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The reduction of Ir loading and thus its efficient utilization in proton exchange membrane water electrolyzers
(PEM-WE) inevitably depends on the rational design of novel nanomaterials. This, however, is not possible
without the understanding of structure-stability interrelations and underlying mechanisms. When pursuing the
reduction of Ir amount by its dispersion on ceramic materials, the interactions between the catalytically active
sites and their support further complicate the already understood processes. In the present study, we use our
unique approach, where we employ an Ir/TiON-based TEM grid and use it as a support system for the investi-
gation of structural transformations of Ir nanoparticles. This was achieved by utilizing both the modified floating
electrode (MFE) apparatus, which enables efficient bubble management during electrochemical experiments and
identical-location scanning transmission electron microscopy (IL-STEM) approach. The analysis of obtained high-
resolution images with in-house developed computer algorithms for image analysis reveals several processes with
surface roughening being the predominant degradation mechanism. Additionally, suppressed oxidation tendency

of supported Ir was directly confirmed.

1. Introduction

The larger-scale hydrogen production via water electrolysis is inev-
itably dependent on the reduction of the loading of a scarce iridium
catalyst on the anode side of the electrolyzer, where an energetically
expensive oxygen evolution reaction (OER) takes place. Together with
efficient iridium recycling, it is recognized as one of the grand chal-
lenges on the way to overcome the barriers of proton exchange mem-
brane water electrolyzer (PEM-WE) market maturation [1]. However,
the decrease in loading of pure Ir catalyst can lead to deterioration in
performance, specifically due to a reduction in thickness of the catalytic
layer and thus its lower homogeneity. Ideally, the thickness of the anode
layer with Ir loading 0.5 mg cm ™2 should be between 4 and 8 um [2].

This target could be achieved by introducing highly conductive and
stable supports for Ir-based nanoparticles, similarly to Pt catalysts in fuel
cells, which are typically supported on carbon-based high surface area
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materials [3]. The use of carbon supports for OER catalysts is however
limited, due to its thermodynamic instability at high anodic potentials.
Instead, different oxides are often considered in the literature, namely
tin oxide and its doped analogues [4-6], titanium oxide [7,8], its sub-
oxides [9], or titanium oxynitride TiON [10]. While each of the studied
materials showed promising results on the laboratory scale, it needs to
be noted that especially their long-term stability should be critically
addressed in future studies to justify their use in PEM-WE [11,12].
Compared to carbon, ceramic supports have at least one strong advan-
tage, namely, their electrochemical oxidation does not irreversibly affect
active sites due to the collapse of its structure. Thus, ideally, the struc-
ture and the thickness of the catalyst layer should remain intact [13,14].
Not only does ceramic support enable efficient dispersion and anchoring
of the active nanoparticles, but can also enhance the catalytic properties
of the active material via metal-support interactions. This phenomenon,
well known in the field of heterogeneous catalysis [15-19], is getting
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recognition also in OER electrocatalysis [20,21]. When comparing Ir
nanoparticles, supported on TiON or carbon, Bele et al. observed lower
oxidation of Ir supported on ceramic material via cyclic voltammetry
[10]. Using near-ambient pressure X-ray photoemission spectroscopy
(NAP-XPS), complemented with downstream analytics, Saveleva et al.
similarly revealed that, compared to the unsupported catalyst, SnOs:
Sb-supported metallic Ir nanoparticles show a significantly lower ten-
dency to oxidize [22]. Concretely, XPS spectra of supported particles at
1.7 V are dominated by the metallic features with only minor contri-
butions from Ir*" and Ir3* species, which are generally assumed to be
the unstable intermediate in OER, leading to a higher dissolution of
active Ir-based electrocatalysts [23]. The enhanced stability was
explained by the oxygen spill-over mechanism from Ir to the SnO,:Sb,
resulting in the observed formation of a thinner oxide layer on the
surface of supported nanoparticles, which was also in agreement with
the detected lower dissolution rate.

