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Electrocatalysts during the Oxygen Evolution Reaction
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Kristina Tschulik,* and Tong Li*

Abstract: The effect of surface orientations on the formation of
iridium oxide species during the oxygen evolution reaction
(OER) remains yet unknown. Herein, we use a needle-shaped
iridium atom probe specimen as a nanosized working electrode
to ascertain the role of the surface orientations in the formation
of oxide species during OER. At the beginning of electrolysis,
the top 2-3 nm of (024), (026), (113), and (115) planes are
covered by IrO—OH, which activates all surfaces towards
OER. A thick subsurface oxide layer consisting of sub-
stoichiometric Ir—0 species is formed on the open (024) planes
as OER proceeds. Such metastable Ir—O species are thought to
provide an additional contribution to the OER activity.
Overall, this study sheds light on the importance of the
morphological effects of iridium electrocatalysts for OER. It
also provides an innovative approach that can directly reveal
surface species on electrocatalysts at atomic scale.

Introduction

The development of affordable, sustainable, and environ-
mentally friendly energy conversion and storage technologies
is critical for meeting ever-increasing energy demands. Water
electrolysis, when combined with renewable electricity gen-
eration technologies such as photovoltaic cells, is expected to
emerge as a low-emission method of sustainable energy
storage and hydrogen production.!!l However, the targeted
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efficiency of water electrolysis presents an ongoing challenge,
mainly due to limitations in electrocatalyst performance at
the anode, where the oxygen evolution reaction (OER) takes
place.”! Metallic iridium (0, Ir) and iridium(+IV) oxide
(IrO,) exhibit the best combination of activity and long-term
stability towards OER in acidic media.’! A better under-
standing of the origin of the outstanding performance of Ir
and IrO, is key to improve the design of high-performance
OER catalysts for large scale industrial application, which
potentially necessitate the replacement of Ir with more earth-
abundant and affordable elements.

To date, the dependence of OER activity and stability on
surface orientations of Ir-based catalysts remains poorly
understood. Ozer et al. showed that the Ir (110) single
crystal is more active than the (111) single crystal, suggesting
that the activity difference is possibly due to the fact that the
open and accessible (110) planes enable faster oxidation in
the initial OER stages compared to the closed (111) planes.”!
In contrast, Scohy et al. claimed that the initial arrangement
of crystallographic orientations is not necessarily important to
either activity or stability because the individual surfaces of Ir
electrocatalysts all evolve into similar final inactive surface
states in terms of OER activity.l"! Despite efforts in this
research area, there is currently a lack of consensus regarding
the role of the Ir surface orientation in OER activity and
stability. This knowledge gap has hindered the optimization of
Ir electrocatalysts through the control of nanoparticle shape,
to improve their surface-specific catalytic activity.”! There-
fore, optimizing the Ir electrocatalysts via the shape control
approach requires a better understanding of the interplay
between structure, activity, and stability of various Ir surface
facets under the OER conditions.

The conflicting literature evidence of morphological
effects of Ir possibly originates from the fact that OER
activity cannot be unambiguously correlated to initial surface
structure since catalyst surface states undergo dramatic
changes during OER. Additionally, it is challenging to
simultaneously perform direct and surface-sensitive measure-
ments during electrochemical reactions. A range of powerful
surface techniques, including in situ near-ambient pressure X-
ray photoelectron spectroscopy (XPS),”! X-ray photoemis-
sion and absorption spectroscopies,® and X-ray absorption
near-edge structure,”’ have provided valuable information
regarding the surface species formed during OER. However,
most methods measure the average electronic state of the top
ca. 5nm of a surface with limited or low spatial resolution.
The inability to perform a full three-dimensional (3D)
structural and chemical characterization of surfaces and
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near-surface regions of an electrocatalyst impedes the com-
plete evaluation of the contribution made by individual atoms
in this extended zone to the interplay of catalytic activity,
selectivity, and stability. There is, therefore, an urgent need to
complement these state-of-the-art surface techniques for a 3D
analytical approach that is genuinely capable of surface-
sensitive measurement of composition and elemental distri-
bution.

