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ABSTRACT

Iridium oxide nanoparticles (IrOx NPs) hold promise to lower the catalyst cost of proton-exchange
membrane water electrolyzers (PEMWE). However, their enhanced oxygen evolution reaction
(OER) activity often comes at the expense of stability. Achieving a delicate balance between these
two conflicting properties requires a comprehensive understanding of how the structural,
morphological, and chemical characteristics of IrOx NPs influence them. To address this challenge,
we synthesized 1rOx NPs supported on carbon (IrOx/C), and annealed them in air at temperatures
ranging from 340°C to 870°C. We obtained a library of materials, ranging from small, amorphous
IrOx NPs supported on carbon to larger self-supported crystalline 1rO2. Using this library, we
evidence the critical role of the IrOx particle size, crystallinity and chemistry on both the OER
activity and catalyst stability. We further identify that an annealing temperature of 520°C provides
an optimal balance between OER activity and stability, and we demonstrate size control of
unsupported small IrO2 NPs at temperatures above 500°C, highlighting the significant role of the
sacrificial support in shaping nano-structured IrO2 catalysts.
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INTRODUCTION

The global energy demand is constantly rising, with over 80 % of the current energy consumption
derived from fossil fuels contributing to climate change and environmental degradation. Hydrogen
(H2) offers a versatile and efficient energy solution for various sectors, including medium and
heavy duty transportation and chemical and industrial processes.* However, currently, 96 % of the
industrial Hz production relies on fossil fuels.?2 One technology that stands out for the production
of green Hz is proton-exchange membrane water electrolysis (PEMWE). This technology enables
the production of high-purity H2 while operating at high pressures and high current density, and
under dynamic operation conditions, making it easily compatible with renewable energies.®*
A key challenge in PEMWE electrocatalysis is enhancing the rate of the sluggish Oxygen
Evolution Reaction (OER).® The conditions for the OER within a PEMWE are highly acidic and
oxidative, which restricts the choice of catalysts to noble metal oxides.® For now, micrometric
iridium oxide (IrOx) is the state-of-the-art catalyst for the OER in PEMWE, thus requiring iridium
(Ir) loading in the range of 1 mg cm%geo. However, given the high cost and limited availability of
Ir (0.02 ng g" in the earth crust’ with an extraction of less than 10 t year!) coupled with increasing
demand (7.4t in 2023),% a drastic reduction in Ir loading is essential to enable widespread
application of PEMWEs. To achieve the 2050 objective of reducing the Ir loading in PEMWE by
a factor of 20,° one proposed solution is to use IrOx nanoparticles (NPs). Indeed, by maximizing
the surface-to-volume ratio, NPs achieve high electrocatalytic activity while minimizing the
amount of metal needed.'®!! However, the instability of high surface area carbon or metal oxide
supports under acidic OER conditions raises concerns about the long-term viability of this
approach. Daiane Ferreira da Silva et al.'! recently compared the benefits and limitations of

supported vs. unsupported IrOx catalysts. They found that supported IrOx NPs are more active



towards the OER but suffer from reduced stability compared to their unsupported counterparts,
primarily due to the metal oxide support corrosion, which corroborates earlier findings by Claudel
et al.l2 In contrast, unsupported IrOx materials provide sustainable OER activity but are
constrained by a lower density of catalytic sites and a reduced turnover frequency. Therefore, the

development of self-supported small IrOx NPs with a mesoporous structure is highly desirable. 1314

The self-supported IrOx NPs must also balance OER activity and stability. Studies have shown
that achieving this balance requires a high ratio of Ir(1V) to Ir(l1l) species and a large specific
surface area.'® One approach to reach this compromise is to subject the IrOx catalysts to high-
temperature thermal treatment, which promotes the formation of thermally stable rutile IrO2 due
to the strong Ir-O bonding energy.'®'® Several studies have examined the influence of thermal
treatment on the performance of OER electrocatalysts. Reier et al. focused on thin IrOx films
supported on titanium (Ti),*® while Geiger et al. focused on porous thin films of hydrated IrOx
(HIROF).? In both cases, it was observed that the OER activity decreased with increasing thermal
treatment temperature, while stability improved. It has been suggested that a temperature range of
400 to 500°C provides a good balance between activity and stability for HIROF catalysts, whereas
an optimal range of 250 to 350°C was found for thin IrOx films supported on Ti. Interestingly, high
OER activity in both cases was associated with the presence of amorphous IrOx, whereas high
stability was linked to crystalline IrO2. Karimi et al. investigated the effect of thermal treatment
on IrOx NPs synthesized using a polyol method and supported on antimony doped tin oxide
(ATO).% They demonstrated that Ir oxy-hydroxide NPs transit from an amorphous structure to a
crystalline one above 400°C. Additionally, they found that high-temperature thermal treatment
leads to an increase in the NP size, resulting in a decrease in surface area, consistent with other

literature studies.?>2* Recently, Malinovic et al.?* presented a synthesis of IrOx NPs demonstrating



a good control over NP size during high-temperature thermal treatment using a silica encapsulation
approach. However, removing the silica requires a solution of 1.68 % hydrofluoric acid in absolute

ethanol, which raises concerns about environmental toxicity.

In this study, we introduce a model approach based on a sacrificial carbon support for synthesizing
unsupported, small IrO2 NPs with a mesoporous structure. Our method involves the synthesis of
IrOx/C NPs using a classical polyol method. During calcination in air at temperatures ranging from
340°C to 670°C, the 1IrOx NPs aggregate and merge to form a randomly close-packed structure of
IrOx (X < 2) nanocrystallites (1-8 nm), with the carbon support serving as a sacrificial template.
Using a combination of advanced Synchrotron and laboratory techniques, we demonstrate that the
physical properties of the IrOx mesoporous structure - including the Ir oxidation state, IrOx
crystallographic structure, and crystallite size - can be finely tuned by varying the calcination
conditions. This in turn enables precise control over the OER activity and stability of the

synthesized materials.