This behavior suggests the ongoing structural changes, which were
however not observed with ex-situ (scanning) transmission electron
microscopy ((S)TEM) analysis of the sample before and after the
experiment [23]. Nevertheless, to thoroughly understand the strong
metal-support interaction (SMSI) effect and correlate it to the
structure-stability mechanistic interrelation, a more detailed study
would be of relevance. Especially since observing random locations at
relatively low magnifications, as typically done, cannot distinguish be-
tween the reaction-induced nanoscopic changes, occurring on a specific
site or features that were there prior to electrochemical operation. Such
a limitation can be elegantly solved by employing the identical location
(IL-TEM) approach, which is now generally well established in the field
of electrocatalysis [24,25]. Its utilization allows us to observe structural,
morphological, and compositional changes of individual nanoparticles
before and after the reaction. This is instrumental if we want to under-
stand the real nature of nanoparticulate electrocatalysts and their effect
on the catalytic properties, which is often far more complicated than the
theoretical predictions, commonly based on perfectly shaped particles
[26,27].

Besides the high-resolution STEM imaging, the study of degradation
processes with IL-TEM also depends on the rational design and perfor-
mance of electrochemical experiments and objective interpretation of
the obtained micrographs. Firstly, performing electrochemical and
microscopical experiments on the same specimen is challenging, espe-
cially since TEM analysis requires a very thin catalyst layer, deposited on
the fragile TEM grid. Aiming to resolve the low-loading issue, a novel
methodological approach, namely modified floating electrode (MFE)
was recently presented and showcased on the oxygen reduction reaction
(ORR) [28]. Here, an Au TEM grid with a deposited Pt-based catalyst
layer was used as a working electrode, floating on the surface of the
electrolyte. Furthermore, MFE resolves the challenge related to the mass
transport in the ORR measurements, as here the reactant can be deliv-
ered directly to the catalyst layer and thus allows reaching realistic
current densities. In the case of OER electrocatalysis, this is however not
so trivial, as the gas is not consumed but rather produced. Due to the low
solubility of oxygen molecules in the electrolyte, gas bubbles stay
trapped in the catalytic layer and block the active surface area of the
catalyst [29]. This is especially problematic during stability measure-
ments, as it can lead to misinterpretation of the electrochemical results
[30,31].

Secondly, the accurate interpretation of the data obtained via mi-
croscopy is essential for understanding degradation mechanisms. To get
insight into how a single nanoparticle changes during the experiment,
the images before and after an electrochemical treatment must be
compared. Pursuing structural changes at the atomic level is not only
time-consuming but can also be to some degree subjective. Thus, the
development of computer algorithms for image analysis would be highly
beneficial for spotting differences [27]. While their implementation was
already showcased for ORR catalysts [32], OER catalysts have, to the
best of our knowledge, still not been investigated by this approach.

Electrochimica Acta 426 (2022) 140800

This work aims to reveal the structural changes of TiON supported Ir
nanoparticles of different sizes during the OER through a unique
methodology enabling grid-based synthesis, electrochemical measure-
ments, and identical location imaging supplemented by automated
image analysis. Initially, we show that efficient bubble management
during the prolonged stability measurement is achievable with a dy-
namic protocol, consisting of open circuit potential (OCP) and OER in-
tervals, which is a prerequisite for further investigation. To understand
the effect of the interactions between Ir and TiON on the oxidation
tendency and dissolution of Ir nanoparticles, we use a combination of
MFE-IL-STEM analysis and in-house developed computer algorithms for
subsequent analysis of IL-STEM images, which reveal several structural
changes at the atomic scale. The acquired knowledge will not only
accelerate the development of novel materials with enhanced electro-
catalytic properties but will also contribute to the emergence of inno-
vative recycling techniques. This is essential, as they will enable the
recovery of iridium and other platinum group metals (PGM), initially
produced via extremely energy-demanding and polluting processes
[33-35].

