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Electrochemical generation of oxygen via the oxygen evolution
reaction (OER) is a key enabling step for many air-breathing electro-
chemical energy storage devices. IrO, (Ir**: 5d°) ranks among the most
active known OER catalysts. However, it is unclear how the environ-
ment of the Ir** oxygen-coordination octahedra affects the OER
electrocatalysis. Herein, we present the OER kinetics on a single-
crystal, epitaxial SrlrOs(100), perovskite oxide synthesized using
molecular-beam epitaxy on a DyScOs5(110) substrate. We find that by
switching the host structure of the Ir** oxygen-coordination octa-
hedra from corner- and edge-sharing rutile (IrO,) to purely corner-
sharing perovskite (SrlrO3), the OER activity increases by more than an
order of magnitude. We explain our finding with the correlated,
semimetal electronic structure of SrirOs; our density functional theory
calculations reveal that the adsorption energetics on SrlrOs depends
sensitively on the electron—electron interaction, whereas for IrO,, it
depends rather weakly. This finding suggests the importance of
correlations on the OER and the design of future transition metal oxide
electrocatalysts.

The kinetics of the oxygen evolution reaction (OER, in alkaline:
40H™ — O, + 2H,0 + 4e7) is central to the efficiency of many
air-breathing electrochemical energy storage systems, including
solar- and electricity-driven electrolysis®® and rechargeable
metal-air batteries.*® In an effort to find superior materials as
OER catalysts to decrease the activation overpotential, Trasatti
has surveyed the OER kinetics over a large number of transition
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metal oxides” and identified IrO, and RuO, as the most active
binary OER electrocatalysts. Decades later, using ab initio
calculations, Nerskov and Rossmeisl have suggested that the
high OER activities of these precious-metal oxides are due to the
stable formations of the intermediates during the OER.*™*°
Using the scaling relation, they also established the surface
oxygen binding as a descriptor to the OER activity. Inspired by
this finding, intensive efforts have been spent on identifying
strategies for controlling the surface oxygen interactions by
using, for example, transition metal substitutions,”™® struc-
tural engineering,'"® and support interactions.’**®* Although
these efforts have led to successful developments of new OER
electrocatalysts, the studies have largely focused on poly-
disperse-oxide materials. The reliance on the polydisperse
materials complicates the process of connecting the surface
structure with the electrochemical mechanism as there can be
different terminations, structural defects, or even multiple
phases present within the same catalytic material.***°

In the past few decades, advances in deposition technologies
and substrate availabilities have enabled the growth of single-
crystal transition metal oxide films with high structural
perfection. These advances have driven recent work in eluci-
dating the electrochemistry on single-crystal transition metal
oxides and allowed for a very precise determination of the
electrokinetics.” Still, very few well-defined, single-crystal 5d
transition metal oxides surfaces, notably IrO,, have been
studied as OER catalysts.>®*' Herein, we report the OER kinetics
on a well-defined, single-crystal 5d perovskite-oxide SrIrO;
catalyst that was synthesized using molecular-beam epitaxy
(MBE). We find that the OER activity of the SrIrO; is more than
an order of magnitude higher than IrO,, despite both SrIrO;
and IrO, sharing the same active Ir**'0O¢ octahedral unit. Our
density function theory (DFT) calculations assuming a previ-
ously reported OER pathway®™'° suggest the OOH* formation as
the most energy-intensive intermediate on SrIrO; during the
OER. We further find that the calculated energetics depends on
the Hubbard U, which reflects the correlated nature of SrIrO;.
Although this correlation renders the process of assigning the
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energetics less straightforward, as we will discuss later, we see
this phenomenon as an opportunity for the design of future
transition metal oxide electrocatalysts.