RESULTS AND DISCUSSION

Synthesis and Initial Morphology, Structure, and Chemical Composition of the material

library

The IrOx/C NPs were synthesized using a modified polyol synthesis.?> Initially, an Ir salt
(H2IrCle.xH20, 99%, Alfa Aesar) is reduced in the presence of ethylene glycol (EG). This solution
undergoes microwave heating to reflux under argon (Ar) atmosphere for 1 hour, yielding a
colloidal solution of IrOx NPs. Microwave heating was chosen for its ability to ensure uniform
heating and to expedite the synthesis process. The NPs synthesized via both conventional and

microwave heating exhibit comparable physical properties®® (see Figure S1). Subsequently, a



support material (Vulcan® XC72) is introduced into the solution of IrOx NPs to achieve a nominal
weight fraction of ca. 20 wt. % Ir. The resultant IrOx/C powder is then calcined at various
temperatures under natural air convection using a tube furnace with a temperature ramp of a
1°C min™! followed by a one hour hold at the target temperature. A schematic of this synthesis can
be found in the Figure S2. A 1°C min™' ramp was chosen to prevent the formation of metallic Ir
during the annealing step. Indeed, we observed that, at high temperatures with a rapid heating ramp
(8°C min™"), the carbon support oxidizes releasing electrons that reduce the IrOx NPs to metallic Ir
NPs - a phenomenon known as carbo-reduction.!® Although a 4°C min™' ramp can mitigate this
effect, using a slower heating ramp, coupled with a short hold at the target temperature, allows for
the formation of smaller NPs, thus the choice of a temperature ramp of a 1°C min!. Before
annealing the obtained NPs and to determine the temperatures relevant to our study, we conducted
in situ X-ray diffraction (XRD) measurements of the IrOx/C powder annealed in air within the
range of 100°C to 700°C (see Figure S3). In total, ten catalysts were synthesized and characterized
(IrOx/C, IrOx-340°C, IrOx-380°C, IrOx-400°C, IrOx-420°C, IrOx-470°C, IrOx-520°C, IrOx-570°C,
[rOx-670°C, IrOx-870°C). The Ir weight fraction (wt. %), distribution of the IrOx NPs on the
Vulcan support, as well as the IrOx particle size and shape were determined by Thermogravimetric
Analysis (TGA) (see Figure 1g) and Transmission Electron Microscopy (TEM) under both in situ
and ex situ conditions (see Figure la and b), respectively. Particle size distributions (see
Figure 1h) were determined using the ImageJ software based on the ex situ TEM images. The
structural and chemical properties of the synthetized IrOx NPs, including their degree of
crystallinity, were assessed via XRD using both laboratory and Synchrotron sources (see Figure
2a and b, respectively), in conjunction with Pair Distribution Function (PDF) analysis, and the Ir

oxidation state via X-ray Photoelectron Spectroscopy (XPS) (see Figure 2d-f). The IrOx crystallite



size was also determined by PDF analysis, using the spherical particle approximation (see Figure
S4). The size of the NPs closely matches that of the crystallites at high calcination temperature,
indicating that the NPs are likely monocrystalline. Importantly, only isolated NPs were considered
to build the NPs size distribution, leading to an underestimation at high temperature (larger NPs
are often aggregated and were not considered to build the particle size distribution), as underlined
by the comparison between NPs and crystallite size in the Figure S4. Moreover, the crystallite size
determined from PDF analysis is significantly smaller than the NP size observed in TEM images
at low calcination temperatures. This difference is expected, as the crystalline fraction is lower

than the particle size, likely due to the amorphous nature of the NPs.

Figure 1 illustrates that, as the temperature increases, several phenomena occur simultaneously.
The supporting carbon black gradually oxidizes into COz and then completely disappears at around
470°C, leaving behind unsupported mesoporous [rO2 NPs from 520°C onwards. This observation
is supported by both in situ and ex situ TEM images (Figure 1a and b, respectively) and by TGA
(Figure 1g). The initial weight loss, measured around 100°C, is attributed to the release of
chemisorbed water. A second weight loss is observed between 300°C and 600°C, indicative of the
combustion of the Vulcan carbon support. Figure 1g also shows that the pure Vulcan carbon
requires heating to approximately 700°C for complete oxidation, whereas the Vulcan carbon
support undergoes complete oxidation at a lower temperature range of 400—600°C. This difference
is attributed to the catalytic effect of the IrOx nanoparticles on the carbon oxidation reaction,
confirming that carbon-based supports are unsuitable to support PEMWE anode catalysts. Finally,
a weight gain is observed starting at around 900°C, which is attributed to the complete oxidation

of IrOx into IrO2. This transformation is confirmed by the X-ray diffractogram of the powder after



TGA up to 1000°C, where only rutile IrO2 is identified (see Figure SS). For samples [rOx -520°C
and above, no weight loss is detected between 300°C and 600°C, confirming that there is no carbon

left in these samples. The Ir wt. % for each catalyst is detailed in the Table S1.
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Figure 1 — (a) In situ high-angle annular dark field scanning transmission electron microscopy images of IrOx/C catalysts,
magnified 500 k times, being annealed between 100°C and 800°C employing a heating ramp of 4°C min™' and maintaining each
temperature for 7 min for TEM image acquisition. The atmosphere was a mixture of 50 % Oz and 50 % Ar at 770 torr. (b) Ex situ
TEM images, magnified 200 k times, of the ten catalysts of the material library. (c-f) Ex situ HR-TEM images of IrOx catalysts
subjected to thermal treatment at 470°C, 520°C, 570°C, 670°C, respectively and diffraction pattern of the IrOx-670°C nanoparticles
annotated with the experimental XRD pattern, highlighting the characteristic peaks of IrO2 (inset). (g) Thermogravimetric analysis
of the material library, and of Vulcan as a reference, conducted between 25°C and 1000°C at 5°C min™!' under air. (h) Particle size
(diameter of the NP) distribution of the ten catalysts of the material library (IrOx/C to 670°C in the main graph, and 870°C in the
inset) evaluated from TEM images using ImagelJ software.

