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ABSTRACT: Non-rutile polymorphs of binary iridium oxide such as columbite IrO2 (α-IrO2)
are promising candidates for highly active acid-stable oxygen evolution reaction (OER)
catalysts, yet their synthesis has been challenging due to the dominant thermodynamic stability
of rutile IrO2 (R-IrO2). Here, we report the growth of α-IrO2 via epitaxial thin films using
pulsed laser deposition. We observe that, in competition with R-IrO2 (100), the films can be
optimized to be predominantly (100)-oriented α-IrO2. Surprisingly, the activity of α-IrO2
shows a large discrepancy of ∼0.2 V in the overpotential compared to its predicted activity,
which is resolved via theoretical calculations to be a crystal orientation effect. This
demonstrates that the electrocatalytic activity can be significantly varied upon crystal
orientation, a parameter that is difficult to control in conventional polycrystalline systems but
accessible in epitaxial thin films. In total, this study demonstrates epitaxial thin film growth as a powerful technique, which can
overcome large energetic instabilities on the order of ∼300 meV to stabilize metastable material structures inaccessible by bulk
synthesis. This provides unique opportunities to effectively identify the atomic structure of active catalysts by combining
investigations of metastable materials with theoretical predictions.
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■ INTRODUCTION

Electricity-to-hydrogen conversion via water electrolysis is a
promising energy storage mechanism for resolving the
intermittency issues in renewable energy applications.1−6 The
key to enhancing the efficiency of water electrolysis lies in the
catalysis of the oxygen evolution reaction (OER), the rate-
limiting half-reaction of water electrolysis.4,7 In particular, there
is great interest in acid-stable OER catalysts for compatibility
with polymer electrolyte membrane electrolyzers, which
outperform the conventional electrolyzers in base.8 However,
the development of these catalysts remains a challenge due to
the limited choice of materials which demonstrate adequate
OER activity and stability in acidic and strongly oxidizing
environments.4,8,9 Consequently, a common approach has
been to synthesize new structures based on the chemical
composition of conventional acid-stable OER catalysts, namely
iridium and ruthenium oxides.10−13

Recently, it was shown that strontium iridate (SrIrO3) can
become a highly active and acid-stable OER catalyst by
selectively leaching out the A-site cations from its perovskite
structure.10 The resultant IrOx surface structure displays an
order-of-magnitude improvement in the catalytic performance
in comparison with the conventional acid-stable OER catalysts,
establishing this material as one of the best acid-stable OER
catalysts reported thus far.10,13 While the exact structure of this
Sr-leached IrOx active site is yet to be experimentally
determined, density functional theory (DFT) calculations

suggest several candidates, including different polymorphs of
binary iridium oxide (IrO2).

10

This strongly motivates the stabilization of unconventional
forms of IrO2 via polymorph engineering, an approach that has
shown great success in many oxide systems to dramatically
modulate their material properties.14−17 However, the
significant thermodynamic stability of rutile IrO2 (R-IrO2)
poses difficulties in synthesizing other non-rutile, metastable
polymorphs of IrO2.

18,19 In particular, only the pyrite phase has
been observed in pressure studies of IrO2,

18,20,21 which is in
contrast with other binary oxide systems where various
polymorphic transitions occur under accessible pressures.22

An alternate pathway may be provided by epitaxial thin film
growth, in which structures that are unstable or nonexistent in
bulk can nevertheless be synthesized by introducing interfacial
and epitaxial strain energies.18,23−26 Indeed, this was
demonstrated in the tin dioxide (SnO2) material system,
where the metastable columbite phase was epitaxially grown
using yttrium-stabilized zirconia (YSZ) as the substrate.27−30

Although the relative instability of the columbite phase is much
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greater for IrO2 (the difference in the free energy of formation
with the most stable phase is 3−5 kJ mol−1 (0.03−0.05 eV)
and ∼25 kJ mol−1 (∼0.26 eV) for α-SnO2 and α-IrO2,
respectively) and above the estimated stability limit of 10−20
kJ mol−1 in epitaxial growth,18 this suggests an approach which
we present here.
In this study, we report the epitaxial stabilization of

columbite α-IrO2 (100) on YSZ (100) using pulsed laser
deposition (PLD). Careful X-ray diffraction (XRD) analysis
reveals that the film is predominantly α-IrO2 (100), with the
partial formation of R-IrO2 (100). XRD pole figures suggest a
complex epitaxial relationship between the substrate and the
deposited film, which is further investigated with high-
resolution transmission electron microscopy (HR-TEM). The
OER activity of the stabilized α-IrO2 (100) is also measured
and then compared to other relevant phases with ab initio
DFT simulations to understand the origin of observed catalytic
trends.