2. Experimental
2.1. Sample preparation

The investigated sample is based on the novel experimental
approach, which aims to synthesize and characterize the catalyst on the
same TEM grid. The main advantage of this unique platform is the ability
to track nanoscale events on the identical location occurring during the
synthesis and electrochemical investigation. The synthetic procedure,
which was already shown to be a viable approach for the synthesis of
OER catalysts [21,36] and was here accordingly adjusted for exploita-
tion on a TEM grid, consisted of TiON preparation and deposition of Ir
nanoparticles. TiON grid was prepared by potentiostatic anodization (40
V, 30 min) of Ti TEM grid (3.05 mm diameter, 100 mesh, SPI Supplies).
This was done in a two-electrode configuration with a stainless-steel
counter electrode and an anodization electrolyte consisting of 0.3 wt.
% NH4F (99.99%, Sigma-Aldrich) and 2 vol.% deionized water in
ethylene glycol (99.5%, Carlo Erba Reagents). The Ti grid was immo-
bilized and electrically wired with a specifically developed sample
holder. The anodization resulted in an amorphous TiO; nanotube
micrometer-thick film, which was transformed into crystalline TiO,
nanotubes by annealing at 450°C (heating and cooling rate of 5°C
min~1) for 1 hour in air. The grid was afterward annealed at 730°C
(heating and cooling rate of 5°C min~!) for 2 h in an ammonia atmo-
sphere to convert TiO5 to TiON substrate with an increased surface area
compared to the initial Ti grid. The flow of pure ammonia gas was kept
constant at 50 cm® min~! and a pressure of 1 atmosphere. In the next
step, Ir nanoparticles were deposited by dipping the grid halfway in the
water solution of iridium (III) bromide hydrate (Sigma-Aldrich, St.
Louis, MO) with a concentration 20 mg ml ! (withdrawal rate 1 cm s 1)
and dried at 50°C. The sample was then thermally treated at 700°C (fast
heating and cooling rate of 100°C min~1) for 15 min in a 5 % Ha/Ar
atmosphere.

2.2. Electrochemical characterization

For electrochemical experiments, a modified floating electrode
(MFE) apparatus was used in an H-cell setup with compartments,
separated by a Nafion membrane (Nafion 117, FuelCellStore) (Sche-
matic presentation in SI - Scheme S1). MFE apparatus was assembled
from a two-piece Teflon housing, a metallic spring, placed between two
metallic cones, a gas diffusion layer (GDL, 280 pm thickness) with 40%
Teflon weight wet proofing (Toray Carbon Paper 090, Fuel CellStore)
and the homemade Ir/TiON TEM grid, used as the working electrode. A
reversible hydrogen electrode (HydroFlex®) and a Pt mesh were used as
reference and counter electrodes, respectively. The counter electrode
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was placed in a separate compartment to prevent any possible Pt
contamination on the TEM grid. A freshly prepared 0.1 M perchloric acid
(HClOy4, 70% Rotipuran Supra, Carl Roth, diluted by Milli-Q, 18.2 Q cm)
was used as an electrolyte. A gas tube was inserted in the holes in the
Teflon housing of MFE to purge the system with inert Ar. The grid was
initially imaged with STEM to record the as-synthesized state of the
catalyst. Then, the electrochemical protocol consisted first of potentio-
static hold at 1.6 V for 30 minutes. Before and after this step, catalyst
activity was measured with 3 consecutive cycles between 1.2 and 1.6 V
with a scan rate of 10 mV/s. Afterward, structural characterization with
STEM was performed. The following electrochemical experiment con-
sisted of 3 cycles of the “dynamic degradation protocol.” Each cycle
consisted of 60 repetitions of intervals at 5 mA cm~2 (30 s) and 0 mA
em ™2 (45 s). After each cycle, the system was purged with Ar at OCP for
10 min, and then 20 cyclic voltammograms between 0.05 and 1.45 V
with a scan rate 300 mV/s were recorded to follow the structural
changes of Ir. Activity before and after the “dynamic degradation pro-
tocol” was evaluated as above. Schematic presentation of the experi-
mental protocol is provided in SI - Scheme S2. During all experiments,
85% Ohmic drop compensation was applied. Finally, structural char-
acterization with STEM was again performed.

2.3. Structural characterization — scanning transmission electron
microscopy

IL-STEM imaging was performed in a Cs-corrected transmission
electron microscope (CF-ARM Jeol 200) equipped with an SSD JEOL
EDX spectrometer and a GATAN Quantum ER dual-electron energy loss
spectroscopy (EELS) spectrometer. An operational voltage of 80 kV was
employed. The images were taken in STEM mode (bright-field, BF and
high angle annular dark-field, HAADF), probe size 6C, 8 cm effective
camera length.