SrIrO; has received widespread attention as a material with
a delicate balance between the spin-orbit interaction, the
Coulomb interaction and the 5d electron delocalization.”*** The
perovskite phase of SrIrO; is metastable by nature; realizing the
perovskite phase of SrIrO; as opposed to the hexagonal 6H-
BaTiO; phase requires a high-temperature, high-pressure
synthesis condition.>*** We have recently reported the growth of
single-crystal SrIrO; thin films with high structural perfection
using MBE with low-pressure ozone as an oxidant.>**” Through
angle-resolved photoemission spectroscopy (ARPES), we have
shown that SrIrO; is a narrow-band semimetal as a result of the
spin-orbit interaction that breaks the degeneracy of the t,,
orbitals into the J. = 1/2 and 3/2 states.”” This bandwidth
narrowing, induced by the spin-orbit interaction, the electron-
electron interaction and the octahedra rotation, turns SrirO;
into a correlated semimetal.*® From the electrocatalysis
perspective, SrIrO; is an interesting 5d transition metal oxide
compound to examine, especially in comparison to IrO,.
Notably, although both share a similar electronic configuration
(1r**: 5d°), the semimetal SrIrO; perovskite exhibits moderate
electronic correlations, in comparison to the rutile IrO, which
is a weakly correlated metallic oxide.”®*° Many theoretical
investigations had discussed the possibility of using crystal
structure*** and electron-electron interaction to tune the
activity.**** Examining the OER activity of SrIrO; in comparison
to IrO, can provide insights into whether the structural differ-
ence (perovskite vs. rutile) and the resulting electron-electron
interaction change can affect the OER activity, the result of
which can open up the study of a new structure-activity rela-
tionship beyond a local crystal-field octahedral manifold
commonly used.**

We grew SrIrO;(100),, (subscript p denoting the pseudocubic
orientation) films on single-crystal DyScO;3(110) substrates
using the procedure reported previously.?” Fig. 1 shows a 6-26 X-
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Fig. 1 Exemplary X-ray diffraction (§—26 scan) of the SrirOs film (40
formula-units thick) grown on DyScOs(110). The pseudocubic reflec-
tions of SrlrOz (denoted as LOO) confirm that the film is single phase
with a SrlrO3(100), surface plane.
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ray diffraction scan of a SrIrO3(100), film (40 formula-units
thick). All the peaks can be assigned to the SrIrO; film and the
DyScO; substrate. Reflection high-energy electron diffraction
(RHEED), measured during the SrIrO; growth, shows a sharp,
streaky pattern, consistent with a growth of a smooth
SrIrO;(100), single-crystal film (see ESIf). This in combination
with the extensive structural (synchrotron X-ray diffraction,
transmission electron microscopy, low-energy electron diffrac-
tion) and electronic characterizations (measurement of Fermi
surface by ARPES) shown in ref. 27 demonstrates the high
quality of the SrIrO; single-crystal film.

In Fig. 2, we show the cyclic voltammogram of SrIrO; in 0.1 M
KOH. The presence of a reversible peak near 0.6 V vs. reversible
hydrogen electrode (RHE) is notable; this peak does not appear
in the rutile IrO, in either poly-crystalline, (100)-, (110)-
oriented,* or in amorphous films.*® Nonetheless, a similar peak
appears in a hydrated, amorphous iridium oxide, albeit occur-
ring at a slightly different potential, where it is conventionally
assigned as the I'"/Ir'Y redox.’”*® Integrating the charge
underneath the CV curve of SrIrO; (from Fig. 2) reveals that the
electrochemical current is consistent with a surface redox
process (215 pC cm > or ~2.1e” per surface Ir on the
SrIrO5(100),, surface). In comparison, the resulting integrated
charge density of the hydrated iridate film, where the electro-
chemical process can occur inside the bulk material, is signifi-
cantly larger (more than tens of mC cm™2).>**° Considering that
the integrated charge of SrIrO; (2.1e per surface Ir) is already an
overestimation as the CV in Fig. 2 likely contains more than one
redox peak and also the double-layer capacitance - we believe
that only the top layer of SrIrO; participates in the electro-
chemical process and is different from the bulk-active electro-
catalytic oxides.** Post-electrochemistry X-ray diffraction of the
oxide sample and inductively coupled plasma-mass spectrom-
etry (ICP-MS) of the electrolyte support the assignment that only
the surface layer participates in electrochemistry (see ESIT).

To further reveal the origin of the redox peak, we compare
the cyclic voltammetry (CV) of SrIrO; in LiOH, NaOH and KOH
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Fig. 2 Cyclic voltammograms of SrirOs(100),/DyScOs(110) film (40
formula-units thick) in Ar-saturated 0.1 M KOH at 50 mV s~ and 200
mV s~ scan rates.
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(see ESIt). We observed no noticeable difference in all three
electrolytes. This observation suggests that the cation does not
participate in the redox peak at 0.6 V vs. RHE either directly or
indirectly.*»** Therefore we assign this redox peak and the
nearby feature to the anion-related reaction, specifically the
hydroxide (OH™ — OH* + e7) and the oxide electro-adsorption
(OH* + OH™ — O* + H,0 + e ) on coordinatively undersatu-
rated Ir sites. This assignment is in agreement with the
observed charge density and the DFT calculation, which
suggests that the electro-adsorptions of OH* and O* occur
below 1.23 V vs. RHE, as is discussed in more detail below.

