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ABSTRACT: Understanding how strain influences the electronic and geometric
properties of surface active sites and the activity and stability of the iridium oxide-
catalyzed oxygen evolution reaction (OER) has significant scientific and technological
implications for designing next-generation electrocatalysts. In this study, we use
density functional theory (DFT) calculations to systematically investigate the effect of Compressive Without strain Tensile
compressive and tensile biaxial surface strains on the OER activity and stability of the $ $ $
Ir0,(110), IrO,(100), and IrO,(101) surfaces. Our results reveal significant changes
in the adsorption free energies of the OER intermediates due to strain, which in turn il e
influences the OER activity. Furthermore, we evaluate how the electronic structure of @ [~/ O ld

IrO, surface atoms varies with strain, leading to a fundamental theoretical e, ) " Je
understanding of strain effects. Our theoretical analysis further accounts for the
effects of strain in the presence of a nearby surface Ir vacancy and high surface oxygen
coverage, representing realistic surfaces under OER conditions. This work expands the
current understanding of strain-assisted activity and stability enhancements in OER
catalysts, paving the way for the development of strain-engineered electrocatalysts.

"9y Biaxial surface
o strains on IrO,
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1. INTRODUCTION defects, and manipulating morphology and granularity.””

Green hydrogen production from water electrolyzers (2H,0 Applying strain to a catalyst surface alters the bond lengths

— 2H, + O,) offers a promising avenue for reducing global between surface atoms, which can systematically modulate the

reliance on fossil fuels and achieving the growing demand for electronic structure of the active sites. This modification in the
sustainable fuels and chemical production.l’z Proton exchange electronic structure of the active site is used to optimize the
membrane (PEM)-based acidic water electrolyzers have gained adsorption strengths of reactants, intermediates, and products,
significant scientific attention due to various advantages over thus facilitating more favorable bond formations and breakages
alkaline water electrolyzers, such as the ability to achieve by potentially lowering the reaction barriers and improving the
higher current densities, high product purity, low operating selectivity of the desired products.é'7 The lattice strain is
pressure and temperature, and fast system response rates.” IrO, defined as the deviation from the equilibrium spacing between
is the current state-of-the-art catalyst for the anodic oxygen atoms in the crystal lattice and can be either compressive or

evolution reaction (OER), whereas Pt-based catalysts are
widely used for the cathodic hydrogen evolution reaction
(HER). However, widespread utilization of acidic water
electrolyzers is hampered primarily by the high operating
overpotentials induced by the sluggish kinetics of the anodic
OER, reducing the energy efficiency of the overall conversion
process and the high costs of Ir-based electrode materials."” In
order to overcome these constraints, it is imperative to identify
potential pathways to enhance the intrinsic OER activity and Received:  March 23, 2025
stability, thus effectively utilizing precious IrO, as the anode Revised:  July 3, 2025
catalytic material. Accepted: July 15, 2025
Strain engineering is a commonly used strategy to tune the Published: August 15, 2025
electronic structure of surface atoms among many other
methods, such as alloying, heteroatom doping, introducing

tensile. Strain (&) is calculated as the difference in the atom—
atom bond distance due to the strained and unstrained system,
normalized to the unstrained atom—atom bond distance, i.e., &
= (d—d;)/d,, where d is the atom—atom bond distance under
strain, and d; is the atom—atom bond distance of the
unstrained system.””
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Typically, strains are introduced by creating a lattice
mismatch at the interface between two materials and altering
the bond lengths between atoms via size and shape variations,
introducing defects, alloying, etc. >’ Experimentally, materials
with core and shell structures are widely used for the
applications of strain due to the differences in lattice
parameters of the core and shell that result in a change in
the lattice shape at the interface.'’™"> The material with the
smaller lattice constant generally experiences tensile strain,
while the material with the larger lattice constant is under
compression in these core—shell structures.”> The epitaxial
growth technique is a widely used method to fabricate
materials with core—shell structures with oriented growth
between two crystalline materials.'* The interface of epitaxially
grown materials is under either maximum compressive or
tensile strain, depending on the lattice parameter mismatch,
and diminishes with increasing distance from the interface."’

Strain engineering has been widely explored to optimize the
performance of the OER on IrO, surfaces. Meng et al.'®
manipulated the lattice strain of IrO,, on IrCo nanodendrites
by varying the number of IrO, atomic layers deposited on
IrCo. In their work, approximately two atomic layers of IrO,
resulted in a 2.51% compressive strain, and the subsequent
increase in atomic layers up to nine completely diminished the
compressive strain on IrO,. Three-layered IrO, with 1.51%
compressive strain showed optimum OER performance with
an overpotential of 247 mV at a current density of 10 mA
cm ™2 Theoretical modeling of the IrO, layers on IrCo was
performed by changing the lattice constants of the unstrained
IrO,(110) surface to apply compressive strains parallel to the
surface. Sun et al.'” varied the annealing temperature during
catalyst synthesis to modulate the strain on IrO, electro-
catalysts, where decreasing the annealing temperature led to an
increase in the a and b axes and resulted in a contraction along
the c-axis of IrO,, thereby decreasing the c/a ratio. Samples
with lower c¢/a ratios were observed to have higher deviations
from the standard IrO,, increasing the lattice strain in the
system, which resulted in higher OER activity. Hao et al.'®
incorporated torsion strain into IrO,; by fast pyrolysis
synthesis and doping of Tm and Ta, resulting in abundant
trigeminal grain boundaries in the material. The resultant
Tay,; Tmy Iry 3O, 5 catalyst exhibited superior activity for the
OER, with a low overpotential of 198 mV at 10 mA cm™>
Torsion strain along the grain boundaries of the nanocrystal-
line domains resulted in altering the Ir—O bond lengths,
subsequently leading to modifications in the adsorption
strengths of OER intermediates and lower energy barriers for
the OER. Moreover, Wu et al.'® demonstrated that a
nanocatalyst of IrO, supported on a Sbg;lr,,O, core
outperformed the mass activity of commercial IrO, by roughly
26 times. This core—shell-type catalyst contained twin
boundaries at the interface of the crystalline grains with both
shear and axial strains. The Ir 5d-band center was upshifted
toward the Fermi level, and Ir—O bond lengths of the catalyst
surface were modified by this bidirectional strain induced by
grain boundaries and doping of Sb in the core, thereby
becoming more active for the OER. Additionally, localized Ir
atoms supported at the surface cation sites on tensile-strained
MnO, showed enhanced OER activity due to the increase of
favorability for the LOM mechanism.”’ In situ synchrotron
radiation infrared (SRIR) spectroscopy and X-ray adsorption
fine structure (XAFS) revealed that O* adsorbed on Ir quickly
reacts with adjacent lattice O to form O,, creating a surface

