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ABSTRACT: The development of efficient acidic water electrolyzers relies on understanding ¢ coating Atomic-scale view into

surface restructuring

dynamic changes of the Ir-based catalytic surfaces during the oxygen evolution reaction
(OER). Such changes include degradation, oxidation, and amorphization processes, each of
which somehow affects the material’s catalytic performance and durability. Some mechanisms
involve the release of oxygen atoms from the oxide’s lattice, the extent of which is determined
by the structure of the catalyst. While the stability of hydrous Ir oxides suffers from the active
participation of lattice oxygen atoms in the OER, rutile IrO, is more stable and the lattice
oxygen involvement is still under debate due to the insufficient sensitivity of commonly used
online electrochemical mass spectrometry. Here, we revisit the case of rutile IrO, at the atomic + O, evolution from lattice
&S : g * Ir dissolution
scale by a combination of isotope labeling and atom probe tomography and reveal the APT | hefect oxidation
exchange of oxygen atoms between the oxide lattice and water. Our approach enables direct SPECIMEN . Amorphization
visualization of the electrochemically active volume of the catalysts and allows for the
estimation of an oxygen exchange rate during the OER that is discussed in view of surface restructuring and subsequent degradation.
Our work presents an unprecedented opportunity to quantitatively assess the exchange of surface species during an electrochemical
reaction, relevant for the optimization of the long-term stability of catalytic systems.

Ir oxide

¢

« Oxygen/ligand exchange

he world’s transition toward a more sustainable future oxygen anion in the oxide lattice in the OER can add to the

relies on innovative solutions for energy conversion and destabilization of the metal cation that remains behind,
storage. Potential technologies include proton exchange resulting in further dissolution."’
membrane water electrolyzers that can produce carbon-neutral All processes, the dissolution of metal cations, the evolution
H, from water using energy generated by renewable sources."” of lattice oxygen, or the possible redeposition of dissolved IrO,,
However, their technological upscaling is widely hindered by species on the surface during the OER renders the top surface
the low efficiency and high costs mainly arising from the low amorphous to a certain extent in many catalyst materials,'>~"”
reactivity and instability of catalyst materials. Optimization of resulting in a hydrous, often porous layer with an increased
the catalyst’s performance is especially critical for the anodic electrochemically active surface area.’® It is known that the
oxygen evolution reaction (OER).** Very few materials can activity and stability of a catalyst strongly depend on its crystal
withstand the harsh electrochemical conditions in water structure,#*°~>* which also influences the extent of the growth
electrolyzers, and state-of-the-art devices rely on Ir-based of the hydrous surface layer that exhibits reduced structural

OER catalysts. Ir is scarce, however, and maximizing the
durability of Ir-based catalysts requires a fundamental under-
standing of the mechanisms leading to performance deterio-
ration and structural degradation. A close relationship between
the metal cation dissolution and OER activity has long been
recognized for several metal oxide catalysts.’”'' More
specifically for Ir oxide, it was shown that at high anodic
potentials, the dissolution of Ir and the evolution of oxygen
may be linked either through common reaction intermedi-
ates'>"® or via the formation of oxygen molecules from lattice
atoms.'%'* The relative stability of the intermediate products ——
thereby determines the global electrode performance. More Received:  April 24, 2020 e Lcliels
recently, it was shown that the formation of a high-valence Accepted:  June 4, 2020

