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ABSTRACT: Electrocatalytic water splitting, a process that converts  HER . [
q . n Re N &
water into hydrogen and oxygen, underpins the development of AN, _—— =f
. . : ¥ - b=,
sustainable and carbon-neutral energy systems. Despite substantial o .~ =
progress, there remains an incomplete atomistic understanding of the o

mechanisms by which noble-metal catalysts lower reaction overpotentials,
thus hampering the rational design of cost-effective alternatives. In this
study, we use density functional theory calculations in combination with
the computational hydrogen electrode model to explore the catalytic
properties of metallic iridium and its oxides (IrO, and Ir,O;) on various
crystallographic surfaces concerning the hydrogen and oxygen evolution
reactions. The analysis indicates that variations in the oxidation state and
surface coordination profoundly influence the adsorption energetics and
catalytic efficacy. Among the investigated systems, IrO, surfaces exhibit optimal adsorption energies for oxygen evolution
intermediates, resulting in low overpotentials while maintaining moderate hydrogen evolution activity. In contrast, metallic Ir and
Ir,0;(0001) facets display hydrogen evolution reaction activity comparable with pure Ir, yet their oxygen evolution reaction
performance is hampered by the excessive stabilization of intermediates. The Ir,04(1010) surface binds intermediates too strongly,
leading to suboptimal activity for both reactions. Additionally, the preferred adsorption sites and charge-transfer characteristics are
seen to vary significantly with surface termination, directly affecting the thermodynamics of intermediate formation. Together, these
findings elucidate the interaction between surface structure, oxidation state, and electronic properties in dictating the electrocatalytic
performance of iridium-based materials, providing valuable insights into the rational design of advanced catalysts for water splitting.
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1. INTRODUCTION

Hydrogen (H,) serves as a fundamental industrial commodity
with extensive applications across various technological
domains, including the synthesis of ammonia, methanol
production, petroleum refining, and used in advancement
energy conversion systems such as fuel cells.' Despite its
extensive applicability, the majority of industrial H, is currently
synthesized through steam methane reforming, a process that
produces considerable CO, emissions and maintains a
significant reliance on fossil fuels.” This carbon-intensive
pathway highlights the urgent need to transition toward more
environmentally sustainable hydrogen production techniques.

In this regard, the production of renewable, or green, H, via
electrolysis of water powered by renewable energy sources has
emerged as a highly promising alternative. The inherent
versatility of green H, hydrogen positions it as an essential
energy carrier in global efforts toward decarbonization, capable
of directly substituting H, derived from fossil fuels or being
converted into valuable chemical derivatives such as green
methanol and ammonia. Furthermore, through sector
coupling, where green hydrogen (H,) and its derivatives
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function as intermediaries, this methodology facilitates the
efficient integration of renewable energy sources, particularly
solar and wind energy, thus improving the flexibility of the
system and promoting a sustainable circular energy infra-
structure.”*

Water splitting involves two critical half-reactions: the
hydrogen evolution reaction (HER) and the oxygen evolution
reaction (OER).> However, the predominant challenge to their
extensive practical application is the high overpotentials
associated with these fundamental reactions, thus requiring
the discovery and optimization of highly efficient catalysts.
Noble metals currently dominate the sphere of electrocatalytic
performance, despite their substantial costs. Their superior
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intrinsic activity, stability across an extensive pH spectrum, and
considerable durability make them the preferred materials for
rigorous industrial applications.® Specifically, platinum (Pt) is
widely acknowledged as the exemplary catalyst for HER,” while
ruthenium dioxide (RuO,) and iridium dioxide (IrO,) are the
standards for OER,* with IrO, being particularly celebrated for
its exceptional stability under strenuous OER conditions.’
Furthermore, Ir has drawn increasing interest due to its
favorable electronic structure, high corrosion resistance, and
excellent electrical conductivity, all of which contribute to its
robust performance in electrochemical contexts.'”""