oxygen vacancy. The oxygen vacancy reacts immediately with
water molecules to fill the vacancy, enhancing the OER activity
and catalyst stability. In addition to catalyst activity, catalyst
stability is also affected by the presence of strain. Recent
theoretical work led by Alexandrov and co-workers revealed
that moderate compressive strains (—2%) on the (110)
surfaces resulted in a significant decrease in the surface metal
vacancy formation barriers on IrO, and RuO,, promoting
transition metal dissolution.” Although a considerable number
of studies focused on the current state-of-the-art IrO,
electrocatalysts, a comprehensive theoretical study under-
standing strain effects on surfaces other than IrO,(110),
under surface Ir vacancy and high surface oxygen coverage
conditions, which are more realistic to prevail under operating
OER conditions, remains underexplored.

This study is motivated by our interest in establishing a
fundamental relationship between surface strain and OER
activity and stability on IrO, catalysts using density functional
theory (DFT) calculations. First, based on a comprehensive
surface energy analysis and Wulff diagram construction, we
identified the thermodynamically most stable low Miller-index
IrO, surfaces: IrO,(110), IrO,(101), and IrO,(100). Next, we
evaluated the effects of strain on OER activity by calculating
the adsorption free energies of OER intermediates using both
the adsorbate evolving mechanism (AEM) and lattice oxygen
mechanism (LOM) on clean IrO, surfaces. The electronic
structure modifications of IrO, surfaces under different strain
conditions were analyzed by using the density of states (DOS)
and Bader charges. Then, we systematically extended our study
to analyze the OER activity in the presence of a nearby Ir
vacancy and under high surface oxygen coverage conditions,
which resemble practical OER operating conditions. The
improved understanding based on these theoretical findings
unravels the relationship between the electrocatalytic activity
and stability and the strain on different IrO, surfaces, leading
to a more efficient design of electrochemical conversion
systems.

2. COMPUTATIONAL METHODS

Periodic spin-polarized DFT calculations were performed
using the Perdew—Burke—Ernzerhof (PBE) exchange-correla-
tion functional,”" a plane-wave basis set with a cutoff kinetic
energy of 500/400 eV for bulk/surface structures, and the
projector-augmented wave (PAW) method, as implemented in
the Vienna Ab initio Simulation Package (VASP version
5.4.1).>*** The electronic convergence criterion was 107> eV,
while the force criterion for geometry relaxation was 0.05 eV
A~'. The most stable phase of IrO, with the P4,/mnm (rutile)
space group (see Figure Sla) was selected as the IrO, bulk
structure for the analysis, and our DFT-PBE optimized lattice
parameters were a = b = 4.54 A and ¢ = 3.19 A. Using the bulk
structure, we generated surfaces with various Miller indices and
the surface energy (J/m?) for a given facet was calculated based
on eq 1,

—n X Epy
X 16.01
(2 x SA) (1)

Esurface

surface energy =

where E ... and Ey represent the DFT electronic energies of
the considered surface and bulk unit cell of IrO,, respectively,
and n and SA are the ratio of the number of atoms in the
surface cell to the bulk unit cell and the calculated surface area
of the surface unit cell, respectively. Based on our surface
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energy analysis, we selected the (110), (101), and (100)
terminations of IrO,, which resulted in the lowest surface
energy (see Section 3.1). The IrO,(110) and IrO,(101) oxide
surfaces were modeled with (2 X 1) with a 4-layer slab,
whereas IrO,(100) was modeled with a (2 X 2) unit cell with
the same number of atomic layers. The surface slabs were
separated in the perpendicular z-direction by 15 A of vacuum,
and a dipole correction was applied. To obtain numerically
converged results, the Brillouin zone was sampled with (3 X 3
%X 1),(2Xx4x1),and (3 X 2 X 1) I'-centered k-point grids for
the (110), (101), and (100) surfaces, respectively. A detailed
benchmark study on DFT settings is provided in Supporting
Information (Computational Methods Benchmarking) and
Tables S1, S2.

Uniform biaxial surface strains ranging from —5 to 5% in
intervals of 1% were applied in the x and y directions, and all
atomic layers of the surface models were allowed to relax
without constraining any atomic positions. Negative surface
strain values indicate compressive strain, while positive values
indicate tensile strain. The percentage of strain indicates the
percentage change in the x and y dimensions of the surface cell.
It is important to note that the application of biaxial surface
strain in this study differs from that of bulk strain. In the case
of bulk strain calculations, strain is applied to the entire bulk
structure first, and then surface models are created. In contrast,
for uniform biaxial surface strain calculations, surface models
are generated from the unstrained bulk structure, after which
the surface strain is applied. In all of the surface calculations,
the bottom half of the slabs in the vertical z-direction were
constrained at the preoptimized positions under different
strains, while the top half of the slab and the adsorbed species,
if present, were fully relaxed. All crystal structure manipulations
and data analysis were carried out using the Python Materials
Genomics package” and the Atomic Simulation Environment
(ASE).”® Atomic charges were calculated using Bader analysis,
as implemented by Henkelman et al.”® Effective Bader charges
are defined as q = Z,;; — (puger Where Z,, is the number of
valence electrons and gg,q4., is the computed Bader charge.

