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Iridium-based oxides are among the most promising catalysts for the acidic oxygen evolution reaction
(OER) owing to their high catalytic activity and stability. Substituting iridium with earth-abundant
elements could lower costs and potentially boost its intrinsic activity even further; however, no
unambiguous structure—activity relationships describing the physical origins of the effect of the
substituent for this class of electrocatalysts have been established. In this work, we utilized a series of
IrO,(:M) nanoparticle catalysts to correlate their in situ structural changes with intrinsic OER activity. We
observe that IrO,(:M) with M = W and In feature a significantly higher Ir-mass-normalized OER activity
than IrO,, however the activity enhancements have a different origin. While the increased activity of
IrOy : In stems from a higher number of electrochemically active iridium centers (due to the leaching of
indium), IrO, : W features a higher intrinsic OER activity compared to IrO,, due to electronic effects of W
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Accepted 27th October 2025 on neighboring Ir/O sites. Furthermore, operando electrochemical mass spectrometry experiments and
density functional theory (DFT) calculations revealed that the enhanced OER activity of IrO,(:M) does not

DOI-10.1039/d55c06242) originate from a promotion of the lattice oxygen coupling mechanism, but is instead associated with
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Introduction

Iridium oxide is a benchmark anode electrocatalyst in proton-
exchange membrane water electrolyzers (PEMWES) owing to
its high catalytic activity and electrochemical stability,"™® out-
performing other catalyst materials including ruthenium
oxide."™"* However, the scarcity of iridium is a considerable
issue preventing the large scale implementation of PEMWEs."
The use of Ir-based mixed metal oxides in which Ir is partially
substituted by another metal is a commonly employed strategy
to reduce the precious metal content.**** In addition, the partial
substitution of Ir might provide an avenue to enhance the
intrinsic activity of the Ir sites.

However, the instability of many Ir-containing complex
oxides under OER conditions is a considerable challenge.****>*
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a facilitated conventional adsorbate evolution mechanism.

For example, although Ir-containing oxides, such as SrIrO; or
La,LilrOg, have a high surface-area-normalized OER activity,>*
they have also exhibited an appreciable degree of reconstruction
resulting in the exsolution of IrO,(OH),-nH,O (also referred to
as IrO,) or crystalline IrO, on their surface.>*?° Such complex
transformations under OER conditions often lead to ill-defined,
defective motifs that complicate an accurate description of the
electronic and geometric structure of the active site (i.e., the
oxidation state and coordination number of iridium, Ir-O/OH
bond length, etc.). Owing to this inherent complexity and
structural dynamics of Ir-based systems, there has been a large
number of studies aiming to explore the origins of their high
OER activity and to formulate structure-activity correlations
with the overarching goal to provide the tool to guide the design
of highly active and stable, Ir-based (mixed) oxide
electrocatalysts.'>?*>325393> Tt was found that the structure of
IrO, under OER conditions is strongly influenced by the
precursor composition, however the relationship between the
precursor structure and the resulting catalyst phase remains
poorly understood.”**?73*

A key challenge in understanding the impact of dopants/
substituents on the structure and OER activity of Ir-based
catalysts is that most studies report electrode surface area- or
mass-normalized OER activities without accounting for the
fraction of catalytically- or redox-active IrO, sites. Further,
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improvements in the catalytic activity of Ir-based catalysts have
frequently been attributed, often without unequivocal experi-
mental evidence, to electronic modulation of iridium by the
substituent M. Indeed, in many cases, only the structure of the
precursor materials was assessed, i.e., the structures that may
not exist under actual reaction conditions, as the true active
state of the catalysts could be a monometallic IrO, phase rather
than the proposed bimetallic phases. Such misrepresentations
have contributed to the recurring appearance of erroneous
structure-activity relationships in the recent literature.

Turning to the OER reaction mechanism of (doped) iridium
oxides, a number of experimental and computational studies
have argued that OER on iridium oxides might involve lattice
oxygen sites.***° However, the estimation of the fraction of
oxygen evolved from the lattice with respect to the total amount
of O, formed during OER proved to be an experimentally chal-
lenging task making the assignment of the dominating reaction
pathway in many previous studies rather speculative.