2.4. Image processing algorithms

Atomically resolved identical location STEM images were analyzed
using in-house image processing algorithms. Positions of atomic col-
umns were determined via a two-step process. First, their initial ap-
proximations were established by pre-processing the images and

-,
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calculating centers of mass for intensity distributions of all columns.
Second, approximate column positions were refined by fitting 2D
asymmetric Gaussian distributions onto intensity values in the close
vicinities of previously determined approximate positions of atomic
columns. Refined positions were determined as centers of the fitted 2D
asymmetric Gaussian distributions. Atomic-scale surface roughness of
nanoparticles was assessed by nearest neighbor analysis. For each
atomic column, its neighboring columns were determined based on their
proximity to the column in question. Atomic columns were then marked
with different colors depending on their number of nearest neighbors.
Finally, the particle size distribution was performed using an in-house
segmentation algorithm based on adaptive thresholding. Anomalies
were corrected manually. All code was written in Python programming
language using open-source libraries.

3. Results and discussion

The investigation started with the STEM structural characterization
of the Ir/TiON grid, which serves as a model system for a deeper un-
derstanding of the structure-stability relationship of Ir electrocatalysts.
In Fig. 1, STEM images of the Ir/TiON grid after the Ir deposition at low
magnification are shown. The nanotubular morphology can be recog-
nized by the approximately 40 nm circular openings on the bottom left
images. Ir nanoparticles are seen as contrasting spots in sizes up to 15
nm. Due to a specifically selected temperature program (fast heating, i.e.
100°C min ) during iridium bromide reduction, the Ir nanoparticle size
has a wide distribution (Fig. S1) and additionally, twin boundaries are
often observed in the nanoparticles (Fig. 1). With the usual Ir nano-
particle deposition method (wet impregnation, slow heating, i.e. 2°C
min’l, 1 h at 400 (450)°C), the formed Ir nanoparticles tend to be very
small (1-2 nm diameter) as a result of the dried IrBrs nanocrystals
reduction and coalescence [21]. However, once formed, these small Ir
nanoparticles are very stable and further heating does not cause any
further particle growth. In our previous investigations, the Ir nano-
particles were too small to see changes on individual crystal facets,
therefore we aimed to obtain bigger nanoparticles for this study. Fast
heating and a high-temperature treatment of dried IrBrs nanocrystals
were chosen, as faster heating to higher temperatures causes the for-
mation of nanoparticles with wider size distribution and with more

Fig. 1. Bright-field (BF) and high angle annular dark-field (HAADF) images of the as-synthesized Ir/TiON grid at low magnification (left). Cyclic and polysynthetic
twinning, observed in Ir nanoparticles of different sizes (right). Twin boundaries are depicted with orange dashed lines. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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defects. As we observed that the largest Ir nanoparticles are being
formed on the edge of the solution and the middle of the grid is the
optimal location for TEM imaging, only half of the grid was dipped in the
IrBrs solution for practical reasons.

After the structural analysis of the as-prepared grid and selection of
nanoparticles with different sizes for IL-TEM spots, the first electro-
chemical experiment, i.e. potentiostatic activation was performed. This
step was included to i) test if long-term stationary protocols are suitable
for the use in MFE for OER studies and ii) to oxidize the support and Ir
nanoparticles before evaluation of the electrochemical activity. This is
relevant, as simultaneous oxidation events, i.e. Faradaic contributions of
TiON and Ir oxidation with an excursion to high anodic potentials, can
affect the interpretation of the measured OER current (discussion on
TiON oxidation is given in SI, Fig. S2) [21,37]. In Fig. 2a, activity before
and after the 30 min polarization at 1.6 V is shown. In this study, we
normalized the current by the geometric surface area of the grid that is
in contact with the electrolyte, defined by the opening in the Teflon
housing, as the exact mass and surface area of Ir are unknown. The edge
of the grid, also containing a portion of deposited Ir, due to the specific
synthetic procedure, is partially covered by the Teflon housing. The
exact mass of Ir nanoparticles that are in contact with the electrolyte is
thus unknown, which would make normalization by Ir mass meaning-
less. The most appropriate would be the evaluation of the intrinsic ac-
tivity by active surface area (ECSA) normalization, however, there is
currently no suitable method for reliable and comparable estimation of
the ECSA of supported oxide materials, despite some promising attempts
[38,39]. For a rough estimation of the surface area of metallic nano-
particles Hypq charge and for oxidic materials voltammetric charge of
the Ir>*/#* transition are often used [40]. Nevertheless, in our case, both
features are present even after degradation. As there is, to the best of our
knowledge, no measure to evaluate the proportion of each phase, and
using just one of them would also be incorrect, it would be unreliable to
attempt such current normalization to evaluate the intrinsic properties
of the investigated material. Nevertheless, the normalization by geo-
metric surface area allows a qualitative analysis of the obtained data,
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giving information about electrocatalytic and structural changes of the
catalyst during the electrochemical biasing. As a result of the electro-
chemical oxidation of Ir, the measured current after activation is, as
expected, higher due to the formation of a thin Ir oxide, which is known
to have higher intrinsic activity than non-activated metallic Ir [41].