■ EXPERIMENTAL AND COMPUTATIONAL SECTION
Sample Preparation. IrO2 films (∼40 nm thick) were grown by

PLD using a pulsed excimer laser (KrF, λ = 248 nm) and a R-IrO2
polycrystalline target. Samples were grown on 5 × 5 mm2 YSZ (100)
substrates, with the substrate temperature (Ts) ranging from 200 to
800 °C, oxygen partial pressure PO2

ranging from 50 to 200 mTorr,

laser fluence F ranging from 0.9 to 2.1 J cm−2, and laser repetition rate
fixed at 5 Hz. The lens was fixed at a position which maximally focuses
the laser to the target. The film with the maximized volume of α-IrO2

was obtained with Ts = 500 °C, PO2
= 50 mTorr, and F = 2.1 J cm−2.

Sample Characterization. XRD θ-2θ symmetric scans and
reciprocal space map (RSM) measurements were conducted using a
monochromated Cu Kα1 (λ = 1.5406 Å) source to identify the
polymorphs formed in the films. The PANalytical X’Pert Materials
Research Diffractometer equipped with Cu Kα radiation (λ = 1.5419
Å) was used for XRD pole figure measurements. Atomic force
microscopy (AFM) measurements in the noncontact mode were
performed to extract film surface roughness. For HR-TEM imaging,
the samples were glued to form a sandwich structure (substrate/film/
glue/film/substrate) and then sliced and mechanically ground to
approximately 15 μm in thickness. The cross-sectional specimens
were further ion-milled in a Gatan PIPS II ion milling machine to
form regions with thickness below 100 nm, at which point the
specimens are electron-transparent and can be viewed in TEM. Argon
ion beams with 5 keV energy were induced at an incident angle of 5°,
focusing at the interface between the specimens to further thin down
the milled regions. For final cleaning to remove debris formed during
ion milling, the beam energy was gradually reduced to 0.5 keV. HR-
TEM imaging was carried out in an FEI Titan 80−300 environmental
transmission electron microscope with the image corrector operating
at 300 kV using negative spherical aberration imaging (NCSI)
conditions. Measurements of the lattice spacing and fast Fourier
transforms (FFTs) from the HR-TEM images were calibrated based
on the reference lattice spacing of the YSZ substrate. The resistivity

Figure 1. (a) Crystal structure of α-IrO2 (left) and R-IrO2 (right), with oxygen in red and iridium in purple. (b) XRD θ-2θ symmetric scan of the
IrO2/YSZ (100) film. (c) PLD growth of IrO2/YSZ (100) (markers) overlaid by the thermodynamic calculation of the PLD growth space of IrOx.
The colors of the markers indicate the room-temperature resistivity ρ4pt of the deposited films. The blue arrow indicates the shift of the IrO2 (s)/
IrO3 (g) phase boundary as F is increased.50 At lower fluence, the ablated materials are oxidized as IrO3 (g), and no film deposition occurs at Ts
above 400 °C due to the lowered IrO2 (s)/IrO3 (g) phase boundary. Increasing the fluence shifts this phase boundary to higher-temperature
regions, enabling film deposition up to Ts = 600 °C. Below are the XRD θ-2θ asymmetric scans (red markers) at the (d) (130) and (e) (202)
angular positions of α-IrO2 (100) and the (f) (110) and (g) (101) angular positions of R-IrO2 (100), with the corresponding mixed Gaussian−
Lorentzian fits shown as blue solid curves.
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measurements were conducted in a four-point geometry using Al
wire-bonded contacts.
Electrochemical Measurements. The samples were cut into two