Hence, the aim of this work is to elucidate and generalize
the effect of substituents on the intrinsic activity of IrO,
derived from a series of (bi)metallic Ir-based precursors,
assess in situ changes in the electronic and local structure of
iridium sites under OER conditions, and probe the OER
mechanism of IrO,(:M) materials using electrochemical mass
spectrometry (EC-MS) experiments assisted by '*O-labelling.
To this end, we prepared a series of monodispersed (sub-
3.5 nm in diameter) bimetallic Ir-M (M = Cr, Mo, W, In)
nanoparticles that serve as model catalyst precursors. We
observed that there is a significant enhancement in the
surface area- and iridium-mass-normalized OER activity for M
= W or In (for various Ir,In, and Ir,W, compositions). Ex situ
XPS of the electrochemically cycled materials show that
tungsten is present in the IrO, lattice in a W"" state, whereas
indium is completely dissolved yielding an In-free IrO, phase.
In situ XAS experiments at the Ir L;-edge allowed us to quantify
the changes in the oxidation state and coordination of Ir sites
during OER and to estimate the OER turnover frequency of the
in situ formed IrO,(:M) structures/motifs. Operando electro-
chemical mass spectrometry (EC-MS) studies using '°0
isotope labelling indicated that the lattice oxygen mediated
mechanism (LOM) contributes to OER on all of the tested
IrO,(:M) catalysts, however the contribution of the LOM to the
overall O, formation rate is rather small and hence cannot
explain the significant differences in the intrinsic catalytic
activity of the IrO,(:M) catalysts. Instead, we established that
in case of the most active catalyst, i.e., IrO, : W, the incorpo-
ration of tungsten increases the covalency of the Ir-O bonds
that results in a decrease of the energy of the potential-
limiting step in the conventional adsorbate-evolution mech-
anism (AEM). Broadly, our work targets to consolidate prior
studies, providing a comprehensive perspective on the effect
of substituents on the catalytic activity of iridium oxide, while
also underscoring persistent challenges in the interpretation
of experimental data that have led to a recurring appearance of
erroneous structure-activity relationships in the recent
literature.
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Results and discussion
Average structural characterization of nanoparticles

Ir-M (M = Cr, Mo, W, In) nanoparticles were synthesized via a 1-
octadecene- and oleylamine-assisted thermal decomposition of
acetylacetonate- or chloride-based metal precursors (further
details are provided in the SI).*” To stabilize the 149" state,
group VI transition metals were chosen as substituents. On the
other hand, indium was selected as a substituent as the incor-
poration of In** is expected to yield the opposite effect, ie., to
generate I sites (or, alternatively, generate oxygen vacan-
cies). We expected that our choices of M will allow us to assess
critically the findings of previous studies that have linked the
presence of Ir**?* or Ir*~%* species to an enhanced activity of
various IrO,(:M) phases.>*>*3839

In the following sections, the composition of the nano-
particles will be described using the nominal Ir : M ratio used
in the synthesis. The exact Ir: M composition of the nano-
particles, as determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES) is tabulated in Table S1. TEM
and HR-STEM images of the monodispersed metallic Ir-M
nanoparticles are shown in Fig. 1a, b and S1. The electron
diffraction patterns of pristine Ir, Ir;5sW,s, and Ir;sIn,s nano-
particles demonstrate the presence of a metallic Ir phase in all
catalysts (Fig. 1c), which is in agreement with the powder X-ray
diffraction patterns of the as-synthesized nanoparticles
(Fig. 1d).

Overall electrochemical activity trends

The OER activity measurements of the series of Ir and Ir-M
nanoparticles were performed in 0.1 M HClO, (see SI).* In
general, all Ir-M catalysts exhibited a gradual increase of the
OER current over the first ca. 10 CV cycles, followed by its
stabilization. In the following, the OER current measured after
10 CV cycles, was used as the metric of the OER activity.

A comparison of the Ir-mass-normalized and geometric OER
activities of Ir and Ir-M (M = Cr, Mo, W, In) is presented in
Fig. 2a and S2. Polarization curves based on the geometric area
of the electrodes for the Ir-M series are shown in Fig. S3. Among
the different catalysts tested, Ir-W and Ir-In stand out due to
their very high OER activity, exceeding appreciably the perfor-
mance of monometallic Ir. Hence, in the following sections we
will focus on rationalizing the high OER activity of the Ir-W and
Ir-In based catalysts by characterizing in detail their structural
and electronic properties.

Focusing on the series of Ir-W and Ir-In catalysts (ie.,
varying Ir : M ratios), we observed that in particular Ir,sW,5 and
Ir;5In,s show a very high Ir mass-normalized OER activity of
~1200 A g, " (at 1.53 Vgyg), a value that significantly exceeds
the activity of a catalyst derived from monometallic Ir nano-
particles (ca. 550 A g, " at 1.53 Vgyg, Fig. 2b). It is important to
note that the Ir mass-normalized OER activity of the mono-
metallic Ir nanoparticles reported here is on par or even exceeds
the activity of other reported IrO, or Ir-based mixed oxides,
including those commonly used as reference materials in the
literature (Fig. S4).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Bright-field transmission electron microscopy (TEM) images and the corresponding histograms of particle size distribution, (b) high-

angular annular dark field scanning high-resolution transmission electron microscopy (HAADF-HRSTEM) images and the corresponding Fast
Fourier Transforms (FFTs) obtained from single particles enclosed in squared areas on the HAADF-HRSTEM images, (c) azimuthally averaged
intensity profiles obtained from the selected area electron diffraction (SAED) patterns of pristine Ir, Ir;5\W5s5 and Irysln,s nanoparticles. The patterns
can be indexed in the space group Fm3m (metallic Ir). (d) powder X-ray diffraction (XRD) patterns of the pristine Ir, Ir=W, and Ir—In nanoparticles
(vertical lines correspond to peak positions of Ir reference [ICDD 01-071-4659]). Additional bright field TEM images of Ir—-M (M = Cr, Mo, W, and