To overcome the problems, related to bubble accumulation during
stationary experiments, we designed a dynamic degradation experi-
ment, similar to the protocols used in the literature [42,43]. Based on
the conclusions from experiments during the protocol development,
which is in more detail discussed in SI (Figs. S3 and S4), we performed
the degradation experiment on the Ir/TiON grid with 30 and 45 s long
“start-stop” intervals at 5 mA cm 2 and OCP, respectively. The results
are shown in Fig. 2b. In combination with Ar purging, this protocol is
efficiently removing the produced gas molecules. This is one of the
crucial aspects in OER catalysis which, however, is only rarely taken into
account.

The first indicator of structural changes on Ir during the degradation
experiment are cyclic voltammograms, shown in Fig. 2c. After each
cycle of the dynamic protocol, 20 fast CVs were recorded in a broad
potential range (0.05 — 1.45 V). At the beginning of the protocol, at least
some portion of Ir is still in a metallic state, confirmed by the charac-
teristic Hypq feature between 0.05 and 0.35 V [44]. Interestingly, this
peak is present throughout the experiment, which indicates that Ir has
indeed a lower tendency to oxidize when it is supported on the ceramic
material, which is in agreement with the study by Savinova et al. [22]
and Bele et al. [10]. Still, the appearance of another broad Ir feature at
approximately 0.9 V, characteristic for Ir>* to Ir** transition, indicates
that nanoparticles are getting oxidized at least to some extent during the
experiment. The second indicator of structural changes is also the
increased activity of Ir nanoparticles after the dynamic degradation
protocol, which goes in line with the literature reports [45].

To deepen the insights into the structural changes after the two
respective electrochemical steps, IL-STEM imaging of the sample at
different magnifications was performed (Fig. S5). Most importantly, five
nanoparticles that remained in the zone axis during all three STEM
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Fig. 2. (a) OER polarization curves for activity evaluation before and after the potentiostatic activation protocol, and before and after the dynamic degradation
protocol, (b) dynamic degradation protocol, the minor increase in potential indicates successful bubble management while the decrease in potential during the
experiment indicates the formation of a more active catalytic phase, (c) evaluation of structural changes of metallic Ir during the electrochemical degradation.
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imaging steps were taken at atomic resolution and analyzed with in-
house developed image analysis algorithms. In Figs. 3 and 4, IL im-
ages of two Ir nanoparticles are shown in the as-synthesized state, after
activation, and after dynamic degradation. Along with original STEM
images, positions of the atomic columns are shown in blue for each step
of the process. The reader can find the identical location images of the
remaining nanoparticles in the SI (Fig. S5 for images at a lower
magnification and for nanoparticles outside of the zone axis, and
Figs. S6-S8 for the three remaining nanoparticles, imaged at atomic
resolution).

Identical location images of the sample at a lower magnification and
of nanoparticles, which did not stay in the zone axis during the entire
experiment, do not reveal any large-scale restructuring of the Ir nano-
particles or the TiON support during the electrochemical perturbation.
They do, however, show that individual nanoparticles migrate across the
support, that their surface is getting rougher, and that some degree of
amorphization at their surface can be observed. Such data provides
general information about a more statistically relevant number of
nanoparticles, which unfortunately lacks atomically resolved insights
that can be easily quantified. Therefore, our efforts focus on quantifying
the information available in sets of atomically resolved identical loca-
tion images, which provides more accurate results about the structural
changes at the atomic level.