2.5 × 5 mm2 pieces. On one of the pieces, an Ohmic back-contact was
established by applying silver paste (Epoxy Technology Epo-Tek
H20E) on the four edges of the film and the back of the sample. A
copper wire was soldered to the back of the sample, and the entire
sample-wire configuration was covered with chemically resistant
epoxy (Loctite EA 9462 A Resin) except for a portion of the film with
a typical area of 5 mm2 for electrochemical measurements.10,31 A
three-electrode cell was constructed with the sample as the working
electrode, Hg/Hg2SO4 in saturated K2SO4 as the reference electrode,
and platinum coil as the counter electrode. The reference electrode
was precalibrated against the standard hydrogen electrode. Cyclic
voltammetry (CV) measurements, with each CV consisting of three
potential sweeps at a rate of 10 mV s−1, were repeatedly performed
until steady state was reached (Figure S1). For each CV, the
uncompensated resistance of the cell was obtained from electro-
chemical impedance spectroscopy measurements, which were taken at
an open circuit from 100 kHz to 1 Hz with an AC amplitude of 10
mV. The potential values were postcorrected for 100% of the
uncompensated resistance. The electrochemically active surface area
(ECSA) was also monitored after each CV by measuring the double-
layer capacitance, which was conducted by running potential sweeps
at a 150 mV window on a non-faradic region (0.90−1.06 V vs
reversible hydrogen electrode, RHE) with scan rates ranging from 5 to
100 mV s−1 (Figure S1).32 Since the surface roughness Ra of the
measured 60% α-IrO2 (100) and R-IrO2 (100) samples extracted
from AFM measurements is less than 2 nm (see Figure S2), the
geometrically projected surface area multiplied by the roughness
factor was taken as the initial ECSA.10,31 The Tafel plots were
obtained by averaging the forward and backward scans in CV
measurements. All electrochemical measurements were taken in 0.5 M
H2SO4 under oxygen gas purge.
Computational Methods. Ab initio electronic structural

simulations were performed on R-IrO2 and α-IrO2 using plane-wave
DFT at the generalized gradient approximation (GGA) level of theory
utilizing the Perdew−Burke−Ernzerhof (PBE) exchange−correlation
functional33 implemented within the Vienna ab initio simulation
package (VASP).34−36 All calculations included spin polarization and
utilized the projector-augmented wave pseudopotentials37 to
represent the core electrons. A plane-wave cutoff of 500 eV and a
self-consistent field (SCF) energy convergence criterium of 10−5 eV
were used for all bulk and surface simulations. A 4 × 4 × 4 K-point
mesh was used for bulk crystal relaxations, and a 4 × 4 × 1 K-point
mesh was used for surface slab calculations. Ionic relaxations were
performed until the maximum force component on any atom was less
than 0.02 eV Å−1. Surface slabs were cut from the bulk to model the
OER mechanistic pathway and were given a minimum of 15 Å of
vacuum to reduce spurious interactions between periodic images of
the slabs. Dipole corrections were also applied in the z-direction,
perpendicular to the solid surface, to counteract periodic dipoles that
can occur in the slab systems. Slabs were simulated with the bottom
layers fixed to bulk positions, while the top 2−4 atomic layers
(depending on the polymorph) were allowed to relax. The complete
set of DFT-optimized bulk and surface structures are available on
Catalysis-hub.org38 under the “LeeEpitaxial2020”39 locator. See also
Tables S1 and S2 for computed bulk properties and OER energetics.
The OER activity was modeled using the associative mechanistic

pathway, which proceeds through coupled electron−proton transfers
and the *OH, *O, and *OOH intermediate species.40−43 Bader
charge44 and projected density of state (PDOS) analyses were
performed on all bulk and slab structures (see Tables S3 and S4).
Oxygen chemical potential-dependent surface energies were calcu-
lated on oxygen-terminated, nonstoichiometric slabs following the cell
extrapolation procedure and linear fit method of Fiorentini and
Methfessel45 with an oxygen chemical potential referenced to oxygen
gas at standard temperature and pressure (Figure S3).46 Surface
energies were computed from stoichiometric slabs and slabs with

adsorbed oxygen to simulate oxygen-poor and oxygen-rich conditions,
respectively (see Table S5).