In) nanoparticles are shown on Fig. S1.

Despite the similar Ir-mass-normalized OER activity of
Ir,sW,s and Ir;sIn,s, the electrochemical stability of Ir;sIn,s was
significantly inferior to that of Ir,sW,s and monometallic Ir.
Fig. S5 shows the first 10 cycles of cyclic voltammetry (CV)
experiments of the Ir-In series for varying ratios of Ir: In. We
observe a gradual decrease of the anodic current with cycle
number and with increasing In content (in 0.1 M HClO,). Under
alkaline conditions (0.1 M KOH), there was an even faster
decrease in the OER current over the first 2-3 cycles for In-rich
compositions (Fig. S6). The relatively low electrocatalytic
stability of the Ir-In family is also observed in Fig. 2c and can be
rationalized by the high solubility of indium by forming In** or
InO,  species (in acidic and alkaline media, respectively).**
Interestingly, our observation differs from some previous works
that report a stable and pH-independent OER activity of Ir-In
based catalysts.*

Although the Ir-mass-normalized OER activity (A g, ') is
a frequently used metric to evaluate the activity of noble metal-
based catalysts (Fig. S4), it fails to describe accurately the
intrinsic activity of a catalyst (i.e., the activity of an individual
catalytic site). In this context, a more appropriate normalization
would be based on the electrochemically active surface area

© 2025 The Author(s). Published by the Royal Society of Chemistry

(ECSA, derived from double-layer capacitance measurements;
see Fig. S7) or on the geometric surface area of the nanoparticles
(e.g., as calculated from TEM measurements). When normal-
izing the OER currents by the surface area (electrochemically
active surface area or geometric surface area determined by
TEM), Ir-W outperforms notably the monometallic Ir catalyst,
while the area-normalized OER activities of Ir-In and mono-
metallic Ir are very similar (Fig. 2d). This comparison (Fig. 2a,
d and S2) indicates that the higher Ir-mass-normalized OER
current of Ir-In with respect to monometallic Ir is due to a larger
number of exposed surface sites (i.e., a larger electrochemically
active surface area) rather than a higher intrinsic activity of the
catalytically active sites (see further discussion below).

Assessment of the participation of lattice oxygen in the oxygen
evolution reaction

For OER, two distinct reaction mechanisms are typically di-
scussed, viz. the lattice oxygen mediated (LOM) mechanism and
the (conventional) adsorbate evolution mechanism (AEM). LOM
involves the coupling of neighboring oxygen sites within the
oxide lattice as the O-O bond formation step, as opposed to
a nucleophilic attack of H,O/OH™ species on the terminal metal

Chem. Sci.
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(a) Ir mass-normalized polarization curves of Ir, Ir;sW5s, and Irs5Ins nanoparticles. (b) OER activity at 1.53 Ve for different Ir : M ratios of

the Ir=W and Ir—In families. Error bars represent the standard deviations for at least seven independent measurements. (c) Chronoamperometric
curves of Ir, Ir;sWos, and IrysIn,s nanoparticles at 1.55 Veye. (d) Polarization curves of Ir, Ir;sWas, and IrssIngs using OER currents normalized by the

electric-double-layer-derived electrochemical surface area or the total

catalysts' geometric surface area (determined by TEM measurements).

The catalyst loading was 10 ngcatalyst cm™? (except for the chronoamperometry experiments in which 50 pgcataiyst cm~? was used). The elec-

trolyte was O,-saturated 0.1 M HCLO,.

atoms in the AEM. It has been proposed that LOM can result in
lower OER overpotentials than the AEM pathway,”*** hence,
a large number of studies have aimed at activating the LOM by
modifying the electronic structure of Ir-based catalysts. However,
very few works have demonstrated experimentally that the LOM
(coupling and release of lattice oxygens) indeed takes place.

