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ABSTRACT: Understanding how physicochemical properties of materials affect the
oxygen evolution reaction (OER) has enormous scientific and technological implications for
the OER electrocatalyst design. We present our investigation on the role of strain on the
surface−oxygen interaction and the OER on well-defined single-termination SrIrO3 films.
Our approach employs a combination of molecular-beam epitaxy, electrochemical
characterizations, ambient-pressure X-ray photoelectron spectroscopy, and density func-
tional theory (DFT). We find that inplane compressive strain weakens the surface oxygen
binding strength on SrIrO3; however, it has a negligible effect on the surface oxygen
electroadsorption and the OER. We explain this observation, which goes against a
commonly held intuition that a change in the surface oxygen binding strength should
influence surface oxygen electroadsorption and OER by recognizing that the trend in surface
oxygen adsorption measured in the gas phase does not account for the presence of water in
the surface oxygen electroadsorption. Inclusions of surface water molecules allow DFT to
qualitatively reproduce the electroadsorption trend, highlighting the importance of surface water in the surface−oxygen
interaction. Our finding suggests that a commonly held assumption between surface oxygen binding strength (in vacuum, no
water) and electroadsorption (requiring water) is not always a simple one-to-one description and calls for a more in-depth
investigation on the structure of water at electrochemical interfaces.

■ INTRODUCTION

Hydrogen generation from water splitting (2H2O→ 2H2 + O2)
can fulfill a growing need for energy-dense fuels for electric
transportation and sustainable feedstock for chemical produc-
tion.1−3 The water-splitting efficiency is, however, limited by
the slow kinetics of the anodic half-cell reaction of the water
splitting, viz., the oxygen evolution reaction (OER, alkaline:
4OH− → 2H2O + 4e− + O2).

4−6 To overcome this limitation,
researchers have examined a number of strategies to develop
more active OER catalysts.7−10 Examples include controlling
the catalyst’s electronic structure to facilitate the OER
intermediate formation by either activating the lattice oxygen11

or creating a surface that is conducive to surface oxygen
adsorption.9,12 In all these strategies, the common hypothesis is
that the surface oxygen species (e.g., OHad, Oad, and OOHad)
are the OER intermediates and that their formation energetics
determine the pathway and the efficacy of the OER.4,9 In this
picture, a parameter describing the binding strength between
the catalyst’s surface and surface oxygen species can describe
the OER activity trend because all the oxygen intermediates
have the same primary metal−oxygen bonding, a principle
known as the “scaling relation”.5

While the surface−oxygen interaction has been recognized to
be critical, two critical questions are still open. The first is
whether the binding strength between the catalyst’s surface and
surface oxygen molecule measured through gas-phase adsorp-
tion is sufficient to describe the OER activity trend. The second
question is to decipher how the catalysts’ structural parameters
affect the surface−oxygen interaction and the OER activity. In
this latter question, although a number of structural variables
such as surface atomic arrangement13,14 and strain15,16 have
been explored, understanding how these parameters affect the
surface−oxygen interaction is complicated by the possibility
that oxides can respond to structural perturbations in multiple
ways. For example, in the oxide perovskite crystal structure
(with general formula ABO3), the BO6 octahedra can also tilt
and rotate in response to the application of strain or chemical
substitutions beyond simple stretching or compressing of the
B−O bond.17−20

This study is driven by our interest in establishing the
fundamental relationship of strain to the surface−oxygen
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interaction and to the OER catalysis. While Stoerzinger et al.15

and Petrie et al.16 have shown the influence of strain on the
OER of perovskites (e.g., LaCoO3 and LaNiO3), the
connection between the strain and the surface−oxygen
interaction is still elusive. Our approaches address this
knowledge gap by (1) measuring the surface oxygen binding
strength via ambient-pressure X-ray photoelectron spectrosco-
py (APXPS) in gas phase and (2) examining the electro-
adsorption of oxygen species via electrochemical character-
ization in the aqueous phase. The surface redox corresponding
to the oxidation process of adsorbed water (e.g., H2O → OHad
+ H+ + e−) can provide information on the strength of the
surface−oxygen interaction. We evaluate how strain impacts
this surface redox to understand the impact of strain on the
surface oxygen binding strength and electroadsorption of
oxygen species and consequently the OER on SrIrO3. The
influences of strain on the surface−oxygen interaction are cross-
examined between the APXPS, the density functional theory
(DFT), and the electrochemical measurement results.
The introduction of the biaxial strain on SrIrO3, our model