Before the analysis of the structural evolution of the investigated
nanoparticles, a brief overview of the state-of-the-art understanding of
the restructuring and oxidation of single-crystalline and nanoparticulate
materials is given. In general, the structure-stability interrelations are
relatively poorly understood. Ozer et al. showed in their single-crystal
work that the surface orientation importantly influences the formation
of the oxide layer, i.e. more open planes of Ir (110) are more prone to
oxidation than Ir (111). Additionally, the morphology of the oxide,
grown either on opened or closed, denser planes is different [46].
Similar conclusions on the rate of oxidation of opened surfaces were
obtained in a study by Scohy et al [47]. Here, the authors studied both
single crystalline and nanostructured surfaces. They concluded that the
original structure and chemical composition initially influence the
growth of the oxide, however, all surfaces gradually transform into a
similar phase. By combining dissolution measurements with XPS, they
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discovered that after a two-hour polarization at a higher anodic poten-
tial, the dissolution is accompanied by the increase of the metallic Ir
peak, which was attributed to the thinning of the formed oxide on the
surface of the underlying metal. The recent study by BalaKrishnan et al.
combined atom probe tomography (APT) with XPS to probe the struc-
tural transformations of the needle-shaped Ir probe [48]. Here, the au-
thors concluded that the formation of the oxide phase depends on the
nature of planes. While on the closed planes (e.g., (111)) the growth of
the oxide layer stops at 1 — 2 nm, the growth of the subsurface oxide
phase on opened planes, containing metastable Ir-O species, continues
to approximately 10 nm thickness after 300 s at 1.55 V. This affects the
catalytic activity of different crystallographic planes. Their results sug-
gest that the formation of a “sandwich structure” of oxide, generally
assumed in the literature of hydrous iridium oxide [49,50], is limited
only to open planes.

None of the mentioned works though included supported Ir nano-
structures in the investigation. Thus, we continue the discussion on the
understanding of the surface orientation dependence on the reactivity
and degradation mechanisms with our IL-STEM results obtained on Ir/
TiON. Inspecting the five different nanoparticles, we can conclude that
only minor changes occur during potentiostatic activation. Even though
slow oxidation might be the reason for this conclusion according to the
CVs, we cannot completely eliminate the possibility that particles were
partially blocked by generated gas bubbles. As all five recorded nano-
particles were imaged in the same zone axis, namely [110], it is also
possible that the changes occurred in the direction(s) we did not sys-
tematically observe. The transformation of the nanoparticle surface for
the five nanoparticles in the [110] zone axis is, however, clearly
observable after the longer dynamic degradation. Surface roughening, i.
e. losing the faceted shape is the predominant phenomenon, observed in
the images. This seems to be independent of the surface orientation, in
contrast with the reports in the literature, discussed above. Instead,
changes to the nanoparticle surface seem to be induced at the edges of
individual facets, while columns in the middle of a well-defined crystal
facet seem to be exempt from change. Additionally, we observed a few
localized changes that could be ascribed to amorphous growths occur-
ring predominantly on {001} facets and, to a lesser extent, on {111}
facets which somewhat confirm previous findings about {111} planes

Fig. 3. IL-STEM images of a smaller Ir nanoparticle, from left to right: before electrochemical biasing, after potentiostatic activation, and after dynamic degradation.
Top: original STEM images, bottom: enhanced contrast images with overlaid positions of atomic columns in blue. The white arrow signifies the site with observed
potential amorphous growth after dynamic degradation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 4. IL-STEM images of a larger twinned Ir nanoparticle, from left to right: before electrochemical biasing, after potentiostatic activation, and after dynamic
degradation. Top: original STEM images, bottom: enhanced contrast images with overlaid positions of atomic columns in blue. White arrows signify the sites with
observed potential amorphous growth after dynamic degradation. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

being less favorable for oxide layer growth [46-48] but cannot be
quantified with certainty due to the low number of occurrences of such
growth. Again, we emphasize that we cannot comment on possible
dissolution and oxidation of other surface crystal planes as they are not
frequently present on the edges of the studied nanoparticles. This kind of
comprehensive information about the possible correlations between
facets and observed changes would only be accessible by expanding our
approach with electron tomography and 3D reconstruction algorithms
or by imaging a larger ensemble of hundreds of nanoparticles, which is
currently not feasible in our laboratory.