To address this limitation, we investigate the involvement of
lattice oxygen in the OER catalyzed by IrO,(:M) using operando
chip-based electrochemical mass spectrometry (EC-MS, experi-
mental details are provided in the SI), which enables a fully
quantitative analysis of the evolved gases.*” In these experiments,
first the metallic Ir-M (M = W and In) precursors were oxidized
electrochemically in 0.1 M HClO,-'?0 to yield '®O-enriched
catalysts. After the '®O-isotope-labelling step, the electrode was
rinsed thoroughly with unlabeled H,O, followed by cycling in
unlabeled 0.1 M HCIO, while detecting simultaneously the gas-
phase products by mass spectrometry. Fig. 3a compares the
evolution of the products m/z = 32 (**0,), 34 (**0'®0), and 36
(*°0,) during the first CV cycle as a function of time.

From Fig. 3a we observe that there is a significant production
of **0, (**°0'®0) which can be formed via the combination of two
oxygen atoms from the electrolyte (due to the natural abundance
of 80 in water), via the combination of O atoms from the elec-
trolyte and the oxide lattice or via coupling of two lattice O atoms,
and *°0, (**0"®0 formed mainly from two lattice oxygen atoms)

Chem. Sci.

on Ir-, Ir;sW,5-, and Ir,sIn,s-derived catalysts. These measure-
ments confirm that there is some contribution of the LOM to the
overall O, production during OER. Fig. 3b and S8 plot the fraction
of %0,, **0, and *°0, in the O, evolved over the first 10 CV cycles
for *80-labelled Ir, Ir,sW,5, and Ir,sIn,s. For all materials tested,
the fraction of **0, gradually decreased with increasing cycle
number reaching a steady-state value of ~0.55% after 5 cycles,
which is close to 0.4%, ie., the expected value based on the
theoretical fraction of **0, evolved from water considering the
natural **0 abundance of 0.2%.% In addition, the MS signal due
to *°0, also decreased with cycle number, falling below the
detection limit after ca. 5 cycles, consistent with the replenish-
ment of lattice oxygen vacancies (generated in the LOM pathway)
with '°O from the unlabeled electrolyte.

Hence, the main conclusions derived from our EC-MS
measurements can be summarized as follows:

(1) Previous works have reported the evolution of *°0, from
anodically oxidized "®0O-labelled Ir films, while crystalline rutile
IrO, did not show any evolution of *°0,.3** Considering that we
observed the evolution of *°0, in all of the catalysts tested, we
hypothesize that the oxidized surface of all Ir-M (M = Ir, W, In)
nanoparticles under OER conditions was composed of defec-
tive, hydrous IrO, (formed also under OER conditions on
a metallic Ir film) rather than of a well-defined crystalline rutile
IrO, phase.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(2) While we observe that the OER proceeds to some extent
via the LOM on IrO,(:M), the quantitative analysis of the EC-MS
data indicates that the fraction of O, formed via the LOM
(compared to the overall amount of O, evolved) is rather small
(Fig. S9).

(3) While we observe small differences in the fractions of
30, and *°0, in the O, evolved from Ir, Ir,sW,5 and Ir,sIn,s,
a quantification of the different isotopes in the product (Fig. S9)
indicates that the differences in the intrinsic activities observed
for these three catalysts are likely not due to differences in the
dominating OER mechanism (further support is provided by
DFT calculations, see below).

In situ X-ray absorption spectroscopy

Next, to obtain more insight into the structure of the catalyti-
cally active sites, we used in situ Ir L; edge XAS to probe changes
in the Ir oxidation state and Ir coordination environment in the
IrO,(:M) series (M = Ir, W, In) under OER conditions (we note

© 2025 The Author(s). Published by the Royal Society of Chemistry

that XAS probes the average electronic and geometric local
structure of both bulk and surface Ir sites). In the in situ XAS
experiments, the electrodes were first cycled between 0.85 Vgyg
and 1.65 Vgyg (50 CV scans) to oxidize metallic iridium yielding
the active IrO,. phase. Spectra collected at OCV upon immersion
of the electrodes into the electrolyte are referred to as “OCV” in
Fig. 4a-c, while the data collected on electrodes that have
undergone 50 CV cycles are labelled “OCV (cycled)”. Subse-
quently, chronoamperometry steps at potentials ranging from
1.16 Vgug to 1.56 Vgyg were performed. The in situ X-ray
absorption near edge structure (XANES) and the magnitude of
the Fourier transform (FT) of the extended X-ray absorption fine
structure (EXAFS) data of Ir, Ir;sW,s, IrysIn,s and IrseIns, are
shown in Fig. 4a and b. The XANES data of further Ir-W
compositions are presented in Fig. S10. The white line (WL)
peak position (fitted using one Lorentzian component) was
selected as the parameter to estimate the oxidation state of
iridium in the catalysts (Fig. S11), instead of using the inte-
grated intensity (see discussion in the SI).