In the initial IrOx/C catalyst, the NPs have an average diameter of 1.7+ 0.4 nm, and are
homogenously distributed on the carbon support. As the temperature increases, the NP size
increases (Figure 1h and Figure S6), reaching an average diameter of 6 = 1 nm at 670°C. Notably,

the NP size remains relatively small up to 570°C (2.9 + 0.7 nm), with only a slight increase during



calcination. Unlike other studies that report a drastic increase in particle size above 500°C,>!??
these results demonstrate the feasibility of obtaining small, unsupported IrOx NPs even at high
annealing temperature. Only when the temperature exceeds 800°C, larger NPs (25 + 6 nm) with a
broad size distribution are observed (see inset of Figure 1h), highlighting the optimal temperature
range for achieving small IrOx nanocrystallites.

The role of the Vulcan carbon support as a sacrificial template is better clarified by examining the
in situ evolution of the IrOx/C NPs during annealing. As shown in Figure 1a, Figure S7 and
Figure S8, the NPs deposited on the support maintain their positions on the carbon support even
when annealed. Comparing the high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images of the as-synthesized IrOx/C with that of the same catalyst
after annealing at 800°C reveals that the annealed IrOx NPs follow the morphology of the pristine
carbon particles/aggregates. However, they increase in size and aggregate to form an unsupported
(confirmed by EDX analysis showing complete combustion of the carbon support at 800°C) IrOx
mesoporous structure composed of small interconnected NPs. Figure S7 and Figure S8 also show
that the carbon support is initially calcined at the center of the particles before being fully corroded.
This observation aligns with prior literature, which suggests that the center of carbon black
particles is less structured than the outer periphery, and consequently, more prone to rapid
oxidation.?’

We now turn our attention to the structure and chemistry of the IrOx NPs. The ex situ X-ray
diffraction patterns (Figure 2a) indicate that IrOx/C NPs are initially amorphous, and that the
degree of crystallinity of the NPs increases as the calcination progresses, showing the characteristic
peaks of tetragonal IrO2 in XRD spectra from 520°C onwards. These results are in line with the in

situ XRD measurements during the calcination of [rOx/C from 100°C to 700°C, revealing the



appearance of crystalline [rO2 phase between 400°C and 450°C (see Figure S3). The appearance
of the rutile structure is also evidenced in the high resolution-TEM images (Figure 1c-f), where
the interplanar distance can be determined by analyzing the atomic arrangement. Specifically, for
[rOx-470°C, IrOx-520°C, IrOx-570°C and IrOx-670°C, the (110) lattice orientation of tetragonal
IrO2 was identified. Furthermore, a good correlation was found between the electron diffraction
pattern of IrOx-670°C and its experimental X-ray diffractogram, showing the characteristics peaks

of tetragonal IrO2 (see inset of Figure 1f).
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Figure 2 — (a) X-ray diffractograms obtained on IrOx/C nanoparticles annealed at 340, 380, 400, 420, 470, 520, 570, 670 and
870°C in air. Each measurement lasted 13 minutes. The hashes correspond to tetragonal IrO2 phase (PDF card 00-043-1019). (b)
Short range pair distribution function analysis (0-4 A) extracted from X-ray scattering data for the library of materials. The peak
assignment was conducted according to the work of Pittkowski et al.>! (c) Evolution of the ratio between Ir-Ir corner and Ir-Ir
edge with the annealing temperature, illustrating the change in IrOx crystallinity. X-ray photoelectron spectroscopy analysis of (d)
Ir 4f core-level spectra and (e) O 1s core-level spectra of IrOx nanoparticles. The position of the Ir(IIl), Ir(IV) and Ir(0) peaks are
indicated in the Ir 4f region, and the position of M-OHz, u1-O(H), u2-O(H) and p3-O peaks are indicated in the O 1s region of
the spectra. (f) Percentage of Ir(Ill) and Ir(IV) in each catalyst as a function of the annealing temperature, these percentages have
been extracted from the XPS fits (see Figure S9).
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An atomic pair distribution function (PDF) analysis was also conducted on the materials library.
PDF analysis is a powerful technique that is widely used to study materials with no long-range
order such as glasses and liquids.?® In recent years, PDF analysis has developed into a powerful
technique for gaining insights in the atomic structure of amorphous nanomaterials, particularly
when conventional techniques fall short to the absence of long-range atomic order.?>** In essence,
PDF analysis provides the weighted probability of finding a pair of atoms separated by a specific
distance. The data obtained were fitted and adjusted using the methodology introduced by
Pittkowski e al.*' and Sun et al.’* These fits were compared against reference models of metallic
Ir, rutile IrO2 and graphite. The PDF data can be found in the Figure 2b with a focus on the 0-4 A
part. The long-range PDFs extracted from X-ray total scattering data can be found in Figure S9.
The disappearance of the peak at 1.4 A, indicative of the C-C bond, between 470°C and 520°C,
confirms the complete combustion of the Vulcan support above 470°C. Additionally, the abrupt
increase in intensity of the two peaks at 3.2 A and 3.6 A, corresponding respectively to Ir-Ir bonds
in edge-sharing and corner-sharing configurations between IrOs octahedra,’! further confirms the
change in crystallinity between 470°C and 520°C. The latter signs a transition in the material

structure from a low crystalline Ir oxide to a rutile-type oxide, as depicted in Figure 2ec.