catalyst, is achieved by using molecular-beam epitaxy (MBE),21

to grow thin, commensurately strained SrIrO3 films on
substrates selected to impose specific biaxial strain values.
This approach allows us to evaluate the effect of strain without
changing chemical compositions.22 SrIrO3 is one of the most
active OER catalysts in acid and alkaline.14,21 We focus on
alkaline environments for the present study to avoid the loss of
Sr2+ to maintain a fair comparison to DFT.21

■ EXPERIMENTAL AND THEORETICAL METHODS

MBE Synthesis. SrIrO3(001)p films (40 formula-units
thick) (where the subscript p denotes the pseudocubic
orientation) were grown by MBE on single-crystal
DyScO3(110) (DSO) and (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7(001)
(LSAT) at the distilled ozone oxidant pressure of 10−6 Torr
and a substrate temperature of 650 °C as measured by a
thermocouple. The flux of iridium was initially calibrated using
a quartz crystal microbalance. By using X-ray diffraction (XRD,
Rigaku SmartLab) (Figure 1) and in situ reflection high-energy
electron diffraction (RHEED),23 the as-grown films were
confirmed to be epitaxial.
Electrochemical Characterization. Electrical contacts

were made by following the same protocol as reported
previously.21 Titanium wires were attached to SrIrO3 films
using silver paint (Ted Pella, Leitsilber 200), and the backside

and edges of samples were covered with a nonconductive epoxy
(OMEGABOND 101) except for the SrIrO3 films. A three-
electrode glass cell (Pine) with a potentiostat (Bio-Logic) was
used for all electrochemical characterizations. The reference
electrode was an Ag/AgCl electrode (Pine), calibrated to the
H2 redox. A Pt wire was used as a counter electrode. All the
potentials in this study were resistance-corrected potentials.
The electrolyte/cell resistance was obtained from an impedance
measurement by using the high-frequency intercept of the real
resistance. All electrochemical characterizations were tested in
0.1 M potassium hydroxide (KOH) solution prepared by
dissolving KOH pellets (99.99% purity, Sigma-Aldrich) in
deionized water (18.2 MΩ cm). We first conducted cyclic
voltammetry (CV) in Ar-saturated electrolytes with a 200 mV/s
scan rate to investigate surface adsorption. The OER activity
was measured in O2-saturated electrolytes with a 10 mV/s scan
rate to reduce the capacitance current. Capacitance-free CV
curves were obtained by averaging the forward and backward
scans.

Ambient-Pressure X-ray Photoelectron Spectroscopy.
APXPS24 measurements were collected at Beamline 9.3.2 at the
Advanced Light Source of the Lawrence Berkeley National
Laboratory. All samples were initially brought up and held at
200 °C at 100 mTorr pO2 for 30 min to remove organics
adsorbed to the sample surface. This cleaning process was
monitored via the C 1s spectra. The excitation energy was
tuned to 650 eV for both the O 1s spectra and its respective
valence band spectra. O 1s XPS peaks were calibrated to the
lower-energy edge of their respective valence band, which was
assigned to be at 0 eV for samples and pO2. Calibrations have
an error of ±0.1 eV, and a Shirley background correction was
used for all spectra.

Computation. All of the simulations were performed in the
framework of DFT, using the VASP code within the projector-
augmented wave methodology.25−27 The Perdew−Burke−
Ernzerhof28 was used as semilocal exchange−correlation
functional. The adsorption energies were obtained considering
the different adsorbates on the top of a SrIrO3 slab, whereas the
overpotential was calculated according to the model proposed
by Nørskov and co-workers.9

The surfaces have been modeled considering a stoichiometric
slab of SrIrO3 as shown in Figure 2C, considering a 2 × 1
supercell in the x−y plane, leaving 2 equiv adsorption sites on
the top of the surface. A vacuum of approximately 12 Å and a
dipolar correction along the z direction have been introduced
to reduce the interaction between periodic replica of the slab.
The Brillouin zone has been sampled using a 6 × 6 × 1 k-point
grid. For the unstrained system, the lattice parameters parallel
to the surface have been kept fixed to the relaxed bulk values,
and the position of the atoms has been relaxed until all of the
forces were lower than 0.02 eV/Å. The strained surfaces have
been obtained by scaling the lattice parameters of the initial
supercell and keeping the size of the supercell fixed during the
relaxation (see the Supporting Information for details).