IrO; intermediate contributes to the degradation of thermally Published: June 4, 2020 %
prepared IrO, catalysts with moderate reactivity, while more
reactive Ir-based catalysts dissolve via Ir'" intermediates.'”"
With regard to the stability, the direct participation of the

order. The structural arrangement of the surface determines
the ease of extracting an oxygen anion from the metal oxide
lattice, which may subsequently recombine with under-
stoichiometric Ir—O species in the hydrous layer.'” The
removal of oxygen anions from the metal oxide lattice creates
vacancies that may destabilize the structure, enable the further
growth of the hydrous layer, and accelerate the metal
dissolution if the surface is not replenished with another
oxygen anion from adsorbed water or the bulk.”®
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However, even a small degree of exchanged lattice oxygen
can potentially affect the structure of the catalyst’s surface layer
and consequently its long-term performance. This has been a
subject of debate in the literature,”'*'®*°™** and two key
questions must then be answered, i.e., whether lattice oxygen is
involved in the OER and whether state-of-the-art analytical
tools can capture reaction products with abundances close to
their detection limit. The technical limitations could result in
erroneous interpretations of the data, ie., that there is no
exchange between lattice oxygen and water in the OER
mechanism.

Here, we employ a combination of isotope labeling and
atom probe tomography (APT) to re-examine the involvement
of lattice oxygen in the OER of reactively sputtered rutile
Ir'®0, at a near-atomic scale. In addition, we assess the ligand
exchange related to the surface restructuring during reaction.
APT allows for the quantification of exchanged '*O for °O in
the near-surface region, which provides evidence for the OER-
induced exchange between oxygen atoms from the oxide and
water. We present an estimation of the OER-induced lattice
oxygen exchange rate and discuss its relevance in view of the
structural changes that occur on the catalyst’s surface. These
aspects are key to understanding the degradation mechanism
of metal oxide catalysts during the OER. Our approach
presents a new opportunity to investigate phenomena
previously unnoticed because of limitations of more traditional
analysis techniques, as well as to estimate the electrochemically
active volume of the catalyst. The insights can be used for
knowledge-based optimization of more sustainable catalysts.

Details about sample preparation, characterization, and
experimental methods are presented and discussed in the
Supporting Information (section S1 and Figure S1). In brief,
isotope-labeled rutile-Ir'*0, films were synthesized by reactive
magnetron sputtering in an '*O, atmosphere, which results in
the formation of a stoichiometric oxide (see XPS spectra in
Figure S2). The proportion of '*0 in the total oxygen content
in the as-prepared Ir'*0, is 99.6 + 0.1%. The oxide film
features grain sizes in the range of 20—40 nm with a
preferential (110) crystal orientation (see XRD spectra in
Figure S3). The phase-pure samples were exposed to OER
conditions in H,'°O-based electrolyte using a scanning flow
cell connected to an ICP-MS (Figure S1), allowing for the
online assessment of Ir dissolution during the electrochemical
treatment. After the treatment, the samples were investigated
by APT to assess the incorporation of electrolyte-derived 'O
into the oxide lattice during the OER.

In line with our previous findings,'" reactively sputtered
Ir'®0, exhibits a high stability when undergoing an anodic
polarization treatment, as assessed by the small amount of
dissolved Ir. To estimate the oxygen exchange rate, the '*O-
labeled electrode was polarized at 1 mA cm™ for 10 min in
H,'O-based 0.1 M HCIO,. The applied protocol was selected
on the basis of the OLEMS data obtained on hydrous IrO,
(see section S3 of the Supporting Information).'* Figure 1
shows the Ir dissolution profile recorded online using ICP-MS.
The total amount of dissolved Ir during 10 min of galvanostatic
polarization was ~0.7 ng cm 2. The dissolution profile
indicates a decreasing amount of dissolved Ir with time. This
trend can even better be seen in Figure S4, where an anodic
sweep of potential is performed before and after the
galvanostatic polarization. The total amount of dissolved Ir
did not exceed 0.9 ng cm™>. Anodic polarization commonly
promotes the oxidation and dissolution of lattice defects and
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Figure 1. Online observation of Ir dissolution during OER in 0.1 M
HCIO, in H,"0 during galvanostatic polarization at 1 mA cm™ for
600 s, as measured by the SFC-ICP-MS setup.

results in the overall stabilization of the structure, reflected by
the decreasing amount of dissolution products with time, as
well as the smaller amount of dissolved Ir during the second
sweep of potential (Figure S4c).