To gain insights into the temperature-induced modifications of the near-surface chemical state of
the IrOx catalysts, XPS measurements were performed on the 10 samples from the materials
library. The Ir 4f and the O 1s spectra are displayed in Figure 2d and Figure 2e, respectively.
They were fitted using the methodology introduced by Freakley et al.,?® already used in our group
by Claudel et al.'>. For the Ir 4f spectra, the contributions of Ir(0) (peaks at 60.8 eV and 63.8 eV),

Ir(IIT) (peaks at 62.4 eV and 65.4 eV) and Ir(IV) (peaks at 61.8 eV and 64.8 eV) were considered.

11



A table summarizing the fitting parameters can be found in the Supporting Information (Table S2),
along with the detailed fitted spectra for each sample (Figure S10). For the O 1s spectra, the
methodology introduced by Roiron et al. was applied, considering the contributions of octahedral
oxygen bridging Ir atoms, designated as u3-0, as well as two types of defective oxygen with or
without protonation ul1-O(H) and p2-O(H).** Analysis of the Ir 4f spectra (Figure 2d) indicates
that the samples do not present Ir(0) features, or if present, only in trace amounts. The as-
synthesized IrOx/C catalyst exhibits a mixed valence state of Ir(IIl) and Ir(IV), with Ir(IIT) being
predominant. When the temperature increases, no discernable changes are observed until 470°C,
where a shift towards lower binding energy becomes apparent, indicating an increase in the Ir(IV)
content. This shift correlates with the sudden change in crystallinity between 470°C and 520°C, as
discussed earlier. It also agrees with former literature reports indicating that changes in the
oxidation state of Ir typically coincide with alterations in the crystallographic structure.'! It is also
interesting to note that changes in the Ir 4f correlate with those in the O 1s spectra. Between 470°C
and 520°C, a shift towards lower binding energy is observed, culminating in a peak at 530 eV

1.,>* who observed

corresponding to lattice oxygen. This confirms the findings of Malinovic ef a
that the hydroxyl species present on the surface of IrOx catalysts are progressively replaced by
lattice oxygen when annealed at high temperature. The presence of a peak around 534 eV may be
attributed to adsorbed water, possibly introduced during sample preparation;>* however this
assignment does not account for the peak's broadening at elevated temperatures. Previous studies
have discussed the broadness of this peak. Peuckert® suggested that the broadening could be
explained by the metallic electric conductivity of bulk IrO2, which induces interactions between

the valence band levels during the photoemission process, leading to kinetic energy losses of the

photoelectrons. Da Silva et al.*® attribute the peak at 533eV to metal-OH2 bonds. Regardless of

12



the specific explanation, the broadening of this peak at high temperatures seems to be a fingerprint
of a rutile IrO2 phase. Finally, we emphasize that ex sizu XPS measurements can serve as indicators
of the catalyst's crystallinity and the presence of structural defects in the as-synthesized material
34, However, they do not reflect the Ir oxidation state during the OER, where higher oxidation
states than Ir(IV) have been observed through in situ/operando XAS studies, *’** and should

ideally not be used to establish structure—chemistry—OER activity relationships.

A summary of the changes in morphology, structure and Ir oxidation state occurring during the
annealing of IrOx/C NPs is schematically presented in Figure 3. This summary highlights the
complete combustion of the carbon support between 470°C and 520°C, the transition in
crystallinity (from a mixture of low crystalline IrO2 and IrOx to highly crystalline [rO2 NPs), and
the change in Ir oxidation state (from predominantly Ir(III) at 420°C to a mixture of Ir(II1)/Ir(IV)
at 470°C to predominantly Ir(IV) at 520°C). Additionally, it shows that the size of the NPs can be
kept below 3 nm up to 570°C, with NPs reaching approximately 6 nm at 670° C and 25 nm at
870°C. Importantly, at temperatures of 520°C and onwards, the catalysts show similar physico-
chemical properties, with the only difference being the size of the NPs, offering an interesting
platform to gain insights into the impact of NP size on OER activity.

@) High crystallinity IrO,
25 nm ® Low crystallinity IrO,

. Carbon support ® 2nmm
® IO  nanoparticles @ 3nm

® 1IrO, nanoparticles . 6nm

XY

Iro,/C 340°c  380°C T 420°c 470°C

Figure 3 - Schematic picture illustrating the morphological, structural, and chemical changes of IrOx/C nanoparticles occurring during
annealing between 25 °C and 870 °C in air.

570°C 670°C 870°C
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Relationships between the structure and the chemical composition of the IrOx nanoparticles
and their acidic OER activity

The unsupported small IrO2 NPs from the materials library and a commercially available IrO:
(99,99 %, Ir 84.5% min., Alfa Aesar, named IrO2> comm. hereafter) were then used to establish the
relationships between the catalyst's physico-chemical properties and their OER activity. The
physico-chemical characterization (XPS, TEM and XRD) of IrO2 comm. are presented in Figure
S10 and Figure S11, respectively.