The OER activities of the different surfaces with varying
strains were evaluated based on the theoretical overpotential
(n) and considering both the adsorbate evolving mechanism
(AEM) and the lattice oxygen mechanism (LOM). The four
proton-coupled electron transfer (PCET) reactions under
acidic conditions for the 4e” AEM OER mechanism are

H,0p + * —» OH" + (H" + ¢") )
OH* - O + (H' + &) (3)
H,0p) + 0" —» OOH™ + (H" + ¢") 4)
OOH* = Oy + * + (H + &) (s)

Reactions 2 and 3 are similar for the LOM, while reactions 4
and 5 involve a nearby lattice oxygen according to the
following reactions

sk
0" + Olattice - OZ(g) + \]0 (6)
\/0 + HZO - Hittice—o + (H+ + e_) (7)
H;‘;ttice—O -k + (H+ + e_) (8)

Here, V, represents the oxygen vacancy adjacent to the active
metal site on the surface.

The computational hydrogen electrode (CHE) was used to
express the chemical potential of the proton—electron pair (H*
+ e7), which relates the chemical potential of the proton—
electron pair with the chemical potential of the gas-phase H,
molecule based on the equilibrium

uH] + ple™] = %/,t[Hz(g)] at 0 Vpyp (where RHE is the

reversible hydrogen electrode) and corrects the driving force
with the deviation of the applied potential from equilibrium.””
To avoid using the O, electronic energy, which is difficult to
determine accurately within standard GGA-DFT, the exper-
imental free energy of 2H,0 — O, + 2H,, AG = 4.92 eV, was
used. Therefore, the Gibbs free energies of reactions 2—$
depend on the adsorption free energies of the reaction
intermediates (AGgs, AGoys, and AGooy+). The adsorption
free energies of these reaction intermediates are calculated as
AG,geomption = AEppr + AEzpg + [F%SAC,dT-TAS with
respect to the catalyst surface, relative to H,O {g) and H,(g) at
U = 0V and standard conditions (T = 298.15 K, P = 1 bar, and
pH = 0). In this equation, AEpy is the difference in DFT-
calculated electronic energies; AE;py is the difference in zero-
point energies; /| ¢ *SAC,dT is the difference in integrated
heat capacity from 0 to 298.15 K, and AS is the change in
entropy of the adsorbed species. The values for the current
analysis were taken from a previous study by Navodye and
Gunasooriya.”®

The theoretical thermodynamic OER overpotential (7ogg),
which is a measure of the activity of a catalyst, is then defined
from the Gibbs free energies of reactions 2—5 for the AEM

mechanism (7opr-arm)
r]OER—AEM(V) = maX[AGOH*, AGO* — AGOH*! AGOOH*

— AGy 492 — AGgorl/e — 123V
(9)

while the Gibbs free energies of reactions 2,3,6—8 were used to
define the LOM mechanism (7ogg.1.0m)

Noer—rom(V) = max[AGoys, AGyr — AGpyx, 4.92

+ AGy+ — AGO*, —AGH*]/e — 1.23V
(10)

The step with the largest value in eq 9 for the AEM and eq 10
for LOM is referred to as the potential-determining step
(PDS) for the OER. It is important to note that # should not
be compared directly with a measured overpotential since the
measured overpotential depends on the current density.”

3. RESULTS AND DISCUSSION

3.1. Analysis of the IrO, Surface Energy and Wulff
Shape Construction. To identify the most thermodynami-
cally dominant surfaces and predict the equilibrium shape of an
unstrained IrO, nanoparticle, we conducted a comprehensive
surface energy analysis and constructed a Wulff crystal shape.
Surface energies were calculated for all the facets up to a Miller
index of 2. For each facet, multiple surfaces with different O-
atom-terminated, Ir-terminated, and both Ir- and O-terminated
facets were generated, as shown in Figure S1b. We considered
all of these surfaces in our surface energy analysis. It is
important to note that we preserved IrO, stoichiometry and
used DFT-optimized lattice parameters while generating
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Figure 1. Surface energy analysis of rutile-IrO, (space group: tetragonal P4,/mnm) and atomic structures of the facets selected for the study. (a)
Surface energies of the facets up to a Miller index of 2, (b) Wulff crystal shape construction based on the surface energy analysis. Top views of the
(c) IrO,(110), (d) Ir0O,(101), and (e) IrO,(100) facets considered in this study. Yellow dotted circles show the surface Ir atoms on each surface,
and black dashed lines denote the surface unit cells. Color code: Ir, blue; O, red.

unstrained surfaces for this analysis. Figure la shows the
calculated surface energy of the most stable surface for a given
Miller index. A lower surface energy indicates a higher
propensity for the formation of chemical bonds, thus
suggesting a thermodynamic preference for crystal growth
along a specific plane. Based on our analysis, IrO,(110) is the
most thermodynamically stable facet, with a surface energy of
1.30 J/m? in alignment with previous studies.””>° IrO,(101)
showed the next highest stability with a surface energy of 1.47
J/m?, followed by the higher Miller index facets of IrO,(211),
Ir0,(201), and IrO,(212) with surface energies of 1.68, 1.70,
and 1.77 J/m? respectively. The remaining low Miller index
facets Ir0,(100), IrO,(111), and IrO,(001) appeared to be
relatively less stable, with surface energies of 1.78, 2.00, and
2.25 J/m? respectively. Subsequently, based on the surface
energy analysis, a Wulff crystal shape diagram (Figure 1b) was
constructed to represent the thermodynamically stable crystal
shape of the IrO, nanoparticles. IrO,(110) and IrO,(101) are
the most dominant facets of IrO,, significantly covering the
surface with area fractions of 48.7 and 48.2%, respectively.
Additionally, IrO,(201) and IrO,(100) cover minor surface
area fractions of 1.84 and 1.25%, respectively. All other facets,
including IrO,(211), which is the third most stable, do not
appear in the Wulff shape, indicating near-zero surface area
fractions. The average surface energy of the particle is 1.39 J/
m?, and the shape factor of the particle is 5.36. This calculated
shape factor serves as a general measure of anisotropy under
equilibrium conditions.