We further compare the CV of SrIrO; in a series of alkaline
pPH (see ESIt). We observe that the redox peak maintains the
reversibility but shifts to higher electrochemical potentials
(with respect to RHE) with acidic pH. Koper et al. have sug-
gested that the origin of the pH dependence of the surface
adsorption peak (with respect to RHE) can be from the mixed
proton-electron/electron transfer nature of the surface elec-
tro-adsorption.*** This scenario could happen for SrIrO;, and
hence an anomalous pH dependence. Alternatively, the shift
of the redox peak could stem from the dependence of the
nearest-neighbor interactions as a result of the pH shift or the
surface reconstruction. In comparison to known surfaces with
pH-dependent voltammetry, the observed shift in the redox
peak with pH moves in the same direction as the hydrated
iridium oxide but, interestingly, in the opposite direction as
the hydrogen electro-adsorptions on Pt, which systematically
shift to higher electrochemical potentials with increasing
pH.***® We emphasize that the exact origin of the pH
dependence is still speculative; further in situ surface spec-
troscopy is essential to unravel the interaction at the SrIrO;-
electrolyte interface.

The OER kinetics for SrIrO; in 0.1 M KOH is shown in
Fig. 3a. Assuming that the roughness factor (cmg,’/cmge,”) is
~1,>**” the OER kinetics for SrIrO;(100), is at least an order
of magnitude higher than our IrO,(110) reference catalyst
(Fig. 3b). Our IrO,(110) reference catalyst was grown on
a single-crystal TiO,(110) substrate by MBE and has
comparable OER activity to prior work®® (see ESIt for the
structural characterization of the IrO, film). We observe that
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the OER on SrIrO; exhibits a lower Tafel slope (~40 mV/
decade, extracted from the low current density regime, <0.5
mA cm ™2, to minimize artifacts from the electrolyte-resis-
tance correction) than rutile IrO, (~60 mV per decade).>**®
In the Butler-Volmer kinetics expression, this Tafel slope
translates to an anodic transfer coefficient («) of 1.5, which
indicates a potential-dependent surface coverage* or the
possibility of a multi-electron pre-equilibrium.*® To under-
stand the OER electrocatalysis on SrIrOz;, we apply DFT
calculations to examine the surface energetics of SrirO;. We
follow the methodology developed by Ngrskov and co-
workers using a computational hydrogen electrode to esti-
mate the intermediate energy of each of the proton-coupled
electron transfer steps as a function of electrochemical
potential.®* We use the three intermediates (O*, OH* and
OOH¥*) commonly assumed. Fig. 4a shows the calculated O%,
OH* and OOH* energetics on SrIrO; and IrO, slabs (see ESIT
for the calculation details). Our DFT calculations suggest
that both OH* and O* formations on SrIrO; are favorable
below 1.23 V vs. RHE, which provide support for the redox
peak assignments discussed earlier. Our calculation reveals
that SrIrO; requires the highest overpotential at the OOH*
formation (O* + H,O0 — OOH*+ H' +e7).

While our DFT calculations support the OOH* formation
as the potential-limiting step for the OER on SrIrO;, we
caution that we do not have evidence to support that the used
OER mechanism is appropriate. In addition, there is a ques-
tion of whether the DFT calculation accurately captures the
surface energetics at the SrIrOs;-electrolyte interface. In an
effort to demonstrate this complexity, we compare the O%,
OH*, OOH* intermediate energies on SrIrO; and IrO,
surfaces. As shown in Fig. 4, we point out the first challenge in
this model; our DFT calculation suggests that IrO, requires
less overpotential to form OOH* than SrIrO;. Since the OOH*
formation is the potential-limiting step for both SrIrO; and
IrO, surfaces, the DFT calculations suggest that IrO, should
possess superior OER kinetics than SrIrO;. The prediction,
however, that IrO, possesses superior OER kinetics than
SrIrO; due to the OOH* formation energy is opposite from our
experimental result.
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Fig. 3 (a) Cyclic voltammogram of SrlrO3(100), in O,-saturated 0.1 M KOH at 10 mV s~! (b) A Tafel plot of the OER kinetics of SrlrO3(100), and
IrO,(110) films. The shaded area represents the standard deviation for three independent measurements.
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Fig.4 Calculated free energies of the OER intermediates for IrO, and SrlrOs: solid line at 1.23 V vs. RHE, dashed line at 0 V vs. RHE, dotted line for
the minimum potential where the thermodynamic overpotentials are downhill. All calculations use GGA-RPBE (see ESIt) with (a) U=0¢eV, (b) U =

leVand(c)U=2eV.