Atom probe tomography (APT) can provide uniquely
powerful insights into the atomic-scale composition and
structure of materials in 3D, which has been employed to
characterize catalyst nanoparticles and nanocrystals,'” and
for model catalyst studies.!""! The APT specimen takes the
form of a needle-shaped sample whose tip has a diameter in
the range 30-100 nm and can therefore directly be used as
a working electrode in electrochemical studies. Additionally,
a considerable number of planes and facets that are exposed
on the APT tip makes it an ideal model system in which to
study the influence of different facets on the formation of
surface species during OER.'" In other words, one does not
need to perform experiments on single crystals in order to
investigate the role of surface facets in the reactivity.>®
Previously, APT specimens have been used to investigate
surface changes on the Pt-Rh (002), (220), (024), and (111)
planes following exposure to oxidizing gases (NO and
0,)Me3 and thermal oxidation at high temperatures.'*!
These previous investigations focused on the surface changes
that take place during gas—solid reactions. In the present
study, we will utilize the APT specimen to pioneer the
investigation of surface species formed during liquid-solid
reactions. Specifically, we will combine APT with XPS to
probe the surface species that are present on the Ir electrodes
in order to obtain novel insights into surface changes that take
place on the Ir (002), (026), (024), (113), (115), (220), and
(111) planes during OER. Such atomic-scale information will,
in turn, assist in the design of high-performance Ir catalyst
nanoparticles of optimum shape for OER to make most-
efficient use of this scarce element.

Results and Discussion

Here, we develop an approach to examine the electro-
chemical properties, electronic state, and surface chemistry of
the surfaces of the same nanosized electrode, i.e., the atom
probe specimen. APT specimens were prepared by electro-
polishing of “as drawn” Ir wire in a chemical solution of one
part of saturated CaCl, and two parts of deionized water. The
surfaces of the APT specimens were subsequently cleaned of
residual oxides by field evaporation in APT and HCI before
being exposed to electrochemical characterization. The thus
obtained iridium nanotips served as working electrodes for
subsequent electrochemical studies. Although all APT speci-
mens were prepared according to the same protocol, it is
impossible to avoid inter-sample variations in tip radius and
shank angle. As a result, the electrochemically active surface
area of the tips may vary when they are immersed in an
electrolyte. Interpretation and comparison of the electro-
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chemical data under varying experimental conditions is thus
challenging.

We addressed this challenge by measuring the tip surface
area that was in contact with the electrolyte in order to
normalize the electrochemical currents obtained in different
experiments. At least three independent experiments were
performed for each data point. Specifically, we first inspected
the size and morphology of the topmost 500 pm region of the
APT tip using scanning electron microscopy (SEM, Fig-
ure 1a). The electrochemically active surface area of each
specimen, that is, each working electrode in the subsequent
OER experiments, was initially determined. To this end, we
combined electrochemical calibration experiments in 5 mm
K,[Fe(CN)]s and 100 mm KCI electrolyte solutions at a po-
tential of 0.4V versus a silver/silver chloride reference
electrode (Ag/AgCl, 3 M KCI, E=0.21 V vs. standard hydro-
gen electrode) at an immersion depth of 500 um (controlled
by a micrometer-screw) with numerical finite element simu-
lations (Figure 1b-d). The simulations were used to obtain
the immersed surface area of each tip based on its SEM-
derived shape (see Figure S1) by fitting numerically simulated
chronoamperogram data to the recorded calibration current
curves, as shown in Figures 1c,d. Despite the inherent shape
difference of the prepared Ir nanotips, the difference in
electrochemically probed surface area was found to be less
than eight percent for the specimen analyzed in this work (see
Figure S2).

Next, the APT specimens were electrochemically oxidized
in 0.1m DCIO, in D,O for 60, 180, and 300 seconds at 1.55 V
versus a reversible hydrogen electrode (RHE) at pH 1.0,
where OER takes place (Figure 1e).®! Potentials were
measured versus a Ag/AgCl reference electrode and are
reported against RHE for ease of comparison to other work
(Erpe = Eagaga +0.197 4-0.059 pH). Measured oxygen evo-
lution current response was normalized by the surface area of
each tip, determined as described above. The derived current
densities were similar for all specimens (see Figure 2), and
show a typical chronoamperometric curve: a steep initial
decrease is followed by a more gradual decrease (at ca. 60 s),
finally reaching a plateau of approximately 2.5 Am? at about
280 s.