Based on the surface energy analysis and Wulff crystal shape
construction, the IrO,(110) and IrO,(101) surfaces were
initially selected for understanding the effect of surface strain
on the OER activity, as these surfaces are the most stable facets
with significant surface area fractions. We further included low

16534

Miller index IrO,(100) in the current analysis, although it
shows a minor surface area fraction in our analysis. Figure 1c—
e shows top views of the considered low Miller index facets of
unstrained IrO,(110), IrO,(101), and IrO,(100), respectively.
The IrO,(110) surface comprises two distinct surface Ir sites: a
coordinatively unsaturated (CUS) site, where the Ir atom is
connected to five oxygen atoms (Sc-M), and a bridge site
connected to six oxygen atoms (6c—M).31 In contrast, the
IrO,(101) and IrO,(100) surfaces feature identical Ir surface
sites connected to five oxygen atoms. Subsequently, biaxial
surface strains ranging from —5 to 5% with intervals of 1%
were applied equally in both the x and y directions in these
surface slabs. Negative surface strain values (-5 to —1%)
indicate compressive strains, while positive values (1 to 5%)
indicate tensile strains. Initially, the atomic structures of
pristine surfaces were relaxed without constraining any atomic
positions in order to understand the variation of atomic layer
distances in the z-direction. Figure S2 shows the variation in
the average layer distance with applied strain for the
considered IrO, surfaces. The average height of a given atomic
layer was calculated by considering the z coordinates of all of
the Ir atoms in that layer, and the average layer distance was
estimated by taking the average of the 3 individual layer
distances for a given surface structure. The average layer
distance is highest in IrO,(110) (3.20 A without strain) and
lowest in IrO,(100) (2.30 A without strain), while IrO,(101)
shows an intermediate average layer distance of 2.60 A at 0%
strain. For all surfaces, the average layer distance increased
with increasing compressive strain, while it decreased with
increasing tensile strain, as observed in the experiments.'”*>*’
IrO,(110) showed the least variation in the average layer
distance by decreasing 0.19 A (5.8% compared to the average
layer distance at 0% strain) when considering the —5 to 5%
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strain range. In contrast, changing strains from —$ to 5%
resulted in 0.25 A (9.5%) and 0.35 A (15.3%) decrease in
IrO,(101) and IrO,(100), respectively. Interestingly, the
selected IrO, surfaces result in different responses under the
same range of strain.

3.2. Strain Effects on the Adsorption of OER
Intermediates and OER Overpotentials under Low
Coverage Conditions. Figure 2 shows the adsorption
energies of commonly used OER intermediates on
Ir0,(110), IrO,(101), and IrO,(100) surfaces with varying
biaxial strains under low surface coverage conditions (see
Figure S3 for atomistic figures of OH adsorption). As expected,
the three surfaces without strain exhibit a range of adsorption
energies for all OER intermediates, indicating variations in
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Figure 2. Effect of strain on the adsorption of key OER intermediates.
Variation of adsorption free energies of key OER intermediates: (a)
0%, (b) OH*, and (c) OOH* adsorption on Ir active sites as a
function of strain% on three different facets: IrO,(110), IrO,(100),
and IrO,(101). Positive strain values correspond to tensile strain,
while negative values indicate compressive strain.

their local active site moieties. For example, the adsorption free
energies of OH (AGgy+) are 0.04, 0.26, and 0.14 eV on the
IrO,(110), IrO,(101), and IrO,(100) surfaces, respectively.
Overall, the adsorption of OER intermediates on IrO,(101) is
the weakest, whereas the strongest adsorption occurs on
IrO,(110). Note that stronger adsorption corresponds to more
negative free energy values. The free energy of adsorption of O
(AGg+) shows a monotonic increase in adsorption strength on
the IrO,(101) surface in a narrow range (1.82—1.73 eV) when
the strain is varied from —S to +5%. Similarly, the AGg« on
IrO,(110) is much less sensitive to strain, with a variation in a
narrow range of 1.45—1.48 eV. Interestingly, AGo« on the
Ir0,(100) surface decreases and becomes more favorable
when changing the strain from —5 to 1%, remains almost the
same at 1—3%, and then increases when the tensile strain is
further increased. Moreover, AGg« on IrO,(100) varies in a
much wider range (1.40—1.68 eV) compared to the IrO,(101)
and IrO,(110) surfaces. The free energy of adsorption of OH
(AGgoy+) and OOH (AGgoy+) on IrO,(100) shows a similar
trend to AGg+, going through a minimum of around 1-3%
strain. In contrast to the almost insensitive AGgs variation on
IrO,(110) with strain, AGgy+ on IrO,(110) shows a
monotonic increase in a moderate range of —0.10 to 0.10 eV
when changing the strain from —$ to 5%, although AGgoy+
varies in a narrow range. On IrO,(101), AGgy:- is less sensitive
to strain, and AGgoy+ monotonically decreases from 3.52 to
3.31 eV when changing the strain from —5 to 5%.

It is well established that the AG,gorption Of the OER reaction
intermediates follows linear scaling relations since all the
intermediates (OH*, O*, and OOH*) adsorb on the surface
active sites through an O atom.”**?* Figure S4 shows the
scaling relations of AGgop+ vs AGoy+ and AGg+ and AGgysx
for IrO, surfaces with strain. Overall, the scaling relation of
AGoop+ vs AGgoyx with applied strain generally fits within the
universal scaling of AGooy+ = AGop+ + 32 + 04 eV.
However, it is important to note that the AGgoy+ and AGgy+«
values for the IrO,(100) surface align well with universal
scaling, whereas variation in the AGgoy+ and AGoyx values on
the IrO,(110) and IrO,(101) surfaces shows no clear trend.
The free energies of AGo+ and AGgys on the IrO, surfaces
follow a scaling relation of AGg« = 0.88A Gy« + 1.4S. Similar
to the previously observed trend, scaling between O* and
OH* aligns well with IrO,(100), whereas it tends to deviate
locally without a clear trend on the IrO,(110) and IrO,(101)
surfaces.