Chem. Sci.
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position of the fitted metallic Ir reference (11220.72 eV). All spectra were acquired in fluorescence mode, except of that of the references Ir,
Ir(acac)s, and IrO,. Error bars represent the uncertainties in the fit variables. The EXAFS fitting parameters can be found in Table S2. Loading: 2
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Evolution of the fraction of IrO, and the average oxidation
state of Ir under OER conditions

When comparing the XANES spectra of Ir, Ir;sW,s, IrssIn,s,
IrsoIns, before and after cycling, we observe a shift in the peak
position of the white line (WL) to higher energies, along with an
increase in the intensity of the WL (Fig. 4a—c and S11). This
observation indicates that the average oxidation state of iridium
in Ir, Ir-W and Ir-In catalysts increases with CV cycling which
we attribute to the formation of oxidized Ir species (i.e., IrO,)
during the initial 50 CV cycles (consistent with the ex situ X-ray
photoelectron Ir 4f core spectra (XPS) of the materials, Fig. S12).

The shift in the WL energy position during the chro-
noamperometric steps can be due to (i) a further oxidation of the
remaining metallic Ir° core to generate additional IrO, species
and/or (ii) an increase of the oxidation state of Ir in the already
formed IrO, phase. To disentangle these two potential contribu-
tions, we monitor the fraction of metallic Ir° of Ir, Ir;sW,s, Ir,5In, 5
and Irs¢Ins, after cycling and during the chronoamperometric
steps using linear combination fitting (LCF) analysis (details in
the SI). While determining the exact oxidation state of Ir in the
IrO, phase by XANES is very challenging due to the overlapping
features of Ir species of different oxidation states, our analysis,
nonetheless, allowed us to follow the evolution of the non-Ir° (i.e.,
IrO,) component as a function of the applied potential. LCF
analysis revealed that the fraction of It decreased during cycling
and, to a lesser extent, during the step chronoamperometry
experiments, independent of the catalyst formulation.

During the chronoamperometric steps, the decrease in the
fraction of Ir’ was most pronounced in Ir-In (in particular for
Irsolnsg) and less noticeable in Ir and Ir,sW,5 (Fig. 4a and c).
Specifically, between the state “OCV (cycled)” and “1.56 Vgyg”,
the fraction of Ir° decreased from 0.57 to 0.42 for Ir, from 0.44 to
0.30 for Ir;5W,5, and from 0.45 to 0.16 for Ir;5In,s. For IrsoInsg,
the fraction of Ir’ reduced to zero indicating the complete
oxidation of metallic Ir during the step chronoamperometric
experiments. We speculate that the oxidation of a larger fraction
of the original Ir° phase in Ir-In-based catalysts is due to (i) the
smaller size of the Ir-In nanoparticles (when compared to the Ir
and Ir-W samples), resulting in a higher fraction of surface Ir
sites exposed to the electrolyte and (ii) due to the rapid disso-
lution of In in acidic electrolytes (consistent with the Pourbaix
diagram for In-H,0*), as also confirmed by ex situ XPS that
showed the absence of In in the cycled material (Fig. S13).

In contrast to the Ir-In series in which In was leached out
completely, W remained as a mixture of +4, +5 and +6 states (as
probed by the ex situ XPS studies) in the structure of the Ir-W
catalysts. Furthermore, our W L;-edge EXAFS data suggest
that W has a local environment and R(W-O) that are distinct
from that of WO, or WO; (Fig. S14) (note that due to the
restriction of the k-range to ca. 9 A, the structural analysis was
confined to the W-O coordination shell). While the XAS data do
not allow an unambiguous determination of the exact geometry
of the W sites in IrO, : W, our observations support a structural
model in which (i) WO, is dispersed within the IrO, matrix (in
the bulk or at the surface of IrO,), and (ii) there is an electronic
interaction between W and Ir (hence pointing to a Ir-O-W

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bonding). Considering all experimental data acquired, we
therefore argue that the incorporation of W into the IrO, crystal
lattice represents the most likely structural model, which was
therefore used in the DFT calculations (see below).

Evolution of the local structure of the catalysts as probed by
EXAFS

Next, we performed EXAFS fittings to determine the average
coordination numbers (CN) and interatomic distances (R) of the
Ir-O and Ir-M (M = Ir, W, or In) coordination shells (Fig. 4c,
S15, $16, and Table S2; see also Fig. S17 for in situ k*-weighted
EXAFS data in k-space of Ir, Ir-W and Ir-In catalysts).
Comparing the structure of the catalysts before and after
cycling, we find that the CN of the Ir-M shell decreased for all
materials tested (see Table S2). In addition, after the chro-
noamperometric steps up to 1.56 Vgyg, the CN(Ir-M) decreased
even further to 7.5(4) in Ir, to 6.2(5) in Ir;5W,5 and to 0.9(5)
Ir,5In,5 (Fig. 4c). In Irselns, the magnitude of the Ir-M shell was
negligible after the chronoamperometric steps up to 1.56 Vryg,
consistent with LCF analysis that showed the absence of
a metallic Ir° phase. Furthermore, the decrease of the CN(Ir-M)
is accompanied by an increase in the corresponding CN(Ir-O)
(see Table S2), which is consistent with the reduction of the
fraction of Ir° and the formation of an IrO, phase during CV
cycling and the subsequent chronoamperometric steps.