Substantial research efforts have been directed toward the
exploration of Ir-based materials for electrocatalysis, yielding
significant insights into their behavior. For example, empirical
studies have shown that metallic Ir has higher catalytic activity
compared to rutile-like IrO, in certain reactions,'”'* a
phenomenon often attributed to its lower d-band center,
which directly affects the binding strength of adsorbates."” In
its oxide forms, the strongest binding energy is specifically
attributed to the Ir** centers.'*

However, despite these valuable insights, a notable limitation
remains: computational investigations of the electrocatalytic
performance of Ir,O; are surprisingly sparse. This represents a
significant research gap, particularly as a-Ir,O;, although
generally deemed less stable than IrO,, has been reported to
exhibit crucial p-type conductivity in its corundum-like
morphology,'” a property of considerable interest for various
energy storage and catalytic applications. Moreover, the
successful experimental synthesis of this compound'® further
highlights its practical importance. Additionally, a-Ir,O;
provides a semiconducting system that contrasts with metallic
Ir and conductive IrO,, allowing a more comprehensive
investigation of how different electronic structures and
oxidation states influence electrocatalytic performance. Con-
sequently, a fundamental computational understanding of the
distinct behaviors of Ir across its metallic and oxide states (Ir’,
Ir*, and Ir’") is essential for the rational design of next-
generation catalysts.

This study explicitly addresses the identified gap by using
theoretical methods to investigate the fundamental electronic
and energetic properties that differentiate metallic iridium
surfaces from their oxides in various oxidation states. We
perform computational analyzes on metallic Ir, IrO,, and Ir,O;
employing density functional theory (DFT) calculations
combined with the computational model of hydrogen
electrodes. Through this approach, we strive to provide a
comprehensive comparative understanding of how the
oxidation state and the local coordination environment
intricately affect their intrinsic properties relevant to electro-
catalysis.'” Based on the DFT framework, we provide robust
comparative insights, extending beyond traditional correlations
to integrate thermodynamic perspectives with a comprehensive
analysis of electronic and structural properties, thus offering a
deeper understanding of catalytic performance across various
iridium phases.

2. THEORETICAL APPROACH AND COMPUTATIONAL
DETAILS

2.1. Total Energy Calculations. Our spin-polarized
calculations were performed using the DFT framework
implemented in the Vienna Simulation Package (VASP),
version 5.4.4,"®"" which employs the projector augmented-
wave (PAW) method'”?° to describe the interaction between

the core and the valence electrons. For the exchange-
correlation (XC) energy functional, we applied the Perdew—
Burke—Ernzerhof (PBE) formulation,”' recognized as one of
the most used approximations for the XC functional. To
improve the description of interactions between molecular
species and substrates,””*’ which constitutes the primary
objective of this study, we integrated conventional DFT-PBE
with the semiempirical D3 van der Waals (vdW) correction,
thus imgroving the description of long-range vdW inter-
actions.”

The equilibrium lattice parameters of bulk iridium (Ir) in
the face-centered cubic (fcc) phase, along with those of rutile-
type IrO, and corundum-structured a-Ir,0;, were obtained
through full structural relaxations involving the simultaneous
minimization of atomic forces and the stress tensor. To ensure
robust convergence of total energies, the plane wave cutoff
energies of 639.686 eV for fcc Ir and 868.862 eV were
employed for both IrO, and Ir,O;. These values correspond to
twice the maximum recommended cutoff thresholds for
iridium and oxygen, as provided in the associated POTCAR
files, thereby offering enhanced accuracy and numerical
stability. For the Brillouin zone integration, Monkhorst—
Pack™ k-point grids of 18 X 18 X 18,4 X 4 X 6,and $ X § X §
were used for fcc Ir, rutile IrO, and a-Ir,0;, respectively.

The calculations for both clean slabs and molecules
adsorbed on these slabs were performed using a plane wave
cutoff energy of 488.734 eV, which exceeds the highest
recommended ENMAX value by 12.5% among the chemical
species considered in this study. The slabs were designed with
a vacuum region spacing of 15 A, which is required to
minimize the interactions between repeated slabs (periodic
boundary conditions). The following surface unit cells were
selected: Ir(111)—(2 x 2), Ir(100)—(2 X 2), IrO,(110)—(1 x
2), Ir0,(100)—(2 X 2), a-Ir,05(0001)—(1 X 2), and a-
Ir,05(1010)—(2 X 1). The k-point meshes were designated at
9 X 9 x 1 for metallic Ir, 3 X 3 X 1 for IrO,, and $ X § X 1 for
a-Ir,0;. The dimensions of the slabs and the thickness of the
vacuum were validated using adsorption convergence tests
using H and OH in Ir(111), as elaborated in the electronic
Supporting Information.