■ RESULTS AND DISCUSSION

The choice of YSZ (100) (a = b = c = 5.125 Å) as the substrate
is motivated by its large lattice mismatch with the tetragonal R-
IrO2 (a = b = 4.51 Å, c = 3.16 Å),47 which can help suppress
the stabilization of the rutile phase. Theoretical calculations on
the lattice constants of α-IrO2 (a = 4.33 Å, b = 5.66 Å, c = 5.31
Å) suggest that the orthorhombic α-IrO2 (100) can have a
reasonable lattice match with YSZ (100) (Figure 1a and Table
S1). Given that this epitaxial environment heavily favors the
stabilization of α-IrO2 (100) over R-IrO2, it is interesting to see
whether this can help overcome the large energetic instability
of ∼280 meV/IrO2 in the columbite phase compared to that in
the rutile phase and stabilize α-IrO2 (Table S1).
Upon the optimization of the PLD growth conditions, we

have obtained a film with prominent film peaks in the XRD θ-
2θ symmetric scan under the growth conditions of Ts = 500
°C, PO2

= 50 mTorr, and F = 2.1 J cm−2 (Figure 1b). The film
peak positions of 2θ ≈ 40.7° and 2θ ≈ 88.1° invite several IrO2
candidate structures,18,19,47,48 among which are α-IrO2 (100)
and R-IrO2 (100) (see Table S6 for the full list of the
candidate structures). Ir (111) is also included as a candidate
structure based on the peak positions,49 although this is rather
unlikely as the employed growth conditions are within the IrO2
growth window according to the thermodynamic calculation of
the PLD growth space of IrOx (Figure 1c).50

To distinguish among these candidates, XRD θ-2θ
asymmetric scans were performed at angular positions of the
candidate structures. Diffraction peaks were observed at the
(202) and (130) angular positions of α-IrO2 (100) (Figure
1d,e) and the (110) and (101) angular positions of R-IrO2
(100) (Figure 1f,g). The extracted lattice constants of α-IrO2
(a = 4.47 Å, b = 5.47 Å, c = 5.16 Å) and R-IrO2 (a = 4.47 Å, b
= 4.51 Å, c = 3.15 Å) are in good agreement with the
calculated theoretical values in this work (Table S1) as well as
with the literature values,19,47 especially considering the
epitaxial strain induced by the substrate. Meanwhile, no
diffraction peak was observed at the asymmetric angular
positions corresponding to the other IrO2 candidates and Ir
(111). These results indicate the epitaxial stabilization of α-
IrO2 (100) together with the simultaneous growth of R-IrO2
(100), with no other detectable phases in the film.
This columbite-rutile mixture film showed monotonic

metallic behavior down to 2 K (Figure S4), with the overall
resistivity value higher than the pristine R-IrO2 (100) grown
on rutile TiO2 (100) by PLD (Figure S5). The room-
temperature four-point resistivity of the mixed-phase film was
measured to be 0.12 mΩ cm.
With the two IrO2 polymorphs identified in the film, it is

important to know the volume fraction as well as the relative
orientation and spatial distribution of the two polymorphs to
interpret the macroscopic properties of this mixed-phase film.
To investigate the former, we have used the direct comparison
method51 to extract the volume fraction of the two phases from
the integrated RSM diffraction peak intensity of each phase
(see the Supporting Information and Figure S6). This analysis
reveals that, within the explored growth conditions, the
maximum α-IrO2 (100) volume fraction of ∼60% is reached
at Ts = 500 °C, PO2

= 50 mTorr, and F = 2.1 J cm−2 (Figure
2a). This demonstrates that epitaxial films with α-IrO2 as the
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dominant phase can be synthesized. Interestingly, the α-IrO2
(100) volume fraction correlates directly with the XRD θ-2θ

film peak intensity (Figure 2b) and inversely with the in-plane
film resistivity at room temperature (Figure 1c), indicating that

Figure 2. (a) Columbite phase volume fraction in the films grown under different Ts at PO2
= 50 mTorr and F = 2.12 J cm−2 (square markers in

Figure 1c), obtained from the direct comparison method. (b) XRD θ-2θ symmetric scans of the samples in panel (a), with Ts increasing from
bottom to top. The curves are vertically offset for clarity. The reduced film peak intensity at both extremes of the explored temperature range
reflects the degradation of film crystallinity. (c) XRD pole figure of α-IrO2 (130), showing the outer set of α-IrO2 (130) diffraction peaks and the
inner set of α-IrO2 (202) diffraction peaks. The transverse direction (TD) and the rolling direction (RD) correspond to [010] and [001] directions
of YSZ, respectively. Select in-plane orientations of α-IrO2 crystallites (triangle markers) are visualized in the left panel. (d) XRD pole figure of R-
IrO2 (101), showing the YSZ (200) diffraction peak at the center along with the outer set of R-IrO2 (101) diffraction peaks. The TD and the RD
correspond to [010] and [001] directions of YSZ, respectively. Select in-plane orientations of R-IrO2 crystallites (triangle markers) are visualized in
the left panel.