The disagreement in the activity ordering could come from
the difficulty in accurately predicting the surface energetics of
correlated oxides such as SrIrO;. We demonstrate this point by
examining how O*, OH*, OOH* adsorption energetics can
depend on the Hubbard term U (Fig. 4 and ESI}). This correc-
tion is introduced to heal the self-interaction error of the
standard DFT approach.’* While this is known to be a very
effective correction for strongly correlated materials containing
3d transition metals,** its contribution may be more subtle
when more delocalized 5d electrons are involved.”

Our calculation reveals that the adsorption energetics for
SrIrO; depends sensitively on U, whereas for IrO,, it does not.
This specific behavior for SrIrO; can be related to the spin-orbit
coupling effect, which localizes the 5d electrons and reduces the
frontier bandwidth (J.¢ = 1/2) to a value comparable to U. As
a result, SrIrO; becomes semi-metallic and sensitive to the
partial charge change during the adsorption. Hence, the U
correction can substantially affect the adsorption energetics on
SrIrO;. IrO,, on the other hand, is metallic and therefore is
insensitive. This is a rather interesting observation given that
the Ir-O distance only differs by only 1% for these compounds
(2.02 A (ref. 24 and 53) and 1.99 A (ref. 54)). The sensitivity of the
adsorption energetics to the U value for SrIrO; could indicate
the challenge in using one U for every intermediate step (O,
OH*, OOH¥), although, in practice, one cannot use different U
for each step arbitrarily. Nevertheless, it is important to
consider that each intermediate formation could lead to
a different partial charge change on the surface and to
a different U value, the consequence of which may include the
reconstruction of the surface water layer or even the surface
structure. We emphasize that U can influence the adsorption
energy without significantly affecting the band structure (see
ESIT). Our work suggests that the theoretical framework of
electrocatalysis on transition metal oxides needs to be recon-
sidered for correlated systems. At the same time, our work also
points to the possible utilization of the correlated effect and
other many-body phenomena to break away from the scaling
relations that limit the electrocatalytic activities in metallic
systems.® Lastly, we point out that the OER electrocatalysis may

J. Mater. Chem. A

also occur via different OER mechanisms.*>*** Many alterna-
tive OER pathways have been proposed on transition metal
oxides, including the seminal 3d oxo-perovskite work by Bockris
and Otagawa® and the electrochemically deposited nickel
catalysts by Nocera and co-workers.*® We believe that obtaining
correctly both the OER mechanism (via in situ spectroscopy) and
the surface energetics will be essential for our future under-
standing of OER electrocatalysis.

In conclusion, we report the OER electrocatalytic activity on
a SrIrO;3(100), film grown on a DyScO;(110) substrate using
MBE. We find that SrIrO; exhibits more than an order of
magnitude activity higher than IrO, despite having the same
nominal valency (Ir*"). Our DFT calculations reveal that the O%,
OH*, OOH* intermediate energies on SrIrO; depend sensitively
on the Coulomb interaction. The sensitivity on U makes the
process of assigning the intermediate energies on SrIrO; not
straightforward. We therefore cannot rationalize the increased
OER activity using the framework of thermodynamics-potential-
limiting step. Future work in understanding the increased OER
activity, along with the spectroscopic measurement of the OER
mechanism will be essential to understand the OER activity on
SrIrO;. To our knowledge, this is the first reported OER activity
of SrIrO;, demonstrating that the electrocatalytic activity of the
same cation valency (Ir*") in the same octahedra depends on
more than the structure of the oxygen coordination environ-
ment. We propose that this may stem from the role of electronic
correlations in SrIrOs;, which should be thoroughly examined in
order to understand and potentially exploit electronic correla-
tions for future oxide electrocatalysts.
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