The vibrational frequencies of the adsorbates were
calculated via finite differences using the second derivative
method. Gas-phase species were modeled using a 20.00 X
20.25 X 20.50 A orthorhombic box, sampled at the I'-point (1
X 1 X 1), ensuring negligible electronic dispersion effects. The
convergence criteria were established at 107 eV for the total
energy and 0.01 eV A™! for the atomic forces in all atoms.

2.2. Computational Hydrogen Electrode Model. The
computational hydrogen electrode (CHE) model”**” uses the
reversible hydrogen electrode (RHE) as a reference to simulate
applied potentials (U). In this framework, the electrochemical
potential of a proton—electron pair refers to the standard
hydrogen electrode (SHE), which is defined by the equilibrium
of the half-cell. Thus, we have the following equation,

LH, 2 HY 4 ¢
— ~ e
2 7 (1)
which is in equilibrium under any pH and temperature
conditions when U = 0 V. The applied potential is
incorporated into the expression of the free energy linked to
eq 1. Gy',, = Gy, — €U, where e is the elementary charge of
the electron. The onset potential is determined by the
potential determining step (PDS), described by the following
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AG
expression Uy, = — . Thus, the overpotential (n) is

onset
defined as the difference between the onset potential and the
standard equilibrium potential of any reaction, U,

eq}
1= e = Usgl (2)

The Gibbs free energy for each reaction configuration is
expressed by the following equation,

G = E,, + ZPE + /CPdT ~ TS 3)
where E, is the DFT total energy. The zero-point energy
(ZPE), the enthalpic correction ( / deT) and the entropic
correction (—TS) are derived from vibrational frequency
calculations of the adsorbed intermediates. These energy
contributions are calculated at 298.15 K under the harmonic
approximation using the thermochemistry module as imple-
mented in the Atomic Simulation Environment (ASE)
package.”® The respective relations are the following,

ZPE = ) 1

T2 (4)
€
/deT = Z ok _ |
i

and

©)

€.

S — k i eex/kBT)
? Z kBT(ee‘/kBT -1)

—In(1 -
(6)

Here, €; are the energies of the vibrational mode, kg is the
Boltzmann constant, and T is the temperature. AG values
represent relative values, with the reference always being the
value of G of the reactant state. Solvation effects were not
included in this study, as our objective is to comparatively
analyze the intrinsic thermodynamic properties of the
intermediates, whose qualitative trends are preserved even
without explicit consideration of solvation.”

2.2.1. Hydrogen Evolution Reaction. The cathodic half-cell
of water splitting has been extensively studied, primarily
focusing on the HER:

P |
H +e¢ — —H,
2

()
There are two reaction steps for HER,
HY +¢ + %> H' (8)
and
H* > le + %
2 ©)

Its standard reduction potential is U, = 0 V versus RHE and
involves two elementary steps: adsorption and intermediate
desorption, as shown in Figure 1. These steps correspond to
two proton-coupled electron transfer (PCET) processes:
adsorption and desorption. The key reaction intermediate
H*, where * denotes a substrate site, is central to
thermodynamic analysis. For HER, the values of AG refer to
the state of H" + *. According to Sabatier’s principle,” a
positive AGy indicates weak hydrogen adsorption, identifying
the adsorption step as the PDS. For HER, the values of AG
refer to the state of H + *. In contrast, a negative AGy- reflects
strong hydrogen adsorption, making the desorption PDS. For
an ideal catalyst, AGy« = 0. Regardless of whether adsorption

I «-----
i
1
! E 3
; |
H(H +e)  +(H 4 e)=H2
1
1
| i :
1 | H
: :
_______ > R ——]
H*
O (@)
AT e
(LI [ (i
@@
H +e H* 1/2H,
A
b>.6 PDS /A—‘\’\"’
& S ae s |ac,
7 \
= . A
1 A
~ 0 . 1 PDSg4,
© 5 [AG / AG:
\ /
8  / S
P~
| | | »

H* + e H* 1/2H,
Reaction Coordinate

Figure 1. Schematic representation of the HER. Top panel: Proton-
coupled electron-transfer mechanisms. Middle panel: Computational
setup employed for the computational modeling. Bottom panel: Gibbs
free-energy diagram describing the HER pathway and associated
energetics.

or desorption is PDS, the magnitude of its change in free
energy is equal to |AGysl, since the reactants and products of
the overall reaction share the same energy level. Consequently,
the variation in the free energy of PDS can be expressed as
AGpps = |AGysl. Therefore, eq 2 simplifies for the HER case,
becoming dependent on only one thermodynamic parameter,

HER _ IAG !
e (10)