A protective Cr layer was deposited on the surface of the
sample by electron-beam physical vapor deposition, directly
after the electrochemical treatment, ensuring that the top
surface of the catalyst was protected from isotopic '*0—'0
exchange during transport in air. This protection layer enables
the APT investigation of the topmost, catalytically relevant
atomic layers, as detailed elsewhere.'¥*">* The three-dimen-
sional (3D) APT reconstruction, in Figure 2a, reveals a
significant increase in the level of '®O-containing species
toward the surface (red spheres), while the majority of the bulk
consists of '®O-containing species (blue spheres). This is
further illustrated in the cross-section views in panels b and ¢
of Figure 2, locally reaching 2.5 atom % 160, Minor lateral
variations of '°0 are likely related to structural heterogeneities
across the catalyst’s surface, some of which can become
preferential sites for increased levels of degradation and isotope
exchange during the reaction.’® The oxygen atom maps in
panels a and b of Figure S7 further evidence the localization of
160 in the near-surface region when compared to *O, with the
localized amount of '°O at the surface strongly exceeding the
%0 background observed in the bulk of the sample. The
detection limit for '*0 was determined to be 89 ppm (for more
details, see section S4). Figure 2d presents the percentage of
160 of the sum of all oxygen species ['°O/(**O + *0)]. The
profile in Figure 2d considers all '®O-containing species and
reveals a significant increase in the level of '°O in
approximately the top 2.5 nm of the material (maximum of
4.3%), with an average of 3.5% (£0.7%) of the total oxygen
content in the top 0.5 nm. The origin (0 nm on the x-axis) in
the profile represents the physical surface of the material
identified by the adsorbed carbon species (see Figure S7¢).*> A
full composition profile is presented in Figure S8. The reported
amount of exchanged oxygen should be considered as a
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Figure 2. (a) 3D APT reconstruction of the post-OER specimen. The surface is covered with a protective Cr layer enabling the measurement of the
topmost atomic layers of the catalyst. The red spheres represent all detected *O-containing ionic species (red spheres are magnified compared to
blue spheres for the sake of clarity). (b) Cross-sectional view onto a 5 nm thick slice through the 3D volume. This view qualitatively shows the
enrichment of the near-surface region with electrolyte-derived °O, indicative of prominent oxygen exchange during the OER. The red arrow
depicts the composition profile direction, shown in panel d. The 'O iso-composition map in panel ¢ displays the local accumulation of the
exchanged oxygen quantitatively. (d) Depth profile showing the percentage of 1°O of the total amount of oxygen.

conservative lower bound, given the experimental limitations of
APT, as explained in section S$4.

The experimental assessment of isotope exchange rates near
room temperature is generally challenging because of their
limited magnitude.® It was shown for a variety of metal oxides
that their oxygen isotope fractionation factor decreases linearly
with 1/T? at high temperatures and 1/T at low temper-
atures.*™*” It is assumed that the hydration of the water—solid
interface can accelerate the isotope exchange as compared to
the exchange at solid—gas interfaces.”® Given that the current
experiments were performed at room temperature, we consider
it reasonable to assume that the observed 3.5% of exchanged
oxygen on the surface of the Ir'*0, oxide lattice is a product of
the OER, rather than a product of the equilibrium fractionation
between the water and the catalyst surface. A discussion of the
possible mechanisms that lead to lattice oxygen atom exchange
and its implications for the reaction will greatly benefit from
the comparison of the amount of exchanged oxygen atoms and
evolved O, per dissolved Ir atom.