To statistically evaluate the proportion of surface roughening, we

As synthesized After activation

classified the registered atomic columns by the number of their nearest
neighbors (Fig. S9). By doing this, we aimed to understand the process of
surface roughening on the nanoparticle during OER. In Fig. 5 (the rest of
the nanoparticles in Fig. $§10), the two nanoparticles already depicted
above are represented with circles for positions of their atomic columns,
colored by the number of their nearest neighbors. In the two-
dimensional projection of the nanoparticle with a face-centered cubic
structure, each atomic column can have up to 6 nearest neighbors.
Atomic columns, found in the interior, have 6 nearest neighbors, while
columns on the nanoparticle surface have an array of different numbers
of nearest neighbors. Here, it is important to point out that some of the

After degradation

Coordination number in 2D projection

Fig. 5. Visual presentation of the atomic columns with different numbers of nearest neighbors on two individual nanoparticles. Legend: 6 neighbors — interior
columns, 5 neighbors — surface columns in concave sites, 4- neighbors — part of a well-defined facet, 2 or 3 neighbors — edges of facets.
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nanoparticles, for example, the one in Fig. 3, are twinned in such a way
that only one part of the nanoparticle is imaged at atomic resolution
while the other part is not in the zone axis. In such cases, we excluded
the atomic columns next to the grain boundary from analysis as there is
no way of knowing how many nearest neighbors they truly have. Since
we are exploring the surface roughening phenomenon, observed in
STEM images, we are interested the most in the change of the share of
atomic columns with a specific number of nearest neighbors by different
steps of the electrochemical protocol.

The share of columns with a specified number of nearest neighbors
was calculated for each of the five nanoparticles (Fig. 6). In these graphs,
the nanoparticle depicted in Fig. 3 is labeled as “particle no. 2" and the
nanoparticle in Fig. 4 is labeled as “particle no. 5”. We focused on
tracking the changes to the share of columns with 4 nearest neighbors
for all five imaged nanoparticles to show the loss of a faceted shape, and
on tracking the changes to the share of columns with 2, 3 or 5 nearest
neighbors to similarly show how the surface is getting rougher at the
atomic scale. There were no columns found with only one nearest
neighbor. The analysis of nearest neighbors confirmed that the number
of the sites located on a facet indeed decreases during dynamic degra-
dation, while the number of defects, i.e. edges, steps, and kinks in-
creases. Only one of the nanoparticles did not follow this trend, in Fig. 6
labeled as “particle no. 1”. This is the smallest of all studied nano-
particles and thus exhibited a noticeably larger ratio of surface atomic
columns to interior atomic columns. However, this nanoparticle also
exhibited evident reshaping during both electrochemical protocols
(Fig. S6). Interestingly, these dynamic changes did not result in a
roughening. This can be explained by the fact that the original small
nanoparticle already has a high share of columns with 2, 3 or 5 nearest
neighbors and any further surface atom movements do not increase this
ratio. Thus, we can conclude that small nanoparticles with facets made
out of 3 to 5 atomic columns and a high ratio of surface atomic columns
to interior atomic columns can not be further roughened. Close inspec-
tion of Fig. S6 reveals the dynamic interplay of surface planes which is
probably changing back and forth into the same shapes. Based on this,
we can conclude that noticeable surface roughening of Ir nanoparticles
above approximately 3 nm in diameter takes place during dynamic
degradation. Below this size, the surface does not roughen further but
still exhibits noticeable dynamic changes. As the smaller nanoparticles
of Ir are desired to enhance its utilization in PEM-WE, their stability is
critical. It was recently shown by DFT, that the adhesion of nanoparticles
to the surface of TiON is stronger for smaller particles, which suggests
their improved stability [21]. Interestingly, when comparing
charge-normalized dissolution of two samples with different Ir particle
size distributions, a lower dissolution tendency of smaller particles was
observed [51].

While the image analysis of Ir nanoparticles before and after elec-
trochemical perturbation identified surface roughening as the predom-
inant degradation mechanism, it is important to consider the possibility
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of multiple processes taking place at the same time. To quantify the loss
of Ir atoms of a single nanoparticle due to dissolution, it would be ideal
to count down the number of atoms in particles of different sizes based
on the HAADF intensity in STEM images. If unsupported particles were
studied, this would be possible with our approach, however, we were
not able to eliminate the signal of the ceramic support on the images yet.
Nevertheless, based on the qualitative analysis of the images, the overall
number of columns, comprising each nanoparticle, did not change
significantly during the experiment, hence we can conclude that no
substantial dissolution took place. Considering the fact that dissolution
can influence the onset of other mechanisms, there is a possibility that
some minor dissolution occurs, followed by redeposition of the dissolved
atoms at different surface sites. However, an alternative explanation for
the observed surface roughening is surface diffusion. To determine
exactly what happened during the experiment, liquid cell transmission
electron microscopy should be performed, although using this technique
would most likely mean a compromised spatial resolution and losing the
ability to observe the changes on a column-to-column basis.