Following these electrochemical measurements, the sur-
face state of the APT specimen was measured by XPS
(Figure 1 f). Although XPS usually requires a flat specimen,
we proved the feasibility of using, instead, a needle-shaped
specimen.['”! The results of this feasibility test are shown in
Figure S3, where a circular region with a diameter of 20 um
from an APT tip was analyzed (Figure S3a,b) after OER for
60 and 300 seconds, respectively. Despite the comparably low
signal-to-noise levels of this experiment, the XPS data in
Figure S3c,d clearly show Ir4f spectra, at 60.9 and 63.9 eV,[""!
demonstrating the feasibility of analyzing needle-shaped APT
specimens by XPS. The peaks at 61.9 and 64.9 eV (Figure S3c)
can be assigned to Ir(+ IV) species,** '8l and those at 62.5 and
65.5eV to Ir(+II1) and/or Ir(+ V) species™™ (the strong
overlap of signals of those two species prohibits further
distinguishing them). For samples catalyzing OER for 60 s
(Figure S3c), more Ir(+ III) species (approx. 2% of the total
Ir signal) are present on the APT specimen surface and about
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Figure 1. The workflow includes a) step 1: SEM measurement of size and morphology of the Ir APT tip, b) step 2: chronoamperometric
measurements of the Ir APT tip in solutions of 5 mm K,[Fe(CN)¢] at an immersion depth of 500 um, followed by step 3: c) revolved numerical
finite element simulation of the concentration and d) simulated and experimental currents, e) step 4: electrochemical OER measurement
performed on the APT tip at the same immersion depth as in step 2, f) step 5: XPS measurement of the top ca. 20 um region of the APT
specimen, and g) step 6: APT experiment of the same tip in the previous steps (the top-down view of the APT reconstruction of an unoxidized
Ir APT tip showing a number of different crystal planes on the apex and the side view revealing the interplanar spacing of (002) planes).
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Figure 2. Chronoamperogram of the APT specimens treated for 60,
180, and 300 s in 0.1 m DCIO, at 1.55 V vs. RHE at pH 1. The surface
areas of the APT specimens were determined via numerical simulation
shown in Figure 1¢,d (details described in the SI).

4% Ir(+1IV) species are detected, while most of the surface
remains metallic in nature (95 % of the total Ir signal). After

300 s of OER experiments (Figure S3d), the Ir(+ III) and/or
Ir(+ V) species decreased to less than 0.5%. This is only an
upper limit of the Ir(+ III/+ V) content as the signal cannot
be clearly seen within the noise of the data after 300 s of OER.
Additionally, the ratio of Ir(+IV) species to metallic I’
increased to approximately 10% of the total Ir signal,
indicating that additional Ir(+IV) species form during 300 s
of anodic tip oxidation. This result is in agreement with
previous reports on anodically polarized Ir films.?” It should
be pointed out that at 300 s, still a high fraction of metallic Ir°
(approx. 90 %) was detected by XPS analysis.

After examining the surface oxidation states by XPS, we
next used APT to determine the effect of crystallographic
planes on the formation of oxide species during OER. APT
data take the form of a 3D point cloud, whereby every point
represents an atom/ion that has been individually detected
and identified.”!! The needle-shaped APT tip offers multiple
crystallographic planes for investigation, as indicated by the
top-down view in Figure 1g. The poles and zone lines can be
identified from either low or high atomic densities since the
trajectories of ions evaporated from crystallographic planes
are affected by localized electric field variations.”? Guided by
stereographic projection diagrams, Miller indices can be
assigned to the crystallographic poles, as seen in the top-down
views of APT reconstructions of an unoxidized Ir tip and
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Figure 3. Top-down views of APT reconstruction after anodic oxidation at 1.55 V for a—c) 60 s, d—f) 180 s, g—i) 300 s, showing the coverage of
oxide (in blue) and hydroxy groups (in green) on the Ir (red) surface, and cross-sectional side views revealing the growth of oxide at j-n) 60's, o—
u) 180 s, and v-z) 300 s along the (002), (026), (024), (113), (115), (220), and (111) planes, respectively. The O iso-concentration surface (dark
blue) in (b), (e) and (h) is 3.3 at. %, 67 at. %, 67 at. % respectively, indicating the location of the oxide clusters.