The total amount of dissolved Ir during 10 min of
polarization, as shown in Figure 1, was approximately 0.7 ng
cm™2. Assuming a covalent radius of Ir of 141 X 107'° cm’
and a density of IrO, of 11.7 g/cm? the total amount of
dissolved Ir corresponds to roughly 0.2—0.3% of a monolayer
(ML). The dissolution rate is approximately 4 X 10° atoms
cm ™2 57}, calculated from the integrated amount of dissolved Ir
over time. For the sake of simplicity, we assume two oxygen
atoms per Ir atom in a ML of the initial Ir'*O, lattice, of which
3.5% was exchanged for '*O during the OER, according to
APT (Figure 2d). This corresponds to roughly 1 X 10" lattice
oxygen atoms per second that are directly involved in the OER
mechanism. In addition, the number of O, molecules evolved
during the electrochemical treatment can be calculated from
the total current, assuming that Ir dissolution and oxygen
evolution are the only processes taking place during the anodic
polarization, the former making a negligible contribution to the
total current (more details about the calculation are provided
in section S7). Under the applied electrochemical conditions,
~2 X 10" O, molecules are evolved per second, comprising
predominantly '°0'°O species formed by the decomposition of
water, but possibly also OO and 0O species that
contain lattice oxygen atoms.

5010

The involvement of lattice oxygen in the OER mechanism
was previously studied mostly through the direct measurement
of molecular O, evolved from lattice atoms. Most studies
combined isotope labeling and differential/online electro-
chemical mass spectrometry (DEMS/OLEMS) to detect these
volatile species. The evolution of oxygen from the lattice was,
for instance, evidenced for a series of different catalyst
materials, including non-noble };erovskites3’26 and Ni or
NiCo?” in alkaline media, or Au,”® and sputtered Ru oxide?’
in acidic media. In contrast, there are also reports that lattice
oxygen does not participate in acidic OER on RuO,” or
alkaline OER on NiFe/NiCoFe.?” Neither acidic nor alkaline
OER on Pt oxide was reported to involve lattice oxygen
atoms.>’ Similar studies of Ir oxides are rare, though it was
shown that lattice oxygen atoms in Ti/IrO, electrodes,
synthesized from the thermal decomposition of Ir'™! salts, are
unstable and contribute to the OER.*> The participation of
lattice oxygen atoms was observed for hydrous IrO,, while IrO,
prepared by reactive sputtering exhibited high stability toward
OER." In a recent study, we correlated the atomic structure of
hydrous IrO, and reactively sputtered rutile-type IrO, with
differences in the reaction mechanism'* and stress the need to
assess a material’s structure and chemistry concomitantly. With
a combination of isotope-labeled samples, OLEMS, and ICP-
MS, we showed that the stability of rutile IrO, strongly exceeds
that of hydrous IrO,, with negligible amounts of dissolved Ir
and evolved lattice oxygen under conditions of intense oxygen
evolution.

While OLEMS assesses volatile O, species evolved during
the reaction, APT showcases incorporated, electrolyte-derived
10 in the surface and subsurface regions of the oxide. APT
hence allows us to indirectly infer the processes that may
contribute to the OER-triggered surface restructuring and
degradation of the catalyst, beyond the lattice oxygen
evolution. Several processes likely occur concomitantly and
lead to an increased level of incorporation of *O in the
structure.

(i) Lattice oxygen atoms contribute to a so-called lattice
participation mechanism,”'""* resulting in the evolution of
volatile O, (ie., 'O™0 or OO species), as previously
observed for hydrous IrO, (Figure 3ab)."*'® Certainly, a
limited number of the 1 X 10" lattice oxygen atoms per