To evaluate the OER activity on strained surfaces, we
considered both the adsorbate evolving mechanism (AEM)
and lattice oxygen mechanism (LOM) (see Computational
Methods). The AEM mechanism involves only surface OER
intermediates, while the LOM mechanism involves both
surface and lattice O species. Specifically, the LOM mechanism
involves H* adsorption on the lattice oxygen adjacent to the Ir
active sites instead of OOH* formation in the AEM, as shown
in reactions 7 and 8, respectively. Since the free energy of
lattice oxygen vacancy formation (AGg_yacancy) Scales with the
free energy of H* on the lattice O (AGys), “% we evaluated
both the AGy: and AGg_yycaney Variations as a function of the
applied strain on different surfaces (Figure 3ab). The H*
adsorption is strongest on the IrO,(100) surface, followed by
IrO,(101) and IrO,(110) surfaces for all of the strain values.
This observed trend of AGy variation with strain is different
from the generally observed adsorption strength trend of the
OER intermediates, IrO,(110) > IrO,(100) > IrO,(101).
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Figure 3. Effect of strain on adsorption free energies of H on lattice O
(AGy) and oxygen vacancy formation (AGO_mancy). (a) AGy and (b)
AGg_yacancy s a function of strain% % on IrO, (110), IrO, (100), and
IrO, (101). Note that the oxygen atom that is removed to form an O
vacancy is the same oxygen on which H* is adsorbed (see Figure SS),
and the reference for the removed oxygen is considered as H,O—H,.
Positive strain values correspond to tensile strain, while negative
values indicate compressive strain.

Moreover, AGy« on Ir0,(100) and IrO,(101) shows a
monotonic increase in the adsorption strength when strain is
changed from —$ to 5%, whereas AGy: on IrO,(110) follows
through a maximum located at —3% strain. Even though the
H* adsorption strength varies according to a clear trend among
different surfaces, there is no identifiable trend in AGg_yscancy-
Interestingly, AGg.yicancy On all of the considered surfaces
reaches a maximum when changing the strain. The AGo_yacancy
on Ir0,(100) increases slightly from 0.28 eV at —5% strain to
0.33 eV at both —4 and —3% strains and decreases when the
strain is changed further from —3 to 5% varying in the range of
0.33 to —0.44 eV. On IrO,(101), the maximum AGo.yycancy i
0.88 eV, which is located at 1% strain compared to 0.28 and
0.44 eV at —S and 5% strains, respectively. In contrast to the
other surfaces, Go.yacancy 01 IrO,(110) increases rapidly in the
strain range of —5% (—1.13 eV) to 0% (0.71 eV) and reaches a
maximum value of 1.02 eV at 3%. Additionally, AGop.yacancy OD
IrO,(110) shows a much wider variation of 2.15 eV compared
to 0.77 and 0.60 eV variations on IrO,(100) and IrO,(101),
respectively.

Generally, as observed in the literature, AGy: correlates
positively (with a positive gradient) with AGO_Wcancy.35
Increasing AGg_yscancy indicates an increase of bond strength
between Ir and adjacent lattice O. Based on the bond order
conservation, AGy: will also be increased, indicating weaker
H* adsorption on the lattice O. However, the correlation of

AGy« vs AGg_yacancy in the presence of various strains shows an
entirely different trend, as shown in Figure S6. The AGyx vs
AGo.yacancy Variation of Ir0,(100) shows a positive gradient for
the majority of strains, with a minor portion of negative
gradient from —5 to —4% strains. Conversely, the —5 to 1%
strain range shows negative gradients on IrO,(101), whereas
the gradient changes from positive to negative and then again
to positive values on IrO,(110) in the strain range of —5 to 5%.

Figure 4 and Table S4 show the effect of strain on the AEM
and LOM overpotentials on the IrO,(110), IrO,(101), and
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Figure 4. Effect of strain on the AEM and LOM overpotentials on
IrO, surfaces under low coverage conditions. Effect of compressive
and tensile strains on overpotential for (a) AEM and (b) LOM
pathways across different surfaces of IrO,(110), IrO,(100), and
IrO,(101) under low coverage conditions. Positive strain values
correspond to tensile strain, while negative values indicate
compressive strain.

IrO,(100) surfaces. Based on Figure 4a, the AEM over-
potentials of unconstrained surfaces vary as IrO,(110) >
1r0,(100) > IrO,(101), in agreement with previous studies.”’
This observed trend is valid for the entire range of compressive
and tensile strains. 5% strained IrO,(101) showed the highest
activity with a calculated OER overpotential of 0.38 V.
Notably, the AEM overpotentials for all of the facets show
narrower variations in the strain range of —$ to +5%, although
some of the OER intermediates show a relatively wide range of
variations with strain. AEM overpotentials of IrO,(110)
remained almost unchanged, varying in the range of 0.62—
0.65 V. The overpotentials of both IrO,(100) and IrO,(101)
surfaces tend to decrease under compressive strain (—5 to 0%)
and further decrease with increasing tensile strain (0—5%).
Moreover, IrO,(100) and IrO,(101) show relatively higher
overpotential variations in the ranges of 0.48—0.56 V and
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Figure 5. Effect of strain on the Ir Sd- and 2p-band centers and Bader charges of surface atoms on IrO,. (a) 5d-band center, (b) Bader charge
variation for the surface iridium (Ir) active sites, and (b) 2p-band center. (d) Bader charge variation for lattice oxygen (O) adjacent to the Ir active

sites on different IrO, surfaces under varying strain conditions (%).

0.38—0.48 V, respectively. The potential-determining step of
the AEM on IrO,(100) is the third step (H,0 + O* - OOH*
+ (H* + e7)) in the compressive range and 0% strain while it
changes to fourth step (OOH* — O, (o + * + (H" + ¢7)) in
the tensile strain range. Similarly, the potential-determining
step of the AEM changes from the third step to the fourth step
on IrO,(101), but only occurs at 5% strain.

The LOM overpotentials are greater than 1 V in the
considered strain range for all of the surfaces, except for 4%
and 5% strains on IrO,(100), and considerably larger than
their AEM overpotentials. Additionally, the LOM over-
potentials varied as IrO,(110) > IrO,(101) > IrO,(100), and
all the surfaces followed similar trends, reaching the maximum
overpotential at —3% strain and decreasing further in the strain
range of —2 to 5%. Moreover, it is observed that the decrease
of overpotential is more predominant in the tensile strain
range. On IrO,(110), the maximum LOM overpotential (at
—3%) is more pronounced as it increases by 0.35 V from the
overpotential values corresponding to —5% strain, though the
overpotentials increase by only 0.03 V on the other two
surfaces due to the equivalent increase of free energy of H*
adsorption on IrO,(110) compared to IrO,(101) and
IrO,(100). This is because the third step of LOM (V, +
H,0 - Hifyeo + (H" + e7)) acts as the potential-
determining step for all of the surfaces in the considered
strain range due to the weak adsorption of H* on lattice O
adjacent to Ir active sites. Moreover, IrO,(110) shows much
higher LOM overpotentials in the range of 1.71-2.58 V
compared to IrO,(101) (1.17—1.45 V) and IrO,(100) (0.78—
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1.34 V). Chaudhary et al. also observed a decreasing trend of
LOM overpotentials in the strain range of —2 to 2% on the
1IrO,(110) surface,” in agreement with the current study.

3.3. Analysis of Strain on the Electronic Structure of
IrO, Surfaces. To understand the origin of the strain effects,
we investigated the electronic structure of the IrO, surfaces
with varying strains by performing density of states (DOS) and
Bader charge analyses. Figure S shows the band center (Sd-
band for Ir and 2p-band for O) and Bader charge variations in
the surface Ir adsorption sites and lattice O adjacent to the
considered Ir atom with strain on the IrO, surfaces.
Additionally, Figure S7 shows the variations in the bandwidth
for the aforementioned atoms with strain. It is clearly visible
that the d-band centers of the Ir adsorption sites decrease,
while the d-band widths of Ir increase with increasing
compressive strain for IrO,(110) and IrO,(100). Notably,
IrO,(101) is an exception to this observation due to the
plateauing of the d-band centers in the compressive strain
range, though their d-band widths align with the observed
variation. Extending the trend to the tensile strain range, the d-
band centers of Ir adsorption sites increase, and the d-band
widths of Ir decrease when increasing the tensile strain on all
the surfaces. The Bader charge of Ir, which indicates the
oxidation state of Ir, remained almost the same in the
compressive strain range, and slightly decreased by less than
+0.03e under tensile strains. Chaudhari et al. also observed
decreasing Ir Bader charge when increasing the applied lattice
strain from —4 to 4% on IrO,(110).”
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Figure 6. Comparison of the strain effects on the electronic structure of metal and metal oxides. (a) d-band variations of late transition metals. (b)
d-band variations of surface Ir and 2p-band variations of adjacent lattice oxygen under compressive, unstrained, and tensile strains. The x-axis of
each subfigure denotes the local density of states (DOS), while the y-axis denotes the energy relative to the Fermi level (Eg). &4 represents the d-
band center of a late transition metal or Ir, and &, represents the p-band center of adjacent lattice oxygen. The gray dashed lines in each strained

subfigure show the DOS of the respective unstrained surface.

The effect of strain on transition metal surfaces is well
established using the d-band model. %' According to the d-
band model, the position of the d-band center of a surface
metal atom determines the strength of the metal—adsorbate
interaction, and the d-band center can be modulated by the
local coordination environment. Specifically, a decrease in
coordination, that is, a reduction in the number of neighboring
metal atoms, results in a narrower local bandwidth and an
upshift of the d-band center for late transition metals with a d-
band that is more than half-filled. For late transition metals
(Figure 6a), the application of tensile strain lowers the
coordination and results in a narrowing bandwidth and an
upshift in the d-band center, leading to a stronger interaction
with the adsorbates. However, the application of compressive
strain to late transition metals has the opposite effect. As the
coordination increases during compressive strain, a broadening
of the bandwidth and a downshift in the d-band center result in
a weaker interaction with the adsorbates.”"® Interestingly, we
observed a trend similar to that of late transition metals for the
d-band on surface Ir atom in IrO,. Experimentally, down-
shifting of the d-band center of Ir was observed in Sr,IrO,
under compressive strains produced by anisotropic thermal
expansions.’® In addition to the metal d-band, the lattice O 2p-
band also plays an important role in metal—oxide reac-
tivity.”’ > Our calculated 2p-band center and the 2p-
bandwidth of the lattice O also show variations very similar
to those of Ir active sites in the presence of strains, indicating
that the effects of strain on both Ir and O on different surfaces
are similar in nature. To further support this observation, the
d-band center and width of Ir vary in a wider range, similar to
the p-band center and width of lattice O on IrO,(110), though
those variations are relatively narrower on IrO,(100) and
IrO,(101) (see Figures Sa,c and S7). The Bader charges of
lattice O (see Figure Sd) on all the surfaces tend to slightly
increase in the tensile strain range, showing an opposite trend
to Ir due to the requirement for maintaining the charge
balance. This indicates that electron transfer occurs from
lattice O to Ir atoms on the surface under tensile strains,
resulting in lower covalency of the Ir—O bond. Interestingly,
the observed charge transfer between Ir and O is relatively low
in the considered strain range (Figure Sb,d). It is important to
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note that charge transfer phenomena, which are ubiquitous in
reducible oxides like CeO,, TiO,, and MnO,, can indeed
dramatically alter the local electronic environment and
reactivity. Moreover, in oxides, strain modulates both the
electronic structure and the propensity for reduction, leading
to local changes in valence and bonding. These effects are
typically not captured in the d-band analogy of oxides. Figure
6b summarizes the effects of strain on the Ir 5d- and O 2p-
bands, where charge transfer effects are minimal for the
variations of the band properties.

3.4. Effect of Strain on Ir Vacancy Formation,
Adsorption of OER Intermediates, and Overpotentials
in the Presence of a Nearby Ir Vacancy under Low
Coverage Conditions. Highly acidic environments with high
oxidizing potentials under OER conditions result in slow
dissolution of IrO, electrocatalysts, forming Ir vacancies on the
IrO, surface.”” Thus, we have evaluated the effect of strain on
the favorability of the formation of Ir vacancies, which is a
useful descriptor for predicting the stability of the catalyst
surface.””*" It is important to note that the exact dissolution
mechanism involving surface Ir atoms with different oxidation
states and IrO,H, species still remains unclear.” Figure 7a
shows the atomistic figures of Ir vacancies and adsorption sites
adjacent to the formed Ir vacancies on selected IrO, surfaces,
while Figure 7b shows the variations of Ir vacancy formation
energy (AEj. .,.) with varying strains on the considered IrO,
surfaces. More positive values of AE, . indicate a more
endothermic nature of detaching an Ir atom from the surface,
resulting in higher stability. IrO,(101) shows the highest
AE,,.,,., followed by IrO,(100), whereas Ir vacancy formation
is most favorable on IrO,(110) in the entire strain range.
AE;, . reaches a maximum on all the surfaces, but the position
of the maximum varies depending on the surface. IrO,(110)
shows a wider variation of AE,, ,. and reaches a maximum at 2
and 3% strain. Chaudhary et al. observed a similar trend in
increasing free energy of Ir vacancy formation on IrO,(110) in
the strain range of —4 to 4%. Additionally, the IrO,(110)
surface shows a significant decrease in Ir vacancy formation
energies with increasing compressive strains, indicating lower
catalyst stability under highly compressive strains. The
maximum value of 4.11 eV is attained for AE;. . in the
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Figure 7. Effect of strain on metal vacancy formation on IrO, and the
activity in the presence of a nearby Ir vacancy. (a) Atomistic figures
showing Ir vacancies (light green dashed circle) and considered Ir
adsorption sites of the OER intermediates (yellow dashed circle) on
the IrO, surfaces. The effects of strain on (b) metal vacancy formation
energy and overpotentials for (c) AEM and (d) LOM pathways across
different surfaces of IrO,(110), IrO,(100), and IrO,(101) in the
presence of a nearby Ir vacancy.

presence of —1% strain on IrO,(101), while surfaces with —2
and —3% resulted in the maximum value of 3.87 eV on the
IrO,(100) surface. Subsequently, we performed adsorption
energy analysis for the AEM and LOM intermediates (Figure

S8) on the surfaces with Ir vacancies, followed by the
evaluation of their AEM and LOM overpotentials, as shown in
Figure 7c,d. Similar to the variations of the adsorption
strengths of the OER intermediates observed in Figure 2
under low coverage conditions, AGg+, AGgyx and AGgops
vary according to the adsorption strength trend of IrO,(110) >
IrO,(100) > IrO,(101) in the presence of a nearby Ir vacancy.
However, the adsorption strengths of those intermediates
become weaker in the presence of a nearby Ir vacancy on all
the considered surfaces compared to adsorption under pristine
low coverage conditions with the respective strain. Moreover,
adsorption of all the AEM intermediates on IrO,(101) became
more favorable with strain changing from —5 to 5%, whereas
the free energy of adsorption trends goes through a slight
minimum on Ir0,(100). AGg: and AGgy+ become slightly
unfavorable on IrO,(110) in the strain range from —$ to 5%,
although AGpoy+ remains almost unchanged. AGy« becomes
more favorable in the presence of a nearby Ir vacancy on all the
surfaces compared to adsorption under pristine low coverage
conditions, in contrast to AGg:, AGgoys, and AGgops
Moreover, IrO,(100) shows the highest favorability for H*
adsorption on adjacent lattice O under both low coverage and
in the presence of a nearby Ir vacancy. Interestingly, H*
adsorption on adjacent lattice O is stronger on IrO,(110)
compared to IrO,(101), in contrast to the trend observed
under low coverage conditions.

Based on Figure 7c,d, the IrO,(110) and IrO,(100) surfaces
show reduced AEM overpotentials in the presence of a nearby
Ir vacancy compared to the pristine surface under low coverage
conditions with varying strains from —5 to 5%. The AEM
overpotential of the IrO,(110)—Ir vacancy is lowest at —5%
strain (0.34 V) and increases to reach a maximum at 3% strain
(0.47 V) compared to the narrow range of variation between
0.62 and 0.65 V under pristine low coverage conditions.
However, the AEM overpotentials of the IrO,(100)—Ir
vacancy show a monotonically decreasing trend from 0.47 V
at —5% strain to 0.34 V at 5% strain. Notably, the AEM
overpotentials of IrO,(101) are increased in the presence of a
nearby Ir vacancy compared to those under pristine low
coverage conditions and varied in a narrow range of 0.58—0.6
V except for the surface under 1% strain. Considering the
LOM overpotentials in the presence of an Ir vacancy,
unstrained IrO,(110) and IrO,(101) showed drastically
reduced LOM overpotentials compared to pristine unstrained
low coverage conditions, although unstrained IrO,(100)
showed a limited improvement. This is evident by unstrained
pristine IrO,(110) having an LOM overpotential of 2.29 V
compared to that of 0.43 V in the IrO,(110)—Ir vacancy (1.86
V improvement) and an LOM overpotential of 1.40 V on
unstrained pristine IrO,(101) compared to that of 0.16 V on
the IrO,(101)—Ir vacancy (1.24 V improvement). This can be
attributed to the change in the potential-determining step due
to stronger H* adsorption or weakening of the adsorption of
O*, OH*, and OOH*. IrO,(100) shows the least improve-
ment under unconstrained conditions by reducing the LOM
overpotential from 1.28 to 0.89 V (0.39 V improvement).
Introducing strain resulted in slightly more favorable
conditions, such as the lowest overpotentials of 0.36 V at
—4% strain on IrO,(110), 0.09 V at 1% strain on IrO,(101),
and 0.78 V at —5% strain on IrO,(100) in the presence of a
nearby Ir vacancy. Overall, the higher LOM activity originates
from the presence of a nearby Ir vacancy, and the strain further
modifies the activity.
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3.5. Effects of Strain on Adsorption of OER
Intermediates and OER Overpotentials under High
Surface Oxygen Coverage Conditions. Since the coverage
of reaction intermediates signiﬁcantlz influences the local
environment of the active site,””**** we incorporated the
coverage effects by considering high surface oxygen coverage,
which was shown to be the most stable under OER on IrO,.”
It is important to note that incorporating high coverage would
result in through-space attractions and repulsions, which result
in further complexity in evaluating only strain effects. Figure S9
shows the adsorption free energy trends of the AEM- and
LOM-based reaction intermediates under high coverage
conditions. High surface oxygen coverages were simulated by
adding one O* species adjacent to the active site on the CUS
of IrO,(110) and three O* species on the IrO,(100) and
IrO,(101) surfaces, as shown in Figure 8a. The adsorption
strengths of all AEM reaction intermediates of O*, OH¥, and
OOH* follow the previously observed trend as IrO,(110) >
Ir0,(100) > IrO,(101) for all the strains. Free energies of the
AEM reaction intermediates show much lower variations under
high coverage conditions (variations of 0.13—0.16 eV)
compared to previously observed pristine low coverage
conditions (variations of 0.28—0.34 eV) on IrO,(100).
Additionally, all the AEM reaction intermediates on the
considered surfaces show slightly decreasing favorability to
adsorb when increasing the compressive strain (from —1 to
—5% strain). Increasing the tensile strain from 1 to 5% results
in increasing the adsorption strength of all AEM intermediates
on Ir0,(101) and OOH* on IrO,(110), while others are
almost insensitive to tensile strain under high coverage
conditions. Considering H* adsorption on the nearby lattice
of O, it becomes more favorable when increasing the tensile
strain for all the surfaces.