The mass normalized cyclic voltammograms of three selected samples (IrOx/C, [rOx-470°C, and
[rOx-570°C) alongside with that of the benchmark IrO2 comm. are presented in Figure 4a-d. A
comparison of the mass normalized cyclic voltammograms for the entire materials library is
provided in Figure S12. Two major observations emerge from this comparison. Firstly, the
pseudocapacitive current decreases with increasing annealing temperature. This reduction in
pseudocapacitive current can be associated with two phenomena: the increase in NP size, which

results in a reduced surface over volume ratio ratio'’-'°

and the decrease in the hydrous IrOx content
on the surface.>** It could also have been associated with the decreasing carbon support surface
area, but considering that the pseudocapacitive current of the carbon support is small, this
contribution was considered negligible. Since the NP size changes only slightly until 570°C, it is
reasonable to assume that the decrease in the hydrous IrOx content present on the catalyst surface
has a more significant influence, at least until 670°C. Secondly, the shape of the cyclic
voltammograms changes with increasing annealing temperature. A redox couple around 0.95 V

vs. the reversible hydrogen electrode (Vrur), corresponding to the transition between Ir(IIl) and

Ir(IV)**4° and thus indicative of the presence of Ir(Ill) in the (near) surface region of the IrOx

14



catalyst, can be observed in the CV measured on the as-synthesized [rOx/C NPs. The decrease in
the electrical charge associated with this redox peak with increasing temperature aligns with the
previously discussed increase of the Ir(IV) content in the catalysts (Figure 2f). The appearance of
a new redox couple around 0.2 Vrue at 520°C may be associated with the formation of a pseudo
hydrogen underpotential deposition region (Hurp), and thus indicative of the presence of metallic
Ir (metallic Ir can adsorb hydrogen, similarly to platinum and rhodium).*! This does not imply that
metallic Ir appears during the annealing, but rather that the metallic surface, previously blocked
by a hydrous oxide layer, would become accessible.** Another possible scenario could be hydrogen

and ions insertion into the IrO; rutile structure.*
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Figure 4 — (a-d) Mass normalized cyclic voltammograms measured at a scan rate of 50 mV s™! of four selected samples, the last
out of three cycles is presented. The calculated mass-normalized anodic charge recorded between 0.4 and 1.4 Vree is presented for
each sample. (e) Charge normalized polarization curves (jspec) extracted from linear sweep voltammograms between 1.2 and 1.6
Vrue, with a potential sweep rate of 1 mV s and forced convection of 2500 rpm. The inset corresponds to a zoom on the
polarization curves between 1.48 Vrue and 1.52 Vrug, where the onset of the OER is observed. The polarization curves of Vulcan
and of the benchmark IrO2 comm. are presented for comparison. (f) Specific and mass activity for the OER measured at 1.51 Vrue
(onset of the OER) for the materials library and the benchmark IrO2 comm. These OER activities have been determined from the
polarization curves displayed in panel e). All rotating disk electrode measurements presented here have been done in de-aerated
0.1 M HCIO4 and 80 % of the Ohmic drop was dynamically compensated. The measurements were performed at least three times,
and the average results are presented with error bars representing the standard deviation.

Figure 4e presents the OER specific activity of each sample, with Vulcan and IrO2 comm. included

for comparison. The specific activity was determined by normalizing the OER current to the anodic
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charge recorded between 0.4 and 1.4 Vrug, as extracted from the cyclic voltammograms shown in
Figure 4a-d. This normalization method, widely used in the literature, accounts for the variation

of the electrochemical active surface area (ECSA) with the NP size.!>»!21:2* As the NP size

. . .S amr? 3 . . .
increases, the surface-to-volume ratio (; = 47”3 ==, with » being the radius of the NP
ET[T

approximated as a sphere) decreases, leading to a reduction in ECSA. Figure S13 shows a good

correlation between the anodic charge recorded between 0.4 and 1.4 Vrue and the surface-to-
volume ratio 5 Figure 4f displays the specific activity and the mass activity values at 1.51 Vrue

for each sample and the benchmark IrO2. The mass activity towards the OER was determined by
dividing the current by the mass of deposited Ir. The potential of 1.51 Vrur was chosen because it
is close to the OER onset. The specific and mass activity at 1.55 Vrue can be found in Figure S14.
The current densities at 1.55 Vrue are more typical of those encountered in a PEMWE device (note
that the Ir loading in a PEMWE anode is 100-200-fold larger). However, they include larger error
bars due to the accumulation of oxygen bubbles.

Remarkably, the specific activity of the library of materials, except for IrOx-870°C, surpasses that
of the benchmark IrO2 comm., by 8.5 times for the as synthesized IrOx/C and by 3 times for IrOx-
670°C. Since the size of the NPs remains roughly the same from the as-synthesized IrOx/C to the
IrOx-470°C catalyst (Figure S4), we attribute the changes in the initial OER activity to the
decreasing fraction of Ir(Ill) species (decreasing Ir(II)/Ir(IV) ratio) present in the different
catalysts (see the quantitative relationship between Ir(III)/Ir(IV) ratio and initial OER activity
established by Claudel et al.'?) and the associated change in crystallographic structure (amorphous
IrOx becomes rutile IrO2). 1192224 In contrast, the IrOx-570°C, IrOx-670°C and IrOx-870°C
catalysts exhibit identical IrOx chemistry and structure (see Figure 2a and Figure 2d-f), with a

predominance of the Ir(IV) oxidation state and rutile structure, but have different NP sizes (see
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Figure 1b and Figure 1h), as schematically represented on Figure 3. These variations in NP size
lead to drastic changes in specific (and mass) OER activity. For instance, a 2.5-fold increase in NP
size between 570°C and 670°C results in a 2-fold decrease in specific activity towards the OER.
Similarly, a 3-fold increase in NP size between 670°C and 870°C leads to a 7.5-fold decrease in
specific activity. Finally, we note no significant changes in specific and mass OER activity among
IrOx-470°C, IrOx-520°C and IrOx-570°C, despite their differing initial physico-chemical
properties (see Figure 3). These observations suggest that, under OER conditions, the catalyst
surface undergoes dynamical structural and chemical changes and that the chemistry and the
structure of surface and near-surface region of similar IrOx catalysts tend to converge towards a
similar state, as previously proposed in the literature.'®3"#* In turn, this could imply that the initial
crystallography and Ir oxidation state have less impact on the initial OER activity compared to the
size of the NPs (changing from 1.8 to 2.9 nm between 470 and 570°C). Testing in a membrane
electrode assembly (MEA) configuration at elevated temperatures is however needed to confirm

this hypothesis.