2.2.2. Oxygen Evolution Reaction. For acidic media,
Ngrskov et al.”® developed a thermodynamic framework to
model the description of the OER. The anodic reaction is
typically the primary bottleneck in the water splitting process,
significantly limiting its efficiency.’”*” The adsorbate evolution
mechanism is the conventional and widely accepted
approach,33 involving four PCET steps, as illustrated in Figure
2. The overall reaction is given by

2H,0 — O, + 4H" + 4e~ (11)

with a standard potential (T = 298.15K, pH = 0 and p = 1 bar)
versus RHE of U, = 1.23 V, resulting in a Gibbs free energy
change of AG = 4.92 eV, where AG values are referenced to
the 2H,O + =* state, as determined by the relationship AG = —
nFU,,, where n = 4 is the number of electrons involved in the
reaction, and F is the Faraday constant. Thermodynamic
descriptions of O, in DFT often exhibit discrepancies and
deviate from experimental values. Until a correlation-exchange
functional capable of correcting these effects becomes
available, the overall reaction equation is semiempirically
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Figure 2. Schematic representation of the OER. Top panel: Proton-
coupled electron-transfer steps involved in the OER. Middle panel:
Computational setup employed for modeling the OER. Bottom panel:
Gibbs free-energy diagram describing the OER pathway and its
associated energetics.

employed to determine its Gibbs free energy as Go, = 4.92 —
2'GH20‘34

For each of the four intermediate reactions,

H,0p + % - OH" + H" + ¢~ AG, (12)

OH* - 0" +H" +¢  AG, (13)

H,0; + 0" > OOH* + H" + & AG, (14)
and

OOH* - 0, + *+ H" + ¢~ AG, (15)

The Gibbs free energy is determined for the four
intermediate reactions (AG;, AG,, AG;, and AG,), and the
highest value among them is considered AGppg = max(AG;,
AG,, AG,;, AG,), with the corresponding step classified as
PDS. This methodology can be applied at an arbitrary pH, as
both alkaline and acidic media show the same reference at
RHE. A correction factor of Ky-T-pH should be applied, where
Kj represents the Boltzmann constant. This correction leads to
zero at pH = 0. In other cases, the standard equilibrium
potential, U,, must be added to the correction value.®
Therefore,

O = max{AG,, AG,, AG;, AG,} 123

e (16)

2.3. Ir-Based Substrates and Selected Intermediates.
We selected well-defined Ir-based substrates, which includes Ir-
metals and diversely composed oxides,”**” with the aim to
improve our atomistic understanding of the evolution reactions
of hydrogen and oxygen.’®*” A top and side views of the
1r(100), Ir(111), IrO,(110), IrO,(100), a-Ir,0,(0001), and a-
Ir,04(1010) surfaces are depicted in Figure 3 along with the
most important adsorption sites. The repeated slab geometries
are composed of 5 Ir layers, respectively, while a vacuum

Top view

Side View

1r(100)

Ir(111)

a-Ir03(0001) 1r02(100) 1r02(110)

a-Ir203(1010)

Figure 3. Top and side views of the slabs for iridium-based materials,
with the adsorption sites highlighted. In the simplified nomenclature,
the sites are classified as top (t), bridge (b), and hollow (h). Red
spheres represent oxygen atoms, while dark yellow spheres
correspond to iridium atoms.

spacing of 15 A separates the slabs from its images, which
yields negligible interactions among the slabs.

The adsorption sites exposed to the vacuum region on these
surfaces are classified as top (t), bridge (b), and hollow (h)
sites, with the latter further distinguished into face-centered
cubic (fcc) and hexagonal closed-packet (hcp) varieties for
densely packed surfaces such as Ir(111). Correct exploration of
the adsorption sites plays an important role in the character-
ization of the adsorption properties because they directly affect
the electronic interactions between the adsorbate and surface
and hence determine the adsorption strength and catalytic
activity. To take advantage of the symmetry, the adsorbates
were placed on both sides of the slab, and hence, dipole
corrections were not considered for the present calculations.
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During this process, the atoms in the center of the slab are
frozen in their bulk-like positions.