electrochemically oxidized tips in Figures 1g and 3b,e,h,
respectively. All the Ir APT specimens in the present study
were oriented along the [001] zone axis, revealing the (002),
(113), (024), (113), and (115) poles. Sometimes the (220) and
(111) poles are also observed (Figure 3e) due to slight
specimen displacement. The side view of the (002) plane, in
Figure 1g, exemplifies that all APT data were reconstructed
to yield the interplanar spacing of Ir (002) planes (i.e.,
0.19 nm). The reconstruction procedure was followed accord-
ing to Ref. [23] and the reconstruction parameters for all APT
data were detailed in Table S2. Additionally, the terrace edges
can potentially function as active sites.”" Thus, it is crucially
important to distinguish the regions of terraces from the
terrace edges. To resolve this information, we used a field ion
microscopy image (FIM)®! of Pt (Ir should yield similar
patterns due to the similar atomic radius, crystal structure and
atomic weight). Circular rings were drawn on the FIM image
(Figure S4a) to delineate the terraces of high-indexed planes
(blue for closed planes and green for open planes), while
a yellow-shaded circular plate reveals the terrace edge of
(002) planes. The atom maps (top-down view) in Figures 1g
and 3b,e,h were overlayed with the ring pattern to discrim-
inate between terraces and terrace edges of high-indexed and
(002) planes, Figure S4b—e. Electrochemical oxide growth on
the individual planes along the depth direction is shown in the
side views in Figure 3j-z (cropped from cross-sectional atom
maps shown in Figure S5). All the side-view atom maps are
selected within the circular rings identified in Figure S4c-e,
which means that only the terraces were investigated in this
study.

Different from the symmetric surface reconstructions
occurring on APT tips during gas-solid reactions (at <573 K)
reported in Refs [11e,13], the nucleation sites during electro-
chemical oxidation are highly selective. Asymmetric iridium
oxides gradually grow between oxide nuclei, interconnecting

them, as seen from the top-down views (Figure 3a,d,g).
Specifically, after anodic polarization at 1.55V for 60 s, we
observed a higher coverage of oxides on the (024), (026),
(113), and (115) planes, as indicated by O-rich regions which
are highlighted by the O iso-concentration surfaces (blue)
plotted in Figure 3b. The oxide films on the (002), (026),
(113), and (115) planes are comparably thin, limited to
between two and six atomic layers (Figure 3j,k,m,n), while
a relatively thick oxide layer of ca. 6 nm grew along the (024)
plane (Figure 31). To resolve hydroxy groups by APT in the
electrochemically grown oxides, proton-free deuterated sol-
vent (D,0) and electrolyte (DClIO,) were used during the
electrochemical treatments (step 4, Figure 1¢). This allows us
to avoid the overlap with any residual hydrogen that may be
present in the high vacuum chamber of the atom probe.!
Figures 3c and S5d—f show that the hydroxy groups formed
during OER are distributed uniformly on the tip surface. It is
noteworthy that the terrace edges, the region outside the
circular rings in Figure S4c, are also covered by oxides.
Investigating if OER first takes place on the step edge or the
high-index plane requires a future correlative FIM/APT
study. However, OER seems to occur dominantly on the
terraces of the high-indexed planes (by comparing surface
area of the oxidized regions on planes with those on terrace
edges in Figure S4c).