Figure 3. (a) Cross-sectional HR-TEM image of the film, showing a patch of R-IrO2 surrounded by α-IrO2 on top of YSZ (100). (b) Cross-
sectional HR-TEM image of a different region of the film, showing a mixture of R-IrO2 and α-IrO2 epitaxially growing on top of YSZ (100). (c)
Magnified view of α-IrO2 (100) (top) and R-IrO2 (100) (bottom), with the corresponding FFTs at the upper right corner. (d) Magnified view of
the boundary of α-IrO2 (100) and R-IrO2 (100) (green box in panel (a)), showing the matching out-of-plane lattice constant of the two phases. (e)
Magnified view of the substrate-film interface of R-IrO2 (100) (left) and α-IrO2 (100) (right). (f) Cross-sectional HR-TEM image of the film, with
each crystallite distinguished via FFT filtering.
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the columbite phase volume fraction is maximized when the
film crystallinity is maximized. In other words, the rutile phase
is preferably stabilized in low-crystallinity films, which reflects
the poor lattice match between R-IrO2 (100) and YSZ (100).
The degradation of film crystallinity away from Ts = 500 °C
(Figure 2b) is due to the amorphous deposition limit at lower
temperature and the IrO2 (s)/IrO3 (g) phase boundary at
higher temperature (Figure 1c). As our interest is in the
columbite phase, we focus on the columbite-dominant film
with ∼60% α-IrO2 (100) and ∼40% R-IrO2 (100).
Next, we have investigated the epitaxial relationship of the

two IrO2 polymorphs with the YSZ (100) substrate, which is
not straightforward due to the significant differences in the
lattice constants and the crystal symmetry of the relevant
crystallites. By taking XRD pole figure measurements on the
Bragg angles of each polymorph, it is possible to individually
identify the epitaxial relationships of each polymorph with the
substrate. First, the XRD pole figure at the α-IrO2 (130) Bragg
angle (Figure 2c) shows two sets of peaks, the outer set
corresponding to the α-IrO2 (130) diffraction peaks and the
inner set corresponding to the α-IrO2 (202) diffraction peaks.
The α-IrO2 (202) diffraction peaks are simultaneously
observed due to the similar Bragg angles of α-IrO2 (130)
and α-IrO2 (202) (2θ ≈ 54.29° and 2θ ≈ 54.26°, respectively).
The strong diffraction peaks at ϕ = 90n°, where n is an integer,
i nd i c a t e th e two c r y s t a l o r i en t a t i on s o f (1)
(100)α ‑ I rO 2

∥(100)YSZ, [001]α ‑ I rO 2
∥[001]YSZ and (2)

(100)α‑IrO2
∥(100)YSZ, [010]α‑IrO2

∥[001]YSZ. Additional diffrac-
tion peaks with smaller intensity at ϕ ≈ 90n ± 21° indicate
that a minor portion of the α-IrO2 crystallites are distorted in-
plane by ±21° from the two aforementioned orientations
(Figure 2c). Meanwhile, the pole figure at the R-IrO2 (101)
Bragg angle (Figure 2d) shows R-IrO2 (101) diffraction peaks
at ϕ ≈ 90n ± 36°, suggesting four distinct crystal orientations

in total. The first two are (1) (100)R‑IrO2
∥(100)YSZ, [ ̅ ]02 1

R ‑ I r O 2
∥ [001] Y S Z and (2) (100)R ‑ I r O 2

∥(100)Y S Z ,
[021]R‑IrO2

∥[001]YSZ. The remaining two orientations are
obtained via 90° in-plane rotation from the first two
orientations. Overall, these complex epitaxial relationships
reflect the nontrivial lattice mismatch between the substrate
and the two stabilized polymorphs.
To understand the spatial distribution of the two IrO2