Relationships between the structure, the chemical composition and the stability of the
different IrOx materials

To ensure the reliability of a PEMWE system, an anode catalyst must maintain consistent
electrocatalytic performance for tens of thousands of hours.® To gain quantitative insights into the
balance between OER activity and stability, we conducted online ICP-MS measurements. This

14.20.2445 including by our group.!'*647 We measured the

technique is widely used in the literature,
extent of Ir dissolution during a square wave accelerated stress test (AST) rather than galvanostatic

or potentiostatic ASTs commonly used in literature. Indeed, potentiostatic or galvanostatic ASTs
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often lead to the accumulation of oxygen bubbles on the surface of the electrode surface, making
them less suitable for assessing the extent of degradation of OER catalysts.*34

The measurement protocol is presented in Figure Sa, along with the real-time dissolution profile
of IrOx-470°C as an example. The measurement protocol consists of 5 steps. A conditioning step
is first applied (100 CVs between 0.05 and 1.4 Vrueat 500 mV s™!), followed by a characterization
step (3 CVs between 0.05 and 1.4 Vree at 5 mV s™!). Next, a 45 min AST involving consecutive
square wave (SQW) cycles of potential of 3 s each between 0 Vrur and 1.51 Vruris applied. This
AST simulates the electrochemical potentials that an anodic IrOx catalyst may experience during
unprotected start-stop events. The value of 1.51 Vrue corresponds to the potential experienced by
the anodic IrOx catalysts at low OER current density in beginning-of-life conditions. Importantly,
due to constraints in the online ICP-MS setup (specifically, the blockage of the catalyst’s surface
by Oz bubbles at high current densities), it was not possible to accurately assess the stability of the
synthesized IrOx catalysts at higher potentials. Steps 1 and 2 are then repeated to assess the
dynamic changes in the stability of the IrOx catalysts over time. As shown in Figure S15, the
intensity of the Ir dissolution peaks is significantly reduced after the AST, explaining why the
stability of OER materials, as measured by on-line ICP-MS, often differs substantially from that
assessed in MEA tests. %! Strictly speaking, on-line ICP-MS measurements should be
conducted until the catalyst reaches a steady-state dissolution regime. However, extending the
AST duration may lead to oxygen bubbles poisoning (which reduces the density of the
electrochemically active surface area leading to an artificial stabilized Ir dissolution rate), cause
drift in ICP-MS measurements, and the time required to reach this state may vary depending on

the robustness of the catalyst. To balance the Ir dissolution rate and experiment duration, we
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calculated mass-normalized Ir dissolution values for each catalyst, including the benchmark IrO2,

over the 45-minute AST.

Figure Sb shows that the Ir concentration in solution decreases with rising annealing temperature,
showing a significant drop between 470°C and 520°C, followed by a plateau from 520°C onwards,
where the stability of the IrOx catalysts becomes comparable to the benchmark IrOz. This change
in stability can be attributed to the transformation in the crystallographic structure and the presence
of Ir atoms in a (IV) oxidation state above 500°C, in line with former literature findings.!”-!-20:24:52
The structural and chemical transformations are observed simultaneously, making it impossible to
determine whether the chemistry or the structure governs the resistance to the dissolution of Ir

atoms. Our results nevertheless suggest that annealing at a moderate temperature between 400 and

500°C will always be beneficial for the stability of an [rOx-type material. We also calculated the

no,(0ER)

stability number values of all catalysts (S — number = )16 during the 45 min. long

Nyr(dissolution)
AST (see Figure S16). The S-number values highlight a marked increase in stability between
470°C and 520°C, corresponding to the structural transition from amorphous IrOx to rutile IrO2. A
decline in the S-number value is observed at temperatures above 520°C. This decrease is attributed
to an increase in IrOx particle size, from 2.9 = 0.7 nm at 570°C to 6 = 1 nm at 670°C and further

to 25 + 6 nm at 870°C, leading to a significant reduction in OER mass activity.

The high S-number value for [rOx-520°C (2.8E+7 4+ 0.2E+7) suggests that an annealing
temperature of 520°C provides an optimal balance between OER activity and stability. This
temperature is specific to the IrOx/C system, as evidenced by the differing optimal temperatures
reported in the literature for annealed IrOx catalysts, which range between 250 and 500°C. 11921

This can be easily rationalized as the optimal temperature results from the combined influence of
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factors such as the temperature program (e.g., heating rate, temperature hold, and hold duration)
and oxygen concentration (e.g., air flow, static air, or Oz flow), as well as the distinct characteristics
of the IrOx materials used in different studies (e.g., initial Ir oxidation state, crystallite size, and
particle size). Despite these differences, our results confirm the ability to fine-tune thermal
annealing conditions to oxidize Ir surface atoms effectively, achieving high stability while

minimizing crystallite growth, thereby maintaining high OER mass activity.

Step1  Step2 Step 3 Step4  Step5
Q. 100Cvs 3Cvs AST 100Cvs 3CVs b.
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Figure 5 - (a) On-line Ir dissolution profile (example with IrOx-470°C) during the stability assessment tests. These tests were
performed in a flow cell with Ar-saturated 0.1 M HClO4 electrolyte using an inductively-coupled plasma mass spectrometer ICP-
MS that measures in real time the Ir concentration in solution. (b) Iridium dissolution (ngdissolved Ir.€deposited 1™ ) calculated for all
the electrocatalysts during an AST (step 3 of the stability assessment measurements), comprised of square steps at 0 Vrue for 3 s,
followed by square step at 1.51 Vrue for 3 s, all for a total duration of 45 min. The measurements have been done at least three

times and the average results are presented, with the respective error bars.