As the anodic polarization time increases to 180 s, more
surfaces become electrochemically oxidized and these oxides
grow selectively on (026), (024), (220), and (111) planes and
step edges of the (002) plane (see Figure 3d,e). The oxide
layer thickness on the (113), (115), (111), and (220) surfaces is
only 2-3 nm, while it increases to 5-8 nm for the (002) and
(024) surfaces (Figure 3 0—u). This is consistent with previous
observations of Ir APT tips after very short thermal oxidation
treatments, where the (024) and (002) planes were the first to
be oxidized, while the (111) and (220) surfaces were oxidized
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last.”*! After 300 s of OER, the entire tip surface is oxidized,
with most pronounced growth on the (026), (024), (113), and
(115) planes (Figures 3g—i and S51-n). We observed that the
oxide layer is more hydrated as more hydroxy groups are
present at and near the surface (Figure 31i). Notably, the oxide
layer on the (113) and (115) planes remains thin, i.e., 2-3 nm
(Figure 3y,z), while the oxide layer on the (024) and (026)
planes grew 6-10 nm into the metallic bulk (Figure 3 w,x).
As shown in Figures 3j—z, the thickness of the formed
oxide strongly depends on the plane it grew on. Next, the
evolution of the respective oxide compositions during the
time of OER measurement was revealed by the one-dimen-
sional composition profiles depicted in Figure 4 and Figure S6
(calculated along the white arrows in Figure S5d-n). At 60 s,
the electrochemical oxide layers are so thin that the
composition profiles (shown in Figures 4a,b, S6a—) reveal
that the surface layers are mainly comprised of metallic Ir’,
which is in agreement with XPS data (Figure S3c). To analyze
the oxide composition at 60s, local mass spectra were
obtained by placing analysis spheres (approx. 2 nm diameter)
within the oxide films (see Figures S5d and S5f); these spectra
show that the surface oxides on the (024) and (113) planes
consist of sub-stoichiometric Ir—O species and hydroxy
groups (Figure S7a,c). The IrO:OH ratio is close to 1:1,
suggesting the formation of [rO—OH species which were also
observed on the (026) and (115) planes, as detailed in Table 1.
The coverage of [rO—OH, estimated by the ratio of IrO:Ir on
the topmost atomic layer, and Gibbsian surface excess of O in
the oxides formed on various planes are listed in Table S3. We
can see that coverage of IrO—OH on the (024) plane was
lower than that on the (113) plane, while the Gibbsian surface
excess of oxygen in the oxide layer of (024) is slightly higher
than (113). This is also confirmed by the presence of a large
amount of atomic oxygen and Ir—O in the subsurface of the
(024) plane shown in Figure S7b, indicating that the open
plane enabled the penetration of electrolyte and electro-
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Figure 4. One-dimensional (1D) concentration profiles along the (024)
and (113) planes in Figure 31,m,q,r,x,y (plotted along the white arrows
marked in Figure S5d,f,g,i,n, respectively.) The error bars of the
concentration are calculated from the square root of the total number
of atoms of element i divided by the total number of all atoms.

chemical oxidation took place below the (024) plane (approx.
6 nm below the surface).

After anodic polarization for >180s, the interface
between the thick oxide layer, formed on the (002), (026),
and (024) planes, and the metal substrate becomes rather
diffuse, as compared to the thin oxide/metal interface across
the more closed (113), (115), and (111) planes (Figure 4 c,
Figure S6d—k). Thus, we can categorize two different layers of
oxides that grow on the open (026) and (024) planes: (i) the

Table 1: 1rO:OH ratios in the thin surface oxide layer grown on the (002), (026), (024), (113), (115) planes after anodic oxidation at 1.55 V vs. RHE for
60's, and an O:Ir ratio in the topmost 1-2 nm surface layer and subsurface of oxides formed on the (002), (026), (024), (113), (115), (220), (111)
planes, and unoxidized or less oxidized regions after anodic oxidation at 1.55 V for 180 and 300 s derived from the 1D concentration profiles (Figure 4

and Figure S6) from the regions marked in Figure S5.

Conditions (002) (026) (024) (113) (115) (220) (111) Unoxidized or less oxidized region
60s Adsorbed OH 1:1 1:1 1:1 1:1 - - Adsorbed OH
(IrO:OH ratio)

180 s 2+0.3 24+0.1 24+0.2 1.9+0.2 2+0.1 2.24+0.2 2.1+0.2 Adsorbed OH
Topmost

1-2 nm surface

Subsurface 0.9+0.2 0.5+0.1 0.54+0.1 - - 1.1+0.2 - -

(O:lr ratio)

300 s 140.1 2.8+0.2 29+0.2 2.3+0.2 2.2+0.2 - - 1.1+0.1
Topmost

1-2 nm surface

Subsurface - 0.5+0.1 1.1+02 - - - - -

(O:lIr ratio)
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topmost 2 nm (surface layer) and (ii) the subsurface layer. At
180 s, the O:Ir ratio (measured from the composition profiles
in Figure 4c,d and Figure S6d-h and summarized in Table 1)
is approximately 2:1 in the topmost 2 nm of the (002), (026),
(024), and (220) planes, as well as within the thin surface oxide
formed on the (113), (115), and (111) planes. This suggests
that the composition of the top 2 nm of surface oxide on these
planes is most likely IrO, combined with loosely bound
hydroxy groups; this is further suggested by the local mass
spectra given in Figure S7d.f.