■ RESULTS AND DISCUSSION
Figure 1 shows the θ−2θ XRD scans for SrIrO3/DSO (∼0% in-
plane strain) and SrIrO3/LSAT (−1.9% biaxial strain). The
clear thickness fringes indicate a smooth surface for SrIrO3
grown on either substrate, which were also monitored using
RHEED patterns during MBE deposition. The structural
quality of the SrIrO3 films was additionally verified using
other characterization techniques (e.g., synchrotron X-ray, low-

Figure 1. θ−2θ XRD scans of SrIrO3 films grown on DSO (blue) and
LSAT (red) substrates. The labeled (*) sharp peaks indicate
diffraction from the substrates.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b12081
J. Phys. Chem. C XXXX, XXX, XXX−XXX

B

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b12081/suppl_file/jp7b12081_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b12081


energy electron diffraction, angle-resolved photoelectron spec-
troscopy, and transport measurements).23

To probe the surface oxygen binding strength of SrIrO3, we
use APXPS24 to measure the oxygen partial pressure depend-
ence of the O 1s spectra on the SrIrO3 films. Our experiment
uses a 650 eV incident beam energy, at which the inelastic
mean free path of photoelectrons is ∼6 Å, to obtain the surface
information. Figure 2A shows the O 1s spectra of SrIrO3/DSO
and SrIrO3/LSAT at pO2 of 10−6 and 10−1 Torr at room
temperature, respectively. We analyzed both spectra as
doublets: the lower binding energy is assigned to the bulk
(lattice) oxygen and the higher binding energy to the surface
oxygen,29,30 where the lattice oxygen is O2− in the SrIrO3
perovskite and the surface oxygen is the oxygen species in the
top most layer including the adsorbed O.
Our APXPS results reveal two major observations. First, the

surface O peak of SrIrO3/LSAT shifts 0.4 eV lower in binding
energy in comparison to SrIrO3/DSO with respect to the bulk
lattice oxygen peak. We attribute this shift to the surface Ir−O
bond length change in the compressively strained SrIrO3/
LSAT,31 which reduces the exchange interaction, consequently
increasing the local charge on the surface oxygen. Second, we
observe that the surface oxygen component increases with
higher pO2 only for the near-zero-strained SrIrO3/DSO (from
∼48 to ∼52%) but does not change for the compressively

strained SrIrO3/LSAT (from ∼49 to ∼48%). This observation
implies a weakened surface oxygen binding strength on the
strained SrIrO3/LSAT in comparison to SrIrO3/DSO. To
verify the oxygen adsorption trend, we used APXPS to measure
the O 1s spectra of the SrIrO3 films at 250 °C. In comparison
to room-temperature measurements, we find that the relative
intensity of the surface O decreases by ∼24.3% on SrIrO3/
LSAT and ∼18.4% on SrIrO3/DSO at 250 °C, providing
further support for the weakened surface oxygen affinity of
SrIrO3/LSAT (Figure S1).
We apply DFT to examine the effect of strain (see the

Supporting Information for calculation details). DFT calcu-
lations indicate that SrIrO3 initially responds to a compressive
biaxial strain by tilting the IrO6 octahedra. This tilting response
has no effect on the oxygen adsorption until higher compressive
strain (over −1%), where tilting stops (Figure 2B) and further
compression instead results in the elongation of the top-layer
out-of-plane Ir−O bond. This out-of-plane Ir−O bond
elongation leads to the weakening of the surface oxygen
adsorption (Figure 2C). Our DFT calculation shows that the
difference of O adsorption energy between strained (−2%) and
unstrained SrIrO3 is about 0.5 eV. This trend is in qualitative
agreement with APXPS, which shows weakened oxygen
adsorption for SrIrO3/LSAT (−1.9%) in comparison to
SrIrO3/DSO (∼0%).