The selection of the facets was guided by the reported
thermodynamic stability of metallic Ir, IrO,, and a-Ir,O; in the
literature, with a secondary facet chosen for its perpendicular
orientation relative to the most stable facet, thereby enabling
the exploration of distinct coordination environments. Ir(111)
is widely recognized as the most stable surface among the fcc Ir
slabs, exhibiting lower surface energies compared to Ir(100)
and Ir(110) surfaces.”” For IrO,, previous computational
studies indicate that the (110) plane represents the
thermodynamically favored surface, as it minimizes the number
of broken bonds per unit area, enhancing structural stability.*'
Experimental investigations further reveal that the naturally
forming layer of a-Ir,O; aligns along the (0001) orientation of
the corundum structure, with multilayer growth occurring via a
Stranski—Krastanov mode."”

Metallic iridium surfaces, such as Ir(100) with its square-like
configuration and Ir(111) with its hexagonal close-packed
arrangement, are expected to present distinct reactivity profiles
relative to iridium oxides (IrO,) due to the presence of O
species exposed to the vacuum region. Inclusion of Ir oxides,
notably the (110) and (100) facets, which are recognized for
their conductive behavior, along with the a-Ir,0;(0001) and
(1010) facets, known for their semiconducting behavior. The
selected facets are not restricted to the most stable forms for
bulk metals (Ir(111)) and oxides (IrO,(110)), but also
embrace less conventional orientations to explore a wider
range of coordination environments and surface terminations.
For example, the a-Ir,0;(0001) facet, similar to the stable a-
AL04(0001) surface, and the perpendicular (1010) facet offer
insight into how distinct crystallographic cuts reveal unique
surface atom arrangements, thereby yielding varying catalytic
potentials.

An improved understanding of hydrogen and oxygen
evolution reactions necessitates a substantial number of
calculations across a diverse array of species. However,
utilizing the CHE model significantly reduces the number of
DFT calculations. Geometric optimization was performed for
all slabs. For the optimization of slabs with adsorbed species,
the intermediate was initially placed on adsorption sites above
and below the slab. The slab atoms were kept fixed, except for
the two outermost layers. For each slab and adsorbed
molecule, the most stable configuration, corresponding to the
lowest adsorption energy, was selected for subsequent
vibrational frequency calculations.

For the HER analysis, adsorbed H was studied, while for
OER, the intermediates selected were adsorbed OH, O, and
OOH, as these entities represent the reaction stages. For the
adsorbed structures of polyatomic species (OH and OOH),
the oxygen atom was initially oriented toward the slab for
geometric optimization. This starting configuration is justified
by the well-established behavior related to high electro-
negativity, the presence of lone pairs, and covalent
interaction.” In addition, the gas phase H, and H,0O were
calculated, as they represent the reactants and products of
HER and OER, respectively.

2.4. Physical-Chemical Properties. 2.4.1. Geometric
Parameters. The coordination number is a classical descriptor
defined as the number of nearest neighbors of a given atom. To
refine this concept, its used here is the effective coordination
number (ECN), which incorporates distance-dependent
weights to account for partial bond contributions.”**> The

average bond length around the atom i is computed self-
consistently as

(2]
% eXP[l ) <:_‘>6] (17)

Thus, the effective coordination number is then calculated
using

d\°
ECN = Y exp|l — |2
2 e [d;v]

j

i
av

(18)

This formulation ensures that atoms farther away contribute
less to the coordination environment, providing a continuous
and chemically meaningful measure of atomic connectivity.
2.4.2. Energetic Properties. 2.4.2.1. Cohesive Energy. The
thermodynamic stability of each material system was initially
evaluated by calculating the cohesive energy (E.;), defined as

bu]k Z E free—atomi
tOt tot

Eco -
" 2 (19)

where E™™ denotes the total energy of the relaxed bulk unit
cell, Ef*==™ corresponds to the total energy of the isolated
atom of type i calculated under consistent settings used for gas-
phase species, and #n; represents the number of atoms of
element i in the unit cell. This metric provides a fundamental
measure of the internal cohesion of the solid and allows for a
relative comparison of the structural stability across different
materials.
2.4.2.2. Formation Energy. To further assess the
thermodynamic viability of ox1de formation, the energy of
formation per atom (AE "0 ") for a generic iridium oxide
compounds Ir, O, was calculated using the expression,
EIrmOn _ EIrbulk *EOZ

tot tot tot

A E Ir, O, —

m+n (20)
Ir,, O,

where E;" is the total DFT energy of the oxide unit cell (IrO,
or a—Ir,0s, in our case), E,™* is the cohesive energy per
atom of the bulk iridium and E; denotes the total energy of an
oxygen molecule in the gas phase. These energetic descriptors
are essential for comparing the thermodynamic stability of
various compositions and crystal structures. By combining
cohesive energy and formation energy analyses, one can
identify the most stable compositions and gain insights into
compound formation.