Turning now to the fitted interatomic distances, the R(Ir-M)
in the Ir and Ir-W catalysts studied here, fluctuate around 2.7 A
(Fig. S15) throughout the duration of the in situ experiments, in
good agreement with R(Ir-Ir) = 2.704(5) A in the reference Ir
powder (Sigma-Aldrich). This observation implies that in the Ir
and Ir-W catalysts a metallic iridium core is preserved to some
extent during the in situ electrochemical experiment.

Previous reports probing the structure of the active iridium
oxide/(oxy)hydroxide phases report a shortening of R(Ir-O) at
increasing OER potentials and link the decrease in R(Ir-O) with
an increase in the oxidation state of iridium.” At “OCV
(cycled)”, the shorter R(Ir-O) of the IrO, phase formed in the
monometallic Ir precursor (R(Ir-O) = 1.958(8) A) when
compared to the Ir** reference IrO, (R(Ir-O) = 1.983 A) suggests
a higher (average) oxidation state of the iridium sites of the IrO,
phase in the monometallic Ir catalyst (i.e., If**?*) compared to
crystalline IrO,.*® Indeed, when comparing R(Ir-O) of the IrO,
phase obtained from the monometallic Ir precursor after the
chronoamperometric steps (1.94(1) A at 1.56 Vgyg) and an
anodically oxidized IrO, film (1.94 A at 1.0 Vagagar),*” suggests
that the oxidation state of Ir in these two materials is very
similar (i.e., ca. Ir**"). On the other hand, R(Ir-0) in IrO,: W
formed at the “OCV(cycled)” stage from Ir;sW,s5 is close to that
of crystalline IrO, (Fig. 4c).

In the Ir-In system, R(Ir-O) at “OCV (cycled)” is larger than
the respective values of the monometallic Ir-derived catalysts
which we attribute to a lower oxidation state of Ir in the IrO,
phases derived from Ir-In precursors (ie., Ir*" or Ir*=9%),
Application of a bias (up to 1.56 Vgyg) resulted in insignificant
changes in the mean oxidation state of the IrO, phase derived
from Ir;5In,s and the formation of Ir‘”O,((OH)y from the IrsoIns,
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precursor (bottom panel of Fig. 4c). We speculate that the
relatively low oxidation state of iridium in the catalysts formed
from the Ir-W and Ir-In precursors is caused by, respectively, (i)
the substitution of Ir with high-valence W resulting in a reduc-
tion of Ir and (ii) the loss of indium which facilitates the
formation of a defective (i.e., oxygen vacancy-rich) IrO, phase.

The structural difference between the IrO, phase formed in
Ir-In (in particular for higher In contents) and crystalline IrO, is
also seen qualitatively in the FT EXAFS data. While the crystal-
line IrO, reference shows a peak at ca. 3.5 A (without phase-shift
correction, Fig. 4b) which is expected for a higher-order Ir-Ir
coordination in crystalline Ir oxides, this peak is absent in the
FT EXAFS of the Ir-In system both at “OCV (cycled)” and during
the chronoamperometric steps. These observations suggest that
IrO, derived from Ir;sIn,s and IrseIns, nanoparticles (upon loss
of In from the lattice) lacks the long-range order that is char-
acteristic of rutile IrO,.

To conclude, in situ XAS analysis allowed us (i) to probe
changes in the average oxidation state of iridium, (ii) determine
the fraction of Ir° converted into IrO, at the various steps of the
in situ experiment, and (iii) determine the local environment of
the iridium sites in the in situ formed IrO,(:M) phases. We
observed that at OER potentials iridium in the IrO, phase ob-
tained in the monometallic Ir system has an oxidation state
~+4.5, whereas the oxidation state of iridium is ~+4 in IrO, : W.
We attribute this effect to the presence of high oxidation state W
in the IrO, structure. In the Ir-In system, the leaching of In
resulted in the complete oxidation of metallic iridium forming
a defective IrO, phase that lacks long range order and in which
the oxidation state of Ir at OER potentials does not exceed +4.