CONCLUSION

In summary, we have presented a straightforward and easily reproducible synthesis method for
producing mesoporous self-supported I[rOx NPs with excellent electrocatalytic properties for the
acidic OER. Our method utilizes a sacrificial high-surface-area carbon support as a template during
the annealing of IrOx/C NPs. By carefully controlling the annealing temperature, we have designed
a range of IrOx nanomaterials with unique chemical and structural characteristics. Comprehensive
physicochemical characterizations, including synchrotron X-ray diffraction and pair-distribution

function analysis, revealed that thermal annealing promotes the crystallization of IrOx into rutile
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IrO2 while simultaneously altering the oxidation state of the Ir atoms. These combined structural
and chemical changes enhance the stability of the IrOx materials, although they result in reduced
OER activity, confirming previous literature findings. We found that an annealing temperature of
520°C offers the best balance between OER activity and stability, with Ir dissolution values
leveling off beyond this temperature. Our study also shows that the initial structural properties play
a crucial role in the stability of the IrOx catalysts, with rutile IrO2 exhibiting minimal Ir dissolution
rate. The influence of IrOx NP size was also highlighted, indicating that small IrO2 NPs (< 3 nm)

achieve a favorable balance between the OER activity and the stability.

MATERIALS AND METHODS

Material synthesis

The IrOx/C NPs were synthesized using an adapted version of a polyol synthesis.?>*® An Ir salt
(H2IrCle.xH20, 99%, Alfa Aesar) is first reduced in the presence of ethylene glycol (EG).
Specifically, 34.512 g of a 6.95 gir L solution of this Ir salt in ultrapure water (UW) was added
to a mixture of 480 mL of EG and 240 mL of UW, under magnetic stirring. The solution's pH was
then adjusted to 12 by adding a 0.5 M NaOH solution in a 1:1 volume ratio of EG:UW.
Subsequently, this solution was heated to reflux under Ar atmosphere for 1 hour using microwave
heating, with a heating ramp of 10°C min!, resulting in a colloidal solution of IrOx NPs. Following
this, a support material was introduced to achieve a nominal mass fraction of 20 wt. % Ir.
Specifically, 0.96 g of Vulcan XC72 (Cabot) was dispersed in 480 mL of a 1:1 volume ratio
mixture of EG:UW. The pH was then adjusted to 2-3 by adding dropwise a 0.5 M H2SO4 solution
in a 1:1 volume ratio mixture of EG:UW. After stirring at room temperature for 20 hours, [rOx/C
NPs were obtained, filtered, washed four times with UW, and finally dried at 95 °C overnight. The
resulting powder was then calcined at various temperature under natural air convection using a
tube furnace with a 1°C min ™! temperature ramp, followed by a 1 h hold at the aimed temperature.
A schematic of this synthesis can be found in Figure S2. Ten catalysts with distinct structural and
chemical properties were obtained: as synthesized IrOx/C, IrOx-340°C, IrOx-380°C, IrOx-400°C,
IrOx-420°C, IrOx-470°C, IrOx-520°C, IrOx-570°C, IrOx-670°C and IrOx-870°C.

Electrochemical activity measurements

To assess the OER activity of the catalysts, a four-electrode electrochemical cell thermostated at
25°C was used. The working electrode consisted of a 5 mm diameter gold rotating disk electrode
(RDE),**** on which 10 pL of a catalyst suspension was deposited, as described by Claudel et
al..'? Both the counter electrode and the fourth electrode are made of platinum. The reference
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electrode is a reversible hydrogen electrode (RHE), and all potentials in this study are referred to
the RHE (noted VruEe). Prior to electrochemical measurements, all the glassware was rinsed using
a 1:1 H2SO4:H202 solution overnight, then thoroughly washed with MQ-grade water. The
electrolyte was a 0.1 M HClOs solution®® which was prepared from 70 wt.% HC1O4 (Roth) and
de-aerated with argon (Ar > 99.999 %, Messer) before each experiment.’® In each experiment, the
working electrode is introduced at a controlled potential of £ = 0.8 Vrug, and 100 cyclic
voltammograms (CVs) are performed between 0.05 and 1.40 Vrue at a scan rate of 500 mV s
Subsequently, electrochemical impedance spectroscopy measurement is conducted to determine
the high-frequency resistance of the cell. In subsequent experiments, 80% of this resistance value
was dynamically compensated. Three CVs were performed between 0.05 and 1.40 Vruk at a scan
rate of 50 mVs™! to determine the anodic charge between 0.4 and 1.40 Vrue in the last cycle.
Finally, a polarization curve was conducted between 1.20 and 1.60 VrE at a scan rate of 1 mV s™!,
with a RDE rotation of 2500 rpm to determine the electrocatalytic activity towards the oxygen
evolution reaction.’” The currents obtained at 1.51 VruE or 1.55 Vrue were extracted from the
polarization curves and subsequently normalized, either by the initial mass of Ir on the electrode
to obtain mass activity towards the OER, denoted as jmass, or by the anodic charge between 0.40
and 1.40 Vrue to obtain the specific activity towards the OER, denoted as jspec.