As anodic polarization time increases to 300 s, the O:Ir
ratio reaches 3 within the topmost 2 nm of the oxide layer on
the (024) and (026) surfaces, and a ratio of 2-2.3 for the thin
oxide layer that forms on the (113) and (115) planes
(Figures 4e,f, S6i-k, as summarized in Table 1). Ir"*'0; is
possibly formed by Ir*"Y oxyhydroxide, as observed at 180 s.
However, IrO; is short-lived and decomposes to oxygen and
an Ir complex with a lower oxidation state.'”*%! Thus, the
surface oxide is thought to contain IrO, + O, which is also in
line with our XPS data that an increased amount of Ir'"" was
observed at 300 s (Figure S3d). In the subsurface region below
the (112) plane, the amount of Ir—O species increases with
OER measurement time (Figure S7e,h), resulting in the O:Ir
ratio increasing to ca. 1:1 at 300 s (Table 1). It is noteworthy
that, at both 60 and 180s, the unoxidized surface is still
covered by a thin layer of hydroxy groups (Figure S5f.i), and
at 300 s, the less oxidized region consists of [rO—OH (Table 1,
Figure S51).

Our previous APT work® revealed that oxide nano-
domains consisting of sub-stoichiometric Ir—O species along
with hydroxy groups are first formed at the grain boundaries
in polycrystalline iridium during OER. In the present study,
we revealed that two distinct iridium oxides are formed on the
open and closed planes of Ir tips. The temporal evolution of
the Ir oxides on the open (e.g. (024)) and the closed (e.g.
(113)) planes during OER is summarized in Figure 5. After
60 s of electrolysis at 1.55 'V, the open and closed planes are
both covered by 2-3 atomic layers of IrO—OH species
(Figure 5a,b). This presence of such Ir'™" species at the surface
is also confirmed by XPS (Figure S3c). These I''™O—OH
species can serve as OER precursors since the hydroxy groups
can contribute to the oxygen evolution by combining with
atoms from water via a peroxide mechanism.?’! Therefore, the
short-time polarization “activates” the surfaces by forming
Ir'"O—OH species; this is consistent with the previous
observation that cycling the potential between 0.05V and
1.6 V is the precondition for the formation of highly active,
but also highly unstable, Ir™" species.”! As the OER proceeds,
the topmost 1-2 nm active oxide layers on the open and
closed planes evolve to less active IrO, (at 180 s, Figure 5c,d),
IrO, + O (at 300 s Figure Se,f) along with hydroxy groups.
The thickness of the oxide layer on the closed (113) plane
remains at approximately 2 nm, while the oxide film grows
continuously across the (024) planes to reach thicknesses of 8-
10 nm. Importantly, we observed the sub-stoichiometric Ir—O
in the (024) subsurface (Figures 31 and 5a) at the beginning of
OER, and the amount of Ir—O species increases with OER
measurement time (Figure 5c,e).
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Figure 5. Schematic representation of the gradual changes observed
during anodic polarization of (a, c, e) open planes, that is, (024) and
(026), and (b, d, f) closed packed planes, that is, (113) and (115) Ir,
under the OER conditions. After electrolysis for 60 s, [rO—OH species
were formed on both open and closed planes. As the polarization
proceeds, IrO, and IrO,+O" (denoted as IrO; in legend) denoted as
along with loosely bound hydroxy groups grew on the topmost 1-2 nm
surface layer of both open and closed planes. On the open planes, the
subsurface gradually transformed into sub-stoichiometric Ir oxides.

The current literature has generally assumed that the
double-layered oxide consists of a surface layer of porous
hydrous oxide (IrO—OH) on top of a few monolayers of
compact anhydrous IrO,.”! However, there is no direct
experimental evidence to support the underlying mechanism
by which this “sandwich structure” is formed. This is the result
of severe experimental difficulties in detecting the chemistry
of oxidized metal surfaces that exhibit surface and subsurface
oxygen species embedded in metallic substrates. In this study,
we use APT to reveal that a double-layered oxide structure is
formed selectively on the open planes. Based on our results
we propose the following formation mechanism for this
double layer: electrolyte and molecular oxygen are thought to
first diffuse underneath the (024) planes through place
exchange, which initiates the gradual formation of metastable
sub-stoichiometric IrO, instead of directly forming IrQ,."
The sub-stoichiometric IrO can enhance the electrocatalytic
activity due to the adsorption of oxygen-containing radicals
on sub-stoichiometric Ir—O being energetically favored.”
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Thus, it is possible for the (024) plane to remain active as
a consequence of the Ir—O species present in the subsurface,
although the topmost surface is covered by IrO, (at 180 s and
300 5).! In contrast, no such subsurface oxide was observed
below the closed planes, suggesting that the buried interface
does not contribute to the surface reaction during OER. Thus,
the oxide that grows on more closed packed planes is less
active than oxide that grows on the open planes.