polymorphs, we have taken cross-sectional HR-TEM images
of the film (Figures 3 and S7). These images are readily
correlated with the projected respective crystal structures in
the relevant zone axis directions. The images first confirm the
epitaxial costabilization of α-IrO2 and R-IrO2 (Figure 3a−e),
with α-IrO2 being the dominant phase (Figure 3f). The
matching out-of-plane lattice constant of the two phases is also
observable from the cross-sectional images at the boundary
between α-IrO2 and R-IrO2 (Figure 3d). These images indicate
that the R-IrO2 crystallites show little spatial preference
throughout the film, stabilizing epitaxially on top of YSZ (100)
in some cases (Figure 3b,e,f) and growing locally above α-IrO2
while still maintaining (100) orientation in other cases (Figure
3a,d,f). This reflects the competition between the epitaxial
energy and the thermodynamic stability of the two
polymorphs. In terms of the epitaxial relationship with YSZ
(100), α-IrO2 (100) is heavily favored to stabilize in
comparison with the poorly matched R-IrO2, resulting in the
dominant stabilization of α-IrO2 despite its thermodynamic
instability relative to the rutile form. However, there are
limitations in the lattice matching between α-IrO2(100) and
YSZ (100), as the symmetry of the orthorhombic α-IrO2 (100)
lattice is different from that of the cubic YSZ (100) substrate
(+6.3% mismatch on the b-lattice constant and +0.7%
mismatch on the c-lattice constant). Hence, in local regions
of the film where the epitaxial match of α-IrO2(100) is

Figure 4. (a) CV measurement of 60% α-IrO2 (100) with the normalization of the current density by the ECSA area (cm−2
oxide). (b) CV

measurement of R-IrO2 (100) (blue solid curve) compared to (a) (red dashed curve). (c) Tafel plot of the samples in (a) (red dashed curve) and
(b) (blue solid curve). The Ir redox peak region at the lower current density is truncated for R-IrO2 (100). (d) Theoretical OER activity volcano
plot of the studied columbite and rutile IrO2 surfaces constructed from universal scaling (see Figure S9). α(hkl) and R(hkl) refer to the (hkl)
surface of columbite and rutile IrO2, respectively. (e) Structural visualizations of the columbite and rutile surfaces with highlighted active oxygen
sites. The corresponding surface energies γ of the stoichiometric slabs are also indicated (see Figure S3 for all surface energies).
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unsatisfied, the thermodynamically favored rutile phase is
stabilized instead. This results in the costabilization of rutile
and columbite phases of IrO2.
The small lateral dimensions of the rutile crystallites (Figure

3f) and the stoichiometric equivalence of the two polymorphs
make it challenging to quantitatively probe the macroscopic
surface area fraction of the two phases. However, from multiple
TEM images, we observe that the two phases tend to grow
simultaneously in a vertical fashion throughout the film (see,
for example, Figure S7a−e). In addition, the local rutile
crystallites seem to stabilize across the film with no particular
spatial preference (Figure 3f). Based on these observations, we
approximate the surface of the film to have a similar ratio of the
two polymorphs as in the bulk. Within this approximation, the
electrochemical measurements on the film would imply
roughly 60 and 40% contributions from α-IrO2 (100) and R-
IrO2 (100), respectively. To compare the OER performance of
α-IrO2 (100) with that of R-IrO2 (100), cyclic voltammetry
measurements were conducted on the 60% α-IrO2 (100) film
and a pristine R-IrO2 (100) film grown on the rutile TiO2
(100) substrate by PLD (Figure S5). The cyclic voltammetry
of the two films showed a similar profile (Figure 4a,b), with the
peak around ∼1.7 V vs RHE attributed to the redox of the
oxidized Ir species commonly observed in iridium oxide under
similar conditions.52,53 Interestingly, the 60% α-IrO2 (100)
film showed appreciably lower OER catalytic activity than R-
IrO2 (100). In particular, the R-IrO2 (100) film can reach a
current density of 10 mA cm−2

oxide at 2.15 V vs RHE, while at
the same potential, the 60% α-IrO2 (100) film only outputs a
current density of 3.44 mA cm−2