Intrinsic activity of the IrO, phase formed in situ from the
different bimetallic precursors

Next, we compare the intrinsic OER activities of the Ir, Ir-In and
Ir-W catalysts which we define as the OER current normalized
by the mass of the electrochemically active sites (i.e., the mass of
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in situ formed IrO,), determined by LCF analysis of the data
collected at OCV after the chronoamperometric steps (see also
Fig. S18). Using LCF analysis, at the end of the in situ electro-
chemical experiment the following fractions of IrO, were
determined: 50% (Ir), 65% (Ir;5W,s), 81% (Ir;sIn,s), and 100%
(IrspInsg). Calculating the IrO,-mass-normalized OER currents,
we find that the activities of Ir, Ir;5In,s and IrseIns, are very
similar (ca. 400 A glrﬂlroxfl at 1.50 Vgyg, Fig. 5a). However, the
IrO,-mass-normalized OER activity of Ir,sW,s is much higher,
i.e., 650 A g 10, at 1.50 Vgyg. It is worth noting that the OER
activity of the monometallic Ir catalyst studied here is compa-
rable or even exceeding the Ir-mass-normalized activity when
compared to previously reported iridium oxides/alloys (Fig. S4).
Therefore, the ~60% higher intrinsic OER activity of Ir-W
compared to monometallic Ir represents a significant
improvement.

Quantifying the fraction of IrO, also allowed us to estimate
the turnover frequency (TOF) of the IrO, : M catalysts (further
details in the SI, Table S3). In the following we calculate and
report three differently defined TOFs:

(1) TOFgyrface: calculated by normalizing the OER current to
the total geometric surface area of the nanoparticles deter-
mined by TEM (serving as an upper boundary);

(2) TOFpyi: calculated by normalizing the OER current to the
total loading of Ir on the electrode (serving as a lower
boundary);

(3) TOFg,: calculated by normalizing the OER current to the
mass of the electrochemically active iridium (i.e., the amount of
IrO, determined by LCF analysis).

The following values of TOFg, were determined: 0.18 s~ (Ir),
0.34 57" (Ir;sW,5), and 0.20 s~ (Irys5Inys) at 1.50 Vgyg and 0.57
s' (Ir), 1.05 s7" (Ir;5Was), 0.59 s (Irysln,s) at 1.53 Vgug
(Fig. 5b). It is noticeable that TOFg, of the catalysts that are
derived from monometallic Ir and Ir;sIn,s nanoparticles are
very similar implying that the structural differences between the
IrO, phases formed from the Ir and Ir-In precursors
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Fig. 5

(a) Intrinsic OER activity at 1.50 Vgye normalized by the total Ir mass loading or the LCF-derived fraction of IrO,. (b) Comparison of the

turnover frequency (TOF) of the catalyst series studied here with selected, previously reported Ir-based catalysts in acid conditions at different
overpotentials. The error bars for Ir;5\W5s5 catalyst correspond to uncertainty in the fraction of IrO,-component in LCF analysis. Empty bars:
TOFgurace (based on catalyst surface area except for Wo o9lrg0103_s and IrO, (plasma-treated)® for which the TOFs are based on the reported
amount of Ir atoms at the catalyst surface); filled bars: TOF,,k (based on total Ir loading). TOFg, indexed by straight line (—) was calculated using
the fraction of IrO, present after the in situ XAS experiments. Some TOFs from literature were re-calculated using the reported particle size, Ir
content, catalyst loading, Brunauer—Emmett—Teller (BET) or TEM-determined surface area.®>4°-*! (NCs: nanoparticles. NS: nanosheets). The
exact values are listed in Table S3.
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(specifically, the lack of a long-range order for the latter) have
a rather small impact on the intrinsic activity of the catalytically
active iridium sites (Fig. 2c¢). Hence, we can also conclude that
the markedly higher geometric activity (mA cmy;q %) and total
Ir mass activity (A g, ') of the Ir-In catalysts, relative to
monometallic Ir, arise exclusively from the larger surface area
and the greater fraction of Ir converted into IrO, in the Ir-In
system.

Remarkably, the TOFg, of Ir;5W,5 is comparable to that of
two-dimensional iridium oxide (0.15 s™' at 1.50 Vgyg) and
Iro1T29,605 45 (1.5 & 0.8 s™* at 1.53 Vgpyg, fraction of the cata-
Iytically active sites was estimated by '*CO stripping measure-
ments), i.e., placing it among the best performing OER catalysts
(Fig. 5b and Table S3).>**> Even when using the TOF values that
do not account for the fraction of the electrochemically active
IrO; (i.e., TOFp: 0.22 s~ ' at 1.50 Vg and 0.68 s~ ' at 1.53
Vrue), I175W,5 exceeds the performance of many state-of-the-art
Ir-based electrocatalysts (Fig. 5b and Table S3),>****-*¢ indica-
tive that the addition of W yields an exceptionally active OER
catalyst.