https://dx.doi.org/10.1021/acs.jpclett.0c01258
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Figure 3. Schematic illustration of processes that involve lattice
oxygen atoms occurring on a (001) surface of IrO, during OER. The
initial oxide lattice is isotope-labeled (i.e., Ir'*0,), and the processes
shown are representative for experiments performed in a H,'®0O-based
electrolyte. All described processes (except f) result in the
incorporation of electrolyte-derived '°O in the oxide lattice. (a and
b) Example for oxygen evolution involving one or two lattice oxygen
atoms. The produced molecules are '*0'¥0 and '*0'#0, respectively.
In both cases, oxygen vacancies are produced, which can
consecutively be replenished by, e.g, the adsorption of water, as
indicated in the drawing. (c) Oxidation of surface defects. (d)
Isotopic exchange between oxygen atoms of a water molecule and the
oxide lattice. (e) Formation of an IrO, cluster upon dissolution of an
Ir** cation, illustrated by partially formed/broken bonds between
H,'%0 and Ir*". The formed cluster can subsequently be redeposited
on the surface and/or further exchange ligands with the water. (f) The
dominant process during the experiment is the evolution of O,
(1*0'0), which does not directly involve lattice oxygen atoms.

second, which are being exchanged during the reaction, are
evolved as (part of) O, molecules. Experimentally, the
detection of volatile '*O-containing species is challenging
due to the overall small amount of involved lattice oxygen
atoms. Hence, high-sensitivity analytics are required. The
detection limit for SFC-OLEMS, for example, is reported to be
4 X 107° mol ecm™ s7! for H,.*' Even if the sensitivity for
detection of O, might be different, the exchanged amount of
oxygen from the lattice in this study (1 X 107** mol cm™s™")
is well beyond the detection capabilities of OLEMS. Regardless
of the experimental limitations inhibiting a more accurate
quantification, oxygen atoms that are removed from the oxide
lattice create oxygen vacancies at the surface. The neutraliza-
tion of the created surface charge imbalance requires the
adsorption and incorporation of an oxygen atom from a water
molecule, the diffusion of an oxygen atom from the bulk to the
surface,'®*° or the removal of positive charge (i.e, Ir
dissolution). The removal and (partial) replenishment of
oxygen atoms are likely to increase the extent of structural
disorder on the surface (i.e., amorphization).'”""*" Similarly,
yet without the removal of an oxygen atom from the lattice, the
oxidation of inherent oxide defects can result in the
incorporation of '°O into the structure, once they become
exposed to the electrolyte (Figure 3c).

(ii) 'O atoms from the lattice can simply be exchanged by
0 from the water during the OER (Figure 3d). This
exchange may locally be less destructive to the oxide lattice, yet
it also requires the metal—oxygen bond to be broken, before
another '°O from the water can form a new bond with the
undersaturated Ir cation. Given the relatively violent and
dynamic nature of the OER under the applied conditions, it is
likely that the structural order on the surface will also be
disturbed by this process.
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(iii) At the applied potential, dissolved Ir ions can be
redeposited onto the catalyst’s surface and form hydrated
Ir'%0, clusters (Figure 3e). In addition, dissolved Ir**0O,
clusters from the surface can exchange ligands with water
before redeposition. The incorporated '°O atoms through such
a ligand exchange reaction represent another possible manner
of involvement of a lattice oxygen atom during the OER.

The quantification accuracy of the overall amount of
exchanged oxygen could benefit from, e.g, the use of
monoisotopic Ir in future experiments (see also section S4).
In addition, further development of OLEMS methods is
necessary for the direct assessment of evolved lattice oxygen as
a volatile compound (ie., '0"™0 and 0'™0) and to
understand its contribution to the final amount of exchanged
190 in the lattice.

The APT data in Figure 2d suggest that the top
approximately 2.5 + 0.25 nm of the catalyst was actively
involved in the OER, while the material below essentially
maintained bulk properties throughout the experiment. The
interaction volume reported herein is considerably smaller than
for hydrous IrO,,'* reflecting the superior stability of rutile
IrO,, given its more compact structure. Our approach, using
APT, opens a new opportunity to estimate the electrochemi-
cally active volume of an electrocatalyst. Knowing the active
near-surface volume of the catalyst can, in principle, be used to
develop new design strategies that aim to minimize the amount
of Ir used in the first place. In addition, the long-term stability
(i.e., Ir dissolution) must also be taken into consideration, as
discussed below.

The interaction of lattice oxygen atoms in the OER, in one
way or another, inevitably results in structural changes of the
catalysts” surface. The rearrangement is accompanied by the
dissolution of metal cations from the lattice (see Figure 1) and
their partial redeposition, adding to the increasing level of
disorder that continuously renders the local stability and
reactivity of the catalyst. The current data reveal that one Ir
atom is dissolved per ~33 exchanged lattice oxygen atoms. The
electrochemical stability of atoms incorporated in the less
crystalline hydrous layer that forms on the surface is expected
to be lower than in a highly ordered oxide lattice, due to a
lower level of coordination with neighboring atoms and the
resulting weaker bonds.'® In addition, it was shown that the
local undercoordination due to an Ir vacancy can result in an
electron deficiency on the neighboring oxygen atoms in the
lattice, resulting in formally O'~ species.40’ Concomitantly,
excess electrons on defective oxygen atoms can lead to the
reduction of neighboring IV to Ir'l increasing the
susceptibility of the affected Ir atoms to dissolution.***
Consequently, the metastable Ir'"" can dissolve without any
electron transfer [Ir** (o 40) = Ir**(,q)] or transform into IrO,."
The experimentally observed higher dissolution rate and the
participation rate of lattice oxygen atoms in hydrous IrO,,
compared to those of rutile IrO,, were generally attributed to
the higher porosity, the greater abundance of O' species,
Ir'™OOH groups, and a larger number of defects in the
former.'*"®*! As described above, the defects can result in the
formation of electrophilic O~ anions that were suggested to be
the locus of nucleophilic attack by water, progressing the
ongoing degradation process.*”

Our current data are consistent with the previously reported
exceptional stability of reactively sputtered rutile IrO, in acidic
OER, featuring a stability number (S-number) of 8.5 X 10°.
The S-number is a metric to estimate the activity—stability
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relationship of electrocatalysts independent of the surface area
and catalyst loading and equals to the ratio between the
amount of evolved O, and dissolved iridium.'® The calculated
S-number falls in the range of crystalline IrO, equivalents (~8
X 10% and 1.5 X 107)."® In addition to previous reports on the
material, we can experimentally assess the surface restructuring
of rutile IrO, during the OER through the incorporation of
160 from the electrolyte into its structure.

Advancing the understanding of degradation mechanisms in
the future requires us to systematically address the impact of
crystalline defects (i.e., vacancies, dislocations, and grain
boundaries) on the dissolution and proposed reaction
mechanisms. Just recently, theoretical calculations on IrO,/
RuO, have shown that transition metal dopants and structural
defects have the ability to alter the OER overpotential
favorably and/or render the lattice participation mechanism
competitive with the adsorbate evolution mechanism.**
Furthermore, the understanding of the surface orientation
dependence on the reactivity and degradation mechanism must
be advanced, as stressed by the pioneering works on
Ru0,’”*™* and metallic Ir*** for the OER.

In conclusion, the presented approach combining isotope
labeling and APT enables the quantification of electrolyte-
derived oxygen species incorporated into the oxide lattice
during the OER. This number serves as a proxy for the amount
of exchanged lattice oxygen atoms arising from different
simultaneous degradation mechanisms during the OER. In
particular, the OER triggered an exchange of oxygen atoms in
the first 2.5 nm (+0.25 nm) of the rutile IrO, lattice, which can
be crucial in the case of nanoparticles. The restructuring of the
surface largely determines the stability of intermediates and
resulting pathways of the oxygen evolution and degradation
reactions. Surface oxygen exchange kinetics might potentially
serve as a stability descriptor in the optimization process of
catalysts. More synergistic efforts of theory and experiment are
needed to systematically gain advanced insight into funda-
mental reaction steps that enable an improved knowledge-
based catalyst engineering for a more sustainable energy future.
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