Figure 8b,c shows the variations of AEM and LOM
overpotentials under high surface oxygen coverage conditions
with strain. IrO,(101) shows the highest AEM activity in the
strain range of —5 to 5%, similar to trends that we observed
under low coverage conditions. The AEM overpotentials of
IrO,(110) and IrO,(100) vary in a wider range with strain
under high coverage conditions compared to low coverage
conditions. For instance, the overpotential on IrO,(110) varies
in the range of 0.47 to 0.68 V under high coverage conditions,
in contrast to the almost unchanged variation of overpotential
(0.62 to 0.65 V) under low coverage. The AEM overpotential
tends to increase with strain in the range of —5 to 5% on
IrO,(110), whereas it decreases to reach a minimum of 0.40 V
overpotential at 2% strain and then increases on IrO,(100).
Considering the LOM overpotentials under high surface
coverage conditions on unconstrained IrO,(110), it remains
at 2.15 V without showing much difference compared to 2.29
V under pristine low coverage conditions due to less stable H
adsorption on lattice oxygen in both cases. Moreover, the
LOM overpotential of IrO,(110) decreases when the strain is
increased from —2 to 5% and reaches 1.61 V at 5% strain. This
variation suggests that the LOM mechanism is not active on
IrO,(110) in the considered strain range. Additionally, note
that the LOM overpotential values of IrO,(110) in the strain
range of —5 to —3% are not available due to the movement of
H* adsorbed on lattice oxygen to O* adsorbed on Ir active
sites during the optimization. However, IrO,(100) and
IrO,(101) show considerably lower LOM overpotentials
compared to low coverage conditions in the considered strain
range, including even 0% strain. The LOM overpotentials of
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Figure 8. Effects of strain on the AEM and LOM overpotentials of
IrO, under high coverage conditions. (a) Atomistic figures showing
high surface oxygen coverage on IrO, surfaces. Yellow dashed circles
represent the Ir adsorption sites of the OER intermediates, while light
green dashed circles represent oxygen-covered surface Ir sites. Effect
of compressive and tensile strains on the overpotential for (b) AEM
and (c) LOM pathways across different surfaces of IrO,(110),
Ir0,(100), and IrO,(101) under high surface oxygen coverage
conditions. Note that H* adsorption on lattice O was observed to be
unstable in the strain range of —5 to —3% on IrO,(110).

IrO,(100) decrease from 0.73 V at —5% strain to the lowest of
0.40 V at 2% strain and increase to 0.54 V at 5% strain. These
low overpotential values reveal that the LOM mechanism is
competitive with the AEM mechanism in the tensile range,
which shows overpotentials in the range of 0.40—0.50 V on
IrO,(100) at high coverage conditions. The LOM over-
potentials of IrO,(101) indicate that the LOM mechanism
becomes relatively more favorable with highly compressive
(overpotential of 0.57 V at —5%) and highly tensile strains
(overpotential of 0.62 V at 5%) compared to the nonstrained
(overpotential of 0.89 V) surface, although the AEM
overpotentials vary in a slightly lower range of 0.31-0.38 V
under high surface coverage conditions. These observations
clearly show that the effects of strain can be drastically different
under low coverage and high surface coverage conditions,
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potentially due to through-space interactions, indicating the
necessity to model more realistic conditions.

Overall, this study primarily focuses on evaluating the effects
of strain on the thermodynamics of OER intermediates using
standard DFT. We showed that biaxial strain on different IrO,
surfaces can considerably alter the adsorption of OER
intermediates, thereby altering the OER activity and stability.
However, it is important to note that electrified interfaces that
facilitate the adsorption of reaction intermediates and the
progression of the reaction are far more complex and dynamic.
This complexity arises from various phenomena, including the
solvation of adsorbed species, interfacial electric field effects,
local pH variations, adsorption of ions, etc. These factors can
either weaken or strengthen the bonds between the OER
intermediates and the surface, as well as modify the electronic
properties of IrO, surfaces. Moreover, it is important to
recognize that the OER kinetics can also be affected by strain.
Analyzing these phenomena and their kinetic effects under
strain would require performing detailed constant potential
barrier calculations and establishing microkinetic models.

4. CONCLUSIONS

In conclusion, we performed a systematic analysis of the effects
of surface biaxial compressive and tensile strains on IrO,
surfaces to understand the role of strain on the adsorption of
key OER surface intermediates, the OER activity based on
both AEM and LOM mechanisms, and the surface electronic
structure. Our results showed that the response in adsorption
free energies of OER intermediates due to strain significantly
varies for the considered surfaces. As a result, different trends
in AEM and LOM activities were observed. Our density of
states calculations revealed that the d-band center of surface Ir
increases with increasing strain from —5 to 5%, while the d-
bandwidth decreases, similar to the trends established on late
transition metal surfaces. Interestingly, we observed a similar
trend for the 2p-band center and p-bandwidth of the adjacent
lattice oxygen. The IrO,(110) surface showed the largest
decrease in Ir vacancy formation energies with increasing
compressive strain, indicating lower catalyst stability under
compressive strain. The LOM overpotentials on the IrO,(110)
and Ir0,(101) surfaces in the presence of a nearby Ir vacancy
were significantly lower, but that also resulted in lower stability.
Our high surface oxygen coverage calculations revealed that
LOM becomes as active as AEM under tensile strain on
Ir0,(100). Overall, our findings provide crucial theoretical
insights into the effects of strain on IrO,, expanding the current
understanding and eventually leading to the development of
more eflicient catalysts for water electrolyzers by strain
engineering.
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