Origin of the enhanced activity of IrO, : W catalysts:
theoretical considerations

The combined EC-MS and in situ XAS studies indicate that the
enhanced OER activity of IrO,:W does not originate from
a switch of the reaction mechanism from the AEM to the LOM
pathway. To add a theoretical support and rationalize this
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observation, we performed DFT calculations of the energetics of
different OER pathways (i.e., the conventional AEM, LOM and
12M [coupling of two oxo-moieties bound to neighboring metal
sites] pathways) on both IrO, and W-substituted IrO, (110)
surfaces (Fig. 6a). The schematics of the proposed reaction
mechanisms and the respective computed Gibbs free energy
diagrams are shown in Fig. 6b, S19, S20, and Table S4. While we
recognize that the ideal rutile IrO, model does not explicitly
reproduce the structural complexity of the catalytically active
hydrous IrO, phase, it nonetheless provides a valid framework
to assess the impact of tungsten incorporation on the energetics
of OER intermediates in the IrO, system.

We observed that the potential-determining step of the AEM
over IrO,(:W) is the step *OOH — * + O,; this is consistent with
previous theoretical OER studies on iridium oxides.***” The
incorporation of W in the IrO, lattice decreases the free energy
difference of this step (ie., it becomes less endothermic)
resulting in turn in a decrease of the theoretical OER over-
potential in both W-containing models. Consistent with our
measurements and previous literature reports,* our calcula-
tions indicate that the contribution of lattice oxygen via LOM is
rather small for IrO, as it requires significantly larger OER
overpotentials as compared to the AEM; similarly, I2M pathway
was also found to be not feasible for the studied model systems
(Fig. S19, S20 and Table S4).

To probe the effect of tungsten substitution on the electronic
properties of IrO, : W, we calculated the electronic band struc-
ture and the Bader charges for the three models shown on
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Reaction coordinate

(a) Top view of the (110) termination of unsubstituted IrO,, and IrO, containing one or two W atoms replacing iridium sites on the surface.

These models were used in the DFT calculations. Highlighted are the bridging lattice oxygen (O, and coordinatively unsaturated (Os) oxygen
sites. (b) Schematic representation of the adsorbate evolution mechanism (AEM) of the OER considered in the DFT calculations and the cor-
responding Gibbs free energy diagram of the four elementary steps computed for each model shown on panel (a).
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Fig. 6a, S21 and Table S5. We found that the substitution of
iridium with tungsten resulted in a decrease of the Bader
charges on the Ir sites (i.e., from 1.88 for unsubstituted IrO, to
1.82-1.83 for W-substituted IrO,), consistent with the in situ XAS
observed reduction of the average oxidation state of iridium in
Ir;5sW,s. Such redistribution of charges, induced by the induc-
tive effect of W*® renders Ir-O bond more covalent that is re-
flected in a reduced energy gap between the Ir 5d and O 2p band
centers for the W-substituted models, when compared to
unsubstituted IrO, (Table S5). Therefore, a significantly higher
intrinsic activity (i.e., TOF) of IrO,:W derived from Ir-W
precursors, relative to monometallic IrO,, can be primarily
ascribed to a W-induced electronic effect on adjacent O/Ir sites.
This change in covalency of the Ir-O bond affects the adsorption
energies of the O-containing OER intermediates and hence the
overall OER kinetics.

Conclusions

This work demonstrates that substituting Ir with W or In yields
OER catalysts with significantly higher OER activity than bulk
IrO, or previously reported Ir-based catalysts. Using a series of
complementary characterization techniques including in situ
XAS and operando EC-MS analysis we rationalize the origin of
the different (intrinsic) OER activities of IrO, derived from
different Ir(-M) precursors. The higher total iridium mass
normalized OER activity of Ir-In compared to Ir originates from
a higher fraction of the electrochemically (catalytically) active
sites. On the other hand, IrO, : W derived from Ir-W precursors
exhibits a significantly higher TOF (i.e., intrinsic activity) than
the monometallic IrO, phase. This is attributed to a W-induced
electronic effect on neighboring O/Ir sites. In all Ir-based cata-
lysts studied here, EC-MS experiments confirm the participa-
tion of lattice oxygen atoms in OER, however there was no
noticeable difference in the extent of lattice oxygen evolution
between the different IrO, : M catalysts. DFT calculations attri-
bute the increase of the OER activity upon partial substitution of
Ir by W to an increased covalency of the Ir-O bonds resulting in
a decrease of the energy of the potential-limiting step in the
AEM pathway rather than an activation of the LOM. Overall, the
work reported here introduces novel, highly active OER cata-
lysts, rationalizes the origin of their improved activity and
demonstrates the importance of an accurate quantitative
assessment of the intrinsic activity of IrO,-based catalysts to
yield robust structure-activity correlations that can aid the
rational design of new compositions for acidic water
electrolysis.
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