oxide (Figure 4a,b). These two
films show an essentially identical Tafel slope of ∼250 mV
dec−1 in the linear region of the Tafel plot within the explored
range of current density (Figure 4c), with the 60% α-IrO2
(100) film vertically shifted up by ∼0.09 V vs RHE with
respect to the R-IrO2 (100) film due to poorer OER catalytic
activity. We note that the large Tafel slope here compared to
the typical reported values of 40−140 mV dec−1 for IrO2 under
pH 0 environment54−56 is due to the operation under large
potential bias (Figure S10).
Although the heterogeneous nature of the 60% α-IrO2 (100)

sample makes it difficult to extract the intrinsic OER activity of
α-IrO2 (100), it is evident from the higher activity of the 100%
R-IrO2 (100) sample that α-IrO2 (100) has lower activity than
R-IrO2 (100). To understand these observations in the context
of the high activity predicted for α-IrO2 (101) in the
literature,48 we have performed theoretical calculations of the
OER activity of the (100) and (101) surfaces of α-IrO2 as well
as the (100) and (110) surfaces of R-IrO2. Figure 4d shows the
calculated thermodynamic OER activity of these surfaces and
their relative positions on the OER volcano plot. The volcano
plot relates the predicted theoretical OER limiting potential
Elim (i.e. theoretical overpotential + 1.23 V thermodynamic
onset potential) with the ΔG*O − ΔG*OH adsorption energy
descriptor, which reflects the binding strength of the catalyst
surface to the reaction intermediates.40−43 A direct comparison
of Elim between rutile and columbite shows that α-IrO2 (100)
has an Elim of ∼0.1 eV higher than R-IrO2 (100) (1.85 and 1.75
V vs RHE, respectively; see Figure 4d), which is in agreement
with the lower activity observed for α-IrO2 (100) (Figure 4c).
We have also reproduced previous calculations on α-IrO2
(101),48 which shows that an ∼0.23 V higher-onset potential
is expected for the (100) facet (1.62 and 1.85 V vs RHE,
respectively) (Figure 4d). These results indicate that the

observed low OER activity of the columbite phase is due to the
difference in the (100) and (101) facets of α-IrO2. Meanwhile,
such a difference of ∼0.23 V between the onset potentials of
the two columbite facets is significantly larger than that known
from other reports of facet-dependent variations in the OER
activity in R-IrO2 and R-RuO2 systems (20−50 mV).52,57 This
demonstrates that crystal orientation can play a crucial role in
OER activity, shifting the onset potential of catalysts on the
order of 0.1 V.
Since the active sites of both the (100) and (101) facets of

α-IrO2 are octahedrally coordinated Ir-O units, it is somewhat
surprising that there is such a large activity difference between
the two facets. To understand this mismatch, we have
performed PDOS, Bader charge localization, and oxidation
state analyses based on formal charges of O2−, OH−, and the
local environment (see Table S3 and Figures S11 and S12).
The charge analyses reveal that the Ir-active sites are more
oxidized in the α-IrO2 (101) facet (Table S3 and Figure S12).
This is structurally reflected in the larger decrease of the
surface-active site Ir-O bond length relative to the bulk for the
(101) facet (Figure S13). From the PDOS calculations, we
observe that the energy of the O 2p-band center is higher for
the (101) facet (Figure S11). Based on the scaling relation
between the energy of the O 2p-band center with ΔG*O and
ΔG*OH (Figure S12),58 this implies that the (101) facet has
weaker reaction intermediate adsorption strength. Overall,
these analyses reveal that under OER conditions, the (101) Ir-
active site is more oxidized than its (100) analogue due to
more oxygens singly/doubly bound to the surface Ir-active site.
The higher oxidation of the active sites weakens the adsorption
to the *O reaction intermediate, corresponding to the
rightward shift in the OER volcano plot and resulting in
higher activity (Figure 4d). Ultimately, this analysis reveals that
the identification of the exposed crystal facet is crucial in
determining the OER activity by way of their effect on the local
coordination environments of the exposed surface sites.
Given the good agreement between the theoretical