While oxide features, appearing in the CVs after dynamic degrada-
tion protocol indicate that the surface of the investigated nanoparticles
must be at least to some degree oxidized, the IL-HAADF-STEM images
only showed a few localized occurrences of potential amorphous
growth. These observations confirm previous studies, which showed
that supported Ir nanoparticles are stabilized by SMSI through a lower
oxidation tendency compared to the unsupported Ir [10,22]. Interest-
ingly, the effect of different support on the amorphization is clearly seen
on the IL-TEM images in our recent study, where we compared two
materials with Ir supported on TiON/C matrix [51]. Here, presence of
carbon seems to enhance the reshaping of nanoparticles to significantly
higher degree. To eliminate the possibility of overlooking the oxide layer
due to contrast-related limitations, we overlaid the atomic columns in
the particles before and after electrochemical perturbation to detect the
potential changes in the crystal lattice due to oxidation after the
degradation (Fig. S11). The results were, however, not conclusive due to
technical limitations of STEM imaging and the nature of the sample and
the experiment. During the electrochemical degradation, the TEM grid
wrinkles, which causes slight tilts away from the zone axis of the chosen
Ir nanoparticles. Additionally, the Ir particles and local changes of the
TiON support during electrochemical degradation and under the TEM
electron beam are also too small to correct the tilt via tilting the holder
(no Kikuchi lines to determine the necessary tilting direction), which
leads to elongated projections of atomic columns. Together with po-
tential small drifts during STEM imaging, it is not possible to perfectly
overlap the atomic columns of images before and after degradation. All
these effects might hide signs of an oxide layer. Elemental analysis with
EELS or EDXS was also considered, but the idea was discarded as the
results would be inconclusive as well due to the irregularly distributed
oxygen in the TiON support and to avoid any potential beam damage.

Nevertheless, the surface changes seem to be orientation
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independent, in contrast to the literature reports discussed above, which
could be explained by the particle size effects and the inevitable pres-
ence of surface defects in nanoparticles. This conclusion is similar to
observations of intermetallic Pt alloys, used as ORR catalysts [32]. The
study by Saveleva et al. additionally suggested that the stabilization of Ir
via oxygen spill-over mechanism could be balanced by the partial
encapsulation of the Ir nanoparticles with a layer of SbO,, which was
based on the increased Sn/Ir ratio. The IL-STEM images revealed a minor
presence of an amorphous phase on the surface, which could be in favor
of this suggestion, however, currently, it is not possible to confirm
whether it is the formation of Ti or Ir oxide on the surface of nano-
particles. To confirm this hypothesis on SMSI stabilization mechanisms,
one should also thoroughly inspect the changes of the support, which
will be the scope of our future investigations.

4. Conclusion

In conclusion, the presented study aimed to reveal the structural
changes of Ir nanoparticles during OER, by employing a novel approach,
which allows studying nanoscale events during the synthesis and elec-
trochemical biasing with STEM on a single TEM grid. We used the Ir/
TiON model system, which was prepared by anodization of Ti TEM grid,
its transformation into TiON via annealing in ammonia atmosphere and
subsequent deposition of metallic Ir nanoparticles. The electrochemical
investigation was done in an MFE apparatus, which, together with an
innovative dynamic degradation protocol, enabled a sufficiently long
degradation experiment without possible bubble-accumulation-driven
limitations. Structural analysis, done with IL-STEM and in-house
developed algorithms for atomically-resolved image analysis, revealed
a low oxidation tendency of metallic Ir nanoparticles and surface
roughening as the predominant degradation mechanism by tracking the
share of atomic columns with a specified number of nearest neighbors.
Particles, larger than 2 nanometers in diameter, exhibited an increase in
the number of surface defects such as steps and edges, while a smaller
investigated nanoparticle only exhibited some restructuring. The surface
roughening influenced the electrocatalytic properties of initial particles,
namely, it increased the activity after the dynamic degradation protocol.
Our novel approach gave us insight into the atomically-resolved dy-
namic behavior of nanoparticulate OER catalysts, which will deepen the
understanding of the structure-stability relationship and guide the
design of novel catalysts with superior catalytic properties. Neverthe-
less, to avoid possible limitations of STEM that requires a high vacuum,
the structural analysis should be in the future complemented with
complementary in-situ techniques, such as Raman spectroscopy [52,53].
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