Previous workP confirms that the open (110) plane is
more active compared to the closed (111) plane as Ir (110)
shows a lower overpotential after the first scan of cyclic
voltammetry, run between 1.2 Vand 1.6 V vs. RHE at a scan
rate of 5 mVs™' (160 s per cycle). A recent study!® reveals that
the as-prepared Ir (210) yields a higher OER current density
than that of Ir (111), and that high OER current density
remains after 2 hours of chronoamperometry at 1.6 V. We
believe that our study provides direct experimental evidence
of surface/subsurface species that enhance the OER activity
observed in the abovementioned studies.™® Our results
reveal that the topmost 1-2 nm surface layers of both open
and closed planes consist of IrO, along with loosely bound
hydroxy groups after 180 s, in line with their XPS data.l! One
can expect that a similar degree of oxidation would occur on
both open and closed planes for longer durations of chro-
noamperometry. However, our results (Figures 3 v-z, 300 s of
chronoamperometry) reveal continued oxidation on the (024)
planes, while nearly no oxidation occurred on the closed
planes (since the thickness of the oxide film is nearly
unchanged). We speculate that the high-indexed open planes
facilitate the incorporation of oxygen into the metal structure
(Figure 31), which enables the formation of active Ir—O
species at the diffuse oxide/metal interface. In comparison to
closed packed planes, the relatively open (024) surface allows
an easier penetration of electrolyte, enabling formation of
substochiometric Ir—O species. Therefore, the open (024)
surface has an extended structure whereby not only the
surface, but also the subsurface volume is occupied by
metastable Ir—O species, which potentially contributes con-
tinuously to the redox reactions during OER.”*%! These
nanosized features at specific locations are indiscernible by
surface techniques like XPS since it provides the average
electronic state of top few nm of a surface with limited lateral
resolution. Furthermore, the previous study proposed that the
initial surface planes might not be critical in determining their
OER performance since individual Ir planes turn into similar
inactive surface states after a long duration of chronoamper-
ometry at a higher potential (1.7 V vs. RHE).®! This would
require a follow-up APT study to reveal the formation of
surface species at similar conditions. The APT analysis of Ir
tips after a longer duration (900 s) of chronoamperometry at
1.55 V was attempted. However, the Ir tips were covered by
a thick layer of oxides and water molecules that caused abrupt
fractures of specimens before bulk metallic Ir was revealed.
Therefore, no correlation between surface species and nano-
facets was obtained.
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Conclusion

In summary, we studied the influence of different
crystallographic planes on the formation of oxide species
during OER conditions utilizing the highly catalytically active
Ir system. We reveal the presence of metastable sub-
stoichiometric Ir—O species in the subsurface of high-indexed
open planes, such as the (024) plane. The presence of these
species is thought to provide an enhanced OER activity. In
contrast, the topmost layer of closed planes (e.g., (113))
evolves into stable oxide species, like IrO,, potentially
resulting in a lower catalytic activity. Overall, our new
observations shed light on the interplay between morphology
and activity of Ir during OER electrocatalysis. We propose
that tetrahexahedron-shaped Ir nanoparticles that are en-
closed by open planes can yield a potentially optimal activity.
Importantly, we present a novel methodology for directly
interrogating the surface electronic state and composition of
different oxides that are present on the same electrode. The
benefit of our approach is that a single APT tip offers multiple
crystallographic planes for 3D characterization of elemental
distribution and compositions in the surface and near-surface
regions, at the atomic scale. Our innovative approach, here
exemplified by investigating Ir, will be extended in future
work to investigate other metal/alloy, oxide, or complex
layered structures for OER and other important reactions.
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