2.4.2.3. Surface Energy. To quantify the energetic cost
associated with creating a slab from its corresponding bulk
reference material, the surface energy (o) is defined as

slab bulk
Etot NbulkEtot
2A (21)
slab

where Egy denotes the total energy of the fully relaxed slab
supercell, E2% is the energy per atom in the bulk reference
system, Ny represents the number of slab atoms equivalent to
those in the bluk, and A is the surface area of a single face of
the slab. The factor of 2 in the denominator accounts for the
two equivalent surfaces present in the symmetric slab model
used in the calculations. This formulation is critical within the
slab approach, as it inherently assumes that only the outermost

https://doi.org/10.1021/acsaem.5c02853
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atomic layers are susceptible to significant relaxation and
modification of properties, while the central region of the slab
retains a bulk-like character, preserving the intrinsic features of
the parent crystal structure.

2.4.2.4. Gibbs Free Energy. The strength of the interaction
between the adsorbates and the substrate can be quantitatively
evaluated through the adsorption energy (AE,y) and the Gibbs
free energy of the adsorption (AG,4), defined by the following

equation,

__ pmol/subs mol subs
AEad - Etot - Etot - Etot (22)
and
_ mol/subs mol subs
AGad - Gtot - Gtot - Etot (23)

respectively. Here, ERe/*™ and GMV*** denote the total
electronic energy and the Gibbs free energy of the adsorbate—
substrate system, respectively. E{* corresponds to the total
energy of the clean slab substrate, while EP and G refer to
the total and free energies of the isolated molecule in the gas
phase.

For the H* intermediate, the reference energy and the free
energy are taken as %EHZ and %GHZ, respectively. In contrast,

direct use of molecular O, as a reference for O* is avoided due
to the known inaccuracies associated with its DFT-based
description. Instead, the oxygen reference is approximated via
the water formation reaction, using E%0 _ Efand GH:° — GH:
to estimate the thermodynamic quantities of atomic oxygen.
With respect to the substrate, thermodynamic corrections to
the free energy of the clean surface are omitted, justified by the
negligible structural rearrangements induced by the adsorption
process.”® This assumption is supported by the minimal
geometric distortion observed in the surface atoms upon
binding to adsorbate, as confirmed by the detailed test analysis
provided in the electronic Supporting Information. Therefore,
the rigid-slab approximation is considered valid, introducing
only marginal errors in the thermodynamic quantities of the
adsorbed species.

Corrections applied to AG convert these values for each
PCET step by accounting for the U as well as the proton
activity, expressed through the media’s pH, relative to the
standart Hydrogen Electrode (SHE) reference, according to
the equation:

AG(U) = AG — eU — kgTIn(10)-pH (24)

These adjustments ensure that the computed free energies
accurately reflect the electrochemical environment and enable
a direct comparison of reaction energetics under media
conditions. The condition in which U satisfies AG(U) = 0
defines the permissible combinations of potential U and pH,
thereby enabling the construction of the Pourbaix diagram.

2.4.3. Electronic Properties. 2.4.3.1. Work Function. The
work function (®) represents a fundamental electronic
characteristic that significantly influences the regulation of
electron transfer phenomena. @ is defined by the following
equation,

o= ‘/es(rvac) - EFermi (25)

where V,((r,,.) represents the planar averaged electrostatic
potential at a point in the vacuum region sufficiently far from
the surface, and Ep,,,; denotes the Fermi level of the slab
system.

2.4.3.2. Effective Bader Charges. To further improve our
understanding of charge redistribution induced by adsorption,
Bader charge analysis was used.”” This method partitions the
total charge density into atomic regions delineated by zero-flux
surfaces of the charge density gradient field. The effective
Bader charge on the atom i is computed as

Qeff = ZV&I - QBader (26)

where Qj,q, is the total number of electrons assigned to atom i
through Bader partitioning, and Z,, is the number of valence
electrons. A negative value of Qls indicates electron
accumulation, whereas a positive value reflects electron
depletion. Although Bader charges do not directly correspond
to formal oxidation states, they can be used as a robust
descriptor to evaluate local charge transfer among chemical
species.48

3. RESULTS AND DISCUSSION

In this study, conducted step by step, the presentation and
discussion of our findings have been systematically structured
as follows. This analysis encompasses the properties of bulk
and slab structures, followed by a discussion of adsorption and
thermodynamic properties, concluding with a correlative
analysis of these properties in relation to electrocatalytic
performance.