On-line inductively coupled plasma mass spectrometry measurements

To evaluate the stability of the nanocatalysts, we used an AST consisting of potential steps between
0 and 1.51 Vrug, using a square-wave potential ramp (3 s at each potential), over a total duration
of 45 min. This AST was conducted in an electrochemical flow cell with Ar-saturated 0.1 M HCIO4
as the electrolyte. This cell was coupled to an inductively coupled plasma mass spectrometer
(NexION 2000c, PerkinElmer, Inc., Waltham, Massachusetts, USA), which analyzes the metal ion
composition of the electrolyte in real-time after it passed through the flow cell. Calibration curves
were prepared with standard solutions freshly obtained by dilution of a mono-element ICP standard
solution (1000 mg L™!, Carl Roth GmbH) with a 0.1 M HNOs solution. Before and after the AST,
100 CVs scans between 0.05 and 1.40 VruE at a scan rate of 500 mV s ™! and three CVs between
0.05 and 1.40 VreE at a scan rate of 50 mVs ! were performed. The detailed measurement protocol
is illustrated in Figure 5.

Thermogravimetric analysis

The Ir wt. % of each sample was determined through TGA, using a Mettler Toledo LF1100-XP1.
5 mg of sample was heated up to 1000°C in an air atmosphere with a temperature ramp of 5°C
min’!. The synthetic air flow rate was maintained at 200 mL min™!' throughout the annealing step.
The calculated wt. % can be found in Table S1.

Transmission electron microcopy

All standard ex situ electron microscopy observations were carried out in a JEOL 2010 TEM
operated at 200 kV (point-to-point resolution of 0.19 nm). The samples were prepared by
depositing the NPs powder onto a lacey formvar carbon-supported copper grid (200 mesh Cu).
The average mean particle size was measured using the ImageJ software. Only isolated particles
were considered to build the particle size distribution, meaning that the TEM size (Figure 1h and
Figure S4) represents the size of each grain, and not of the aggregates.
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HR-TEM measurements and the in situ STEM observations in gas phase were conducted using a
double aberration-corrected JEOL ARM 200F microscope equipped with a cold field emission gun
operated at 200 k.

Environmental Scanning Transmission electron microcopy

For the in situ experiments, a Protochips Atmosphere TEM environmental high-pressure gas cell
(HPGC) was utilized. This set-up consists of a pair of silicon microchips (called E-chips), which
are aligned and assembled in closed-cell configuration at the tip of a dedicated TEM sample holder.
The small E-chip is a 2 mm x 2 mm, 300 um-thick silicon chip with a 300 um x 300 um, 50 nm-
thick amorphous SiN window at its center. The large E-chip measures 6.0 mm x 4.5 mm and is
300 pum thick, with a 300 um % 300 um SiC membrane at its center. The SiC film is patterned with
six circular windows, each 7 pm in diameter, arranged in two lines of three and composed of 30 nm
thick amorphous SiN. The IrOx/C sample was deposited on the large E-chip by drop casting 10 uL.
of a suspension of IrOx/C NPs ultrasonically dispersed in ultrapure water. STEM observations
were carried out through these electron-transparent windows. The [rOx/C NPs were subjected to a
mixture of 50% pure argon (Messer, purity > 99.999%) and 50% pure oxygen (Messer,
purity > 99.999%) in static gas conditions using a manually-operated gas manifold from
Protochips. The gas pressure in the high-performance gas cell was fixed to 770 torr and was
controlled using an MKS PDR 2000 dual capacitance manometer. The sample was heated by
resistive heating of the SiC membrane via current injection using an electronic control unit
interfaced with Protochips Aduro 300 software with closed-loop temperature control. For
temperature control, the software used chip-specific ohmic resistance of the SiC film versus
temperature calibration files as input. The NPs were heated up to 800°C, with a heating ramp of
4°C min™! (the desired heating ramp of 1°C min) could not be achieved in this setup due to time
constraints; however, no metallic Ir was detected). Images were acquired every 50°C, with a
measuring time of approximately 7 minutes. The NPs were imaged in STEM mode using both
high-angle annular dark field (HAADF) and bright field (BF) detectors. STEM images were
acquired at magnifications of x 250 k (Figure S7) and x 500 k (Figure 1a and Figure S8). To
limit the effect of the electron beam during in situ STEM imaging, no higher magnification was
used and the electron was blanked between image acquisition.

Laboratory and Synchrotron X-ray Diffraction

The crystallinity of the samples was determined using X-ray diffraction measurements (XRD).
These measurements were performed in 8-20 mode on an X’ Pert PRO MPD X-ray diffractometer
using a Cu Ka radiation source (A =0.15419 nm). The diffraction data were collected at a constant
rate of 0.1° min™! over an angle range of 20 = 8-140 °.

Synchrotron Wide-Angle X-ray Scattering (WAXS) measurements were performed at the ID31
beamline of the European Synchrotron Radiation facility (ESRF) in Grenoble, France. The high
energy X-ray beam (76 keV, L = 0.16 A) was focused on the catalyst powders in a capillary, and
the scattered signal was collected using a Dectris Pilatus CdTe 2M detector positioned 298 mm
behind the sample. The energy, detector distance and tilts were calibrated using a standard CeO:
powder. A Pair Distribution Function analysis of the WAXS patterns was performed using the
Fullprof software to extract the phase structure, crystallite size, lattice parameter using the
P4>/mnm structure of IrO2, the Fm-3m structure of metallic Ir and the graphite. The instrumental
resolution function was determined by the refinement of a CeO: standard sample.
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X-ray Photoelectron Spectroscopy

To determine the oxidation state of Ir, X-ray photoelectron spectroscopy analyses were performed
using a Thermo Scientific K-alpha spectrometer with a monochromatized Al X-ray source
(hv =1486.6 eV; spot size =400 um). For each spectrum, C 1s, O 1s and Ir 4f regions were
observed. The C 1s signal from adventitious carbon was utilized to calibrate the binding energy,
set to a value of 285 eV. The obtained spectra were fitted using Thermo Scientific™ Advantage
Software. The fit parameters and the fitted spectra can be found in Table S2 and Figure S10.
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