calculations and the experimental observations, we believe
that α-IrO2 (101) can be a highly active OER catalyst. To
understand the relative stability of this facet, we have
investigated the surface energies of the relevant facets of α-
IrO2 and R-IrO2 discussed. Figure 4e shows the atomistic
models of the simulated surfaces with highlighted singly
coordinated active sites (O1c) and the corresponding surface
energies of stoichiometric slabs. The evolution of the surface
energy from stoichiometric slabs (representing synthesis
conditions) to oxidized slabs (representing OER conditions)
is shown in Figure S3. We first observe R-IrO2 (110) to be
more stable than R-IrO2 (100) under both synthesis and OER
conditions, in agreement with previous studies.59,60 For α-IrO2,
the (101) facet is less stable than the (100) facet for all
chemical potentials less oxidative than the OER conditions,
although this effect is less pronounced when considering
surface energies normalized per surface area instead of surface
units (Figure S3). This result is consistent with the larger
number of Ir-O bonds broken (4 vs. 3 per surface unit) at the
surface for the (101) facet compared to that for the (100) facet
(Figure S14 and Table S5). Considering the additional bulk
instability of the columbite phase (+0.28 eV/IrO2 vs rutile;
Table S1), this indicates that α-IrO2 (101) is the least stable
among the four investigated facets.
In awareness of the strong interest in the electrocatalysis

community toward higher-activity acid-stable OER catalysts,
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here we briefly outline the synthesis strategies of α-IrO2 (101).
As previously mentioned, there is significant thermodynamic
instability of this highly active facet due to the large bulk and
surface formation energies. However, the stabilization of α-
IrO2 (100) in this work demonstrates that epitaxial thin film
growth can overcome large energetic instabilities, on the order
of ∼280 meV/IrO2 in this particular case. Surface energy
calculations also suggest that the (101) facet stability can be
improved by increasing the oxygen chemical potential during
synthesis (Figure S3). These observations suggest that α-IrO2
(101) can possibly be stabilized if well-matched epitaxy is
ensured. The challenge here is to find substrates compatible
with the large in-plane lattice constants of this facet (6.85 and
5.66 Å). A potential solution is to tailor the substrate choice to
achieve higher-order epitaxy. Using buffer layers to mitigate the
epitaxial mismatch between the film and the substrate can also
be a possibility.61 We believe that theoretical investigations to
search for an appropriate buffer layer to realize the epitaxial
stabilization of α-IrO2 (101) could be insightful here. Further
investigations in the synthetic strategy of α-IrO2 (101) are
called for to pursue higher activity in the acid-stable IrO2
system.

■ CONCLUSIONS

In summary, we have successfully synthesized α-IrO2 (100) via
costabilization with R-IrO2 (100) in the form of epitaxial thin
films. To the best of our knowledge, this is the first known
stabilization of α-IrO2. The measured lattice parameters of α-
IrO2 are a = 4.47 Å, b = 5.47 Å, and c = 5.16 Å, in good
agreement with the theoretical calculations considering the
epitaxial strain imposed by the YSZ substrate. XRD analysis
and HR-TEM images confirmed that the growth conditions
can be optimized to produce columbite-dominant films, with
up to ∼60% volume fraction of α-IrO2(100). The rutile
crystallites were essentially randomly distributed with no
spatial preference within the film, but with robust (100)
orientation to match the out-of-plane lattice constant with α-
IrO2 (100). Electrochemical measurements revealed that α-
IrO2 (100) has lower OER catalytic activity than R-IrO2 (100),
consistent with theoretical calculations. We also confirmed the
literature calculations, where the (101) facet of α-IrO2 was
identified to be more active than the (100) facet.48 We
rationalize the large difference in the theoretically predicted
OER activity between the two facets of α-IrO2 to be due to
significantly altered local coordination at the surface. Namely,
the (101) active site has more severed bonds at the surface,
which leads to more highly oxidized Ir sites with higher surface
and adsorption energies. The underlying structural and
electronic factors indicate that crystal orientation can
significantly influence OER catalysis by changing the local
coordination environment of the active sites.
The epitaxial stabilization of α-IrO2 (100) despite the large

energetic instability of ∼280 meV/IrO2 relative to the bulk
stable phase is a strong demonstration that the direct
verification of theoretically predicted, metastable structures
for electrocatalysis can be realized via epitaxial thin film
growth. In particular, the well-defined crystal orientation of
these epitaxial thin films provides a unique platform for
atomistic evaluation of the electrocatalytic properties, which
has been limited in conventional polycrystalline systems.
Overall, we believe that this method of direct synthesis and
verification of theoretically predicted catalyst structures can

greatly accelerate the development of high-performance
electrocatalysts.
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