3.1. Bulk Properties of Ir-Based Materials. Selected
bulk properties are reported in Table 1. As anticipated,

Table 1. Bulk Properties of Ir-Based Compounds:
Equilibrium Lattice Parameters (a, and c,) Both in A,
Fundamental Electronic Band Gap (E,) in eV, d-Band
Centers in eV, Average Distance (d,,) in A, Effective Ionic
Radius (rg) in A, Average Effective Coordination Number
(ECN,,) in the Number of Nearest Neighbors (NNN), and
Cohesive Energy Per Atom in eV

properties Ir IrO, a-Ir,O4
aq 3.83 4.51 5.25
G 3.17 13.25
de 2.71 1.99 2.08
I 0.60 0.68
do 2.00 2.09
ECNI" 12.02 6.15 6.08
ECNY, 3.20 4.11
E, metal metal 0.79
€q -3.19 —421 -321
€ -5.37 —-6.02
Ae 1.16 2.81
Eoon —8.06 -5.56 —-2.54

oxidation of the bulk Ir in its oxidized forms with varying O
compositions involves a significant transformation from
metallic conductivity to semiconductive behavior and changes
in the Ir oxidation state, accompanied by a noticeable decrease
in the energetic stability of the bulk, as quantified by the
cohesive energy per atom. Moreover, oxidation induces a
decrease in volume per atom, as evidenced by the trans-
formation from the metallic Ir bulk in the fcc structure (14.04
A3 11°) to the a-Ir,0; trigonal corundum structure (11.09 A?,
Ir**), and later to the IrO, rutile structure (10.76 A3, Ir*").
This trend is consistent with the reduction of the ionic
radius of Ir as its oxidation state increases. According to
Shannon,* the ionic radii of Ir°, Ir**, and Ir*' in octahedral
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Table 2. Structural and Electronic Properties of the Atoms Most Exposed to Vacuum on Ir-Based Slabs®

properties Ir(111) 1r(100) IrO,(110)

ECNE 9.01 8.05 5.24
ECN? 228
(o) 5.50 5.55 6.02
Qi o —-0.06 —-0.06 1.26
Q% w —0.66
€, -3.02 -2.88 -3.83
€ —4.85
Ae 1.02
o 210 246 123

1rO,(100) a-Ir,04(0001) a-Ir,05(1010)
5.10 3.30 4.69
2.34 3.11 2.52
6.09 4.88 5.92
1.59 1.02 121
—0.87 -0.91 —0.82
—-371 -3.12 -3.10
—4.70 —5.78 -5.16
0.99 2.66 2.06
152 98 204

“The work function (¢), O p-band center, Ir d-band center, and their energy difference (A€) are reported in eV. Average Effective Bader charges
( I'ﬁr, wand Qgﬂ o) are given in units of e, while the average effective coordination number (ECN) corresponds to the number of nearest neighbors

(NNN). The surface energy (o,) is reported in meVA™2

coordination are 1.35, 0.68, and 0.625 A, respectively.
Additionally, effective ionic radii for Ir were estimated from
the average Ir—O bond lengths (d,,), using the relation ry =
d* — 1.40, where the value of 1.40 A for the ionic radius of
O”" in octahedral coordination is also taken from Shannon.”
This yields the values in Table 1, which are in good agreement
with the values in the literature and reflect the impact of
oxidation on the local atomic environment. It is important to
note that the corundum and rutile structures are more open
than the compact fcc lattice, and the coordination geometry
may influence the effective radii. Finally, the calculated lattice
parameters exhibit excellent agreement with the values from
both the computational and experimental literature, with
deviations not exceeding 1% for all bulk compounds.*"**~>*
As mentioned, the fundamental electronic band gap (E,)
shows a transition in electronic properties. For example,
metallic in Ir and IrO,, for instance, manifest an absence of a
band gap, thereby corroborating their conductive properties in
agreement with empirical data on IrO,.*"** Conversely, a-
Ir,0; is characterized by an indirect band gap of 0.79 eV, thus
categorizing it as a semiconductor. As expected, the calculated
band gap is observed to be lower than those derived from
advanced experimental (approximately 3.00 eV)'® and accurate
hybrid-HSE calculