratively minimizing lattice stress and internal atomic displa-
cements until the residual external pressure falls below 0.5 kbar.
All 2D single-sheet structures are fully relaxed in the lateral
directions with constraining the perpendicular lattice vector.

Supercell setup

All 2D nanosheet calculations are performed using periodic
boundary condition supercell geometries, with a minimum
vacuum separation of 15 A. Symmetric layer models are

employed within the sub-space of the <j2 2) supercell,

including 16 IrO, units. In order to obtain the most stable
hydrogen adsorption configurations within this supercell setup,
we calculate all symmetry inequivalent configurations for each
hydrogen coverage without an implicit solvation model and select
the most stable configurations for further calculations. Here, we
note that AG can differ by up to 0.5 eV f.u.”' depending on
configurations within the same hydrogen coverage (see Fig. S46,
ESIt). Vacancies and surface reaction intermediates are calculated
under assumption of OER operando conditions, all hydrogens at
sheet surface are deprotonated consequently. We extend to explore
this direction by considering edge sites. Similar to the procedure
for the nanosheet surface, we initially identify the most stable edge
termination under applied onset potentials. To achieve this, we
employ a periodic supercell in which the edges of repeating
ribbons representing the iridate nanosheets are separated by a
15 A spacing. Each ribbon is 21 atomic rows wide to decouple its
two edges, and a doubled periodicity along the sheet edge allows
us to assess the stability of OER reaction intermediates at 0%,
50%, and 100% coverages. For comparison, we calculate rhombus-
like (2-1) supercells of rutile (110) surfaces with various termina-
tions. Periodic slabs are employed at the thickness of seven IrO,
trilayers with a minimum vacuum separation of 20 A.**

AD initio thermodynamics

To determine the relative stabilities of possible nanosheet
terminations, we employed the ab initio thermodynamics
approach.’>®® This yields the free energy change AG in com-
parison to the reference state of bulk layered IrO, as:

1 S no
AG = _Gbys _ Gbulk (2 _2]).
Hyy 10, Ny HHzO

ny no aq
D R T RO I O ~
{nlr (nn )} (s + pe-),

where G%°, GP'Y, im0, 1jf. and p.- represent the Gibbs free

(1)
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energies of the nanosheet system and bulk layered IrO,, as well
as the chemical potentials of water, protons, and electrons,
respectively. n; (i = Ir, O, and H) is the number of each species
in the periodic supercell used to describe the nanosheet system.
To circumvent the computational description of u{{, , we adopted
the computational hydrogen electrode (CHE) approach by
Norskov et al®® The CHE leverages the equivalence of
(i + pe-) to the chemical potential of hydrogen gas (u)
under standard conditions and the applied external potential
U in relation to the reduced hydrogen electrode (RHE) at
standard conditions under acidic environment.

al 1 as
M 4 fe- = 5;1%5(298.15 K, 1 bar) + eU, (2)
As a result, we reformulated eqn (1) as,
g bulk o
AG = —G%° — Gh_uo2 — ]’1711 -2- ﬂHzO

ny no 1
D e, T (SR, Y N R (et
t-2 (G2} ().

Here, following the approach of Reuter and Scheffler,”” we approxi-

mated the Gibbs free energies G™* and G}

3)

using zero-point
energy (ZPE)-corrected total energies.”® ZPE and entropic contribu-
tions to the chemical potentials of molecules (u1,0 and py) were
obtained from experimental reference tables.”*® Through the
relationship between relative stabilities AG and applied potential
U, relevant terminations at a certain U value can be determined in a
phase diagram. The absolute value of the thermodynamic poten-
tials derived from the CHE approach (e.g:, overpotential) should not
be compared directly to experimentally measured values.
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