Figure 2. (A) APXPS for O 1s of the SrIrO3 film on DSO (top) and on LSAT (bottom) under oxygen pressures of 1 μTorr (left) and 100 mTorr
(right) at room temperature. Black circles: experimental data; navy line: lattice O 1s; orange line: surface O 1s; green line: sum of the fits; y-axis:
normalized intensity; x-axis: binding energy. (B) Strain-dependent Oad adsorption energies of SrIrO3 from our DFT calculations. (C) Oad adsorption
models for our DFT calculations. Yellow, red, and green spheres represent Ir, O, and Sr atoms, respectively.

Figure 3. (A) CV of SrIrO3(001) on DSO (blue) and on LSAT (red) in Ar-saturated 0.1 M KOH at 200 mV/s. (B) CV of SrIrO3(001) in O2-
saturated 0.1 M KOH at 10 mV/s. (C) Tafel plot for the OER kinetics of SrIrO3(001) on different substrates.
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With both APXPS and DFT results indicating the weakened
oxygen adsorption on SrIrO3/LSAT over SrIrO3/DSO, we next
examine whether the oxygen electroadsorption follows the
same trend. Our CV of the single-crystal SrIrO3(001) in 0.1 M
KOH shows the influence of strain on electroadsorption of
oxygen species (i.e., pseudocapacitance)32 and the OER of
SrIrO3 in Figure 3. The correlation between pseudocapacitance
and the OER catalysis has been observed mostly on
polycrystalline and amorphous OER catalysts.33−37 However,
the connection between pseudocapacitance and the molecular
mechanism of OER remains to be elucidated for two main
reasons. (1) The electroadsorption of intermediates in
pseudocapacitance of those materials cannot be assigned to a
specific facet. (2) In most cases, they are also irreversible
causing difficulty in distinguishing between thermodynamics
and kinetics of the electroadsorption processes.
Instead, we observe three quasireversible electroadsorption

peaks on both SrIrO3/LSAT and SrIrO3/DSO. The first
adsorption peaks occur around the same potential (0.6 V vs
reversible hydrogen electrode (RHE)) on both films, whereas
the second peak potential is ∼0.08 V lower for SrIrO3/LSAT
than for SrIrO3/DSO (1.0 V vs RHE, Figure 3A). The third
adsorption peak (1.4 V vs RHE, Figure 3B) only shows a minor
difference. Our CVs of the single-crystal SrIrO3 reveal that
strain does not have a significant effect on those electro-
adsorption peaks. Additionally, we find that strain does not
significantly alter the OER kinetics on SrIrO3 (Figure 3C). This
observation is in contrast with LaNiO3, where lattice
compression has been shown to benefit its activity.16

We find that the compressive strain weakens the surface
oxygen binding strength, but it has negligible effects on the
OER and the electroadsorption of oxygen species. We
hypothesize that the difference in the strain influence between
the adsorption and electroadsorption is due to the difference in
the starting surface, pristine surface for adsorption, and water-
covered surface for electroadsorption. Because of the polar
surface, many oxide surfaces are covered with water.38 We build
on this hypothesis and adjust the DFT model to include
adsorbed water as the initial state (Figure 4A). Note that we are
not modeling the effect of the full water solvent on top of the
surface. Instead, we only saturate the transition metal sites with
H2O molecules and show that this simple model already
captures an essential part of the physics and chemistry at play.
The model shows that the presence of surface water neutralizes
the influence of strain on the O adsorption energy, reducing the
effect of strain on the elongation of the top-layer Ir−O bond
(Figure 2C). We further extend this assumption to calculate the
OER intermediate energetics (OHad, Oad, and OOHad). Our
DFT calculation suggests that the theoretical OER activities

(defined as the minimum overpotential required to bring all of
the elementary steps downhill, Figure 4A) of SrIrO3/LSAT and
SrIrO3/DSO are similar. Notably, the minimum overpotentials
are 0.68 and 0.66 V for unstrained and strained SrIrO3,
respectively.
With the electroadsorption and the OER trend reproduced,

we now use DFT calculations to model the oxygen electro-
adsorption features on SrIrO3 from CV experiments. We
consider the possibility of a half-covered surface. This model
reveals a wide potential window of the surface half covered by
the water and the other half covered by the OHad, implying two
steps of OH electroadsorption (Figure 4B). We calculate the
average number of transferred electrons per Ir on the surface by
integrating the area underneath the CVs to be 2.68 and 2.64 for
SrIrO3/DSO and SrIrO3/LSAT, respectively (Figure S2).
Given the approximate value of 2e− per Ir from the
electroadsorption and our DFT calculation, we assign the first
two adsorption peaks to the OHad electroadsorption (H2Oad +
OH− → OHad + H2O + e−, ∼0.6 V vs RHE) and the third to
Oad electroadsorption (OHad + OH− → Oad + H2O + e−, ∼1.4
V vs RHE) on SrIrO3 (see the Supporting Information for
details). Our integrated CVs show a similar adsorption
isotherm on strained and unstrained SrIrO3(001) (Figure
S3). The number of electron transferred per Ir on the surface is
close to 1 in the potential window from 0.3 to 1.25 V, which
supports our assignment that the first two peaks are OH
electroadsorption. Our adsorption energy measurement on
SrIrO3 affords a comparison between the OHad and Oad
adsorption energy on SrIrO3(001) and IrO2(110), respectively,
the latter of which was extracted from our previous work.12 As
shown in Figure 5, the scaling relation, which predicts a linear

Figure 4. (A) Calculated free energies of the OER intermediates on SrIrO3/DSO (blue) and SrIrO3/LSAT (red): 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. Calculations assume 100%
adsorbate coverage using a surface with adsorbed water as the initial state. (B) Surface adsorption phase diagram from our DFT calculation (see
Figures S4 and S5).

Figure 5. Experimentally measured adsorption energies of Oad and
OHad on SrIrO3(001)p and IrO2(110), respectively. The adsorption
energies on IrO2(110) extracted at different pHs are reproduced from
ref 12.
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relationship between OHad and Oad, is satisfied even when both
IrO2(110) and SrIrO3(001) results are included on the same
plot, suggesting that both rutile and perovskite iridates fall in
the same scaling relation line.
The remarkable agreement between the surface electro-

adsorption trend, potential, and activity implies that surface
water plays an important role in the surface−oxygen
interaction.39,40 An attempt to use the surface−oxygen
interaction values from gas-phase measurements and DFT
calculations without considering the presence of water molecule
will cause an error in the electroadsorption and consequently
the OER analysis. We point out that there could be a secondary
effect stemming from the adsorbate’s interaction with near-
surface water molecules41 as well, for example, by the electric
field at the interface and solvent effect, neither of which are
included in our model. Previous computational study has
shown that the adsorption energy of oxygen species varies in
different solvents by considering solvation in the DFT
calculation.42 We note that the actual surface structure of
SrIrO3 under the electrochemical conditions may contain a
range of water structures, including dissociated OHad and Had.

43

The complexity of the interfacial structure is evident in the
activity analysis: while we can accurately capture the surface
energetics and the OER trend between SrIrO3/DSO and
SrIrO3/LSAT, why SrIrO3 is significantly more active than IrO2
is still an open question. Finally, we note that we cannot
eliminate the possibility that the SrIrO3 surface reconstructs
when it is immersed in liquid water. In situ surface X-ray
scattering previously revealed that SrTiO3(001) reconstructs in
aqueous electrolytes.44 Future studies using in situ structural
probes to identify the interfacial water structure in electro-
chemical interfaces are essential to gain more in-depth insights
into the OER reactivity of SrIrO3.

■ CONCLUSIONS

In summary, we demonstrate that the compressive strain can
weaken the surface oxygen binding strength on SrIrO3 but only
after SrIrO3 can no longer respond to the compressive strain
beyond octahedra tilting. However, despite affecting the surface
oxygen binding strength, compressive strain does not influence
the oxygen electroadsorption nor positively affect the OER
activity. We attribute this observation to the presence of the
surface adsorbed water, which neutralizes the impact of strain, a
conclusion we reach by benchmarking the DFT model to the
surface electroadsorption measurements. Our work points to
the need to account for the surface-adsorbed water in the
design of future catalysts, which can be examined on by
combining well-defined surfaces and in situ studies. Under-
standing of the interfacial structure including water on
electrified surfaces will be essential for the fundamental
understanding of how an oxide electrocatalyst functions.
Without detailed, careful experiments to assess the structure
of the oxide−water interface to understand the interplay
between the surface adsorption, coverage, and OER, a
measurement or calculation of the surface oxygen adsorption
without considering water may not correctly reflect the
catalyst’s surface during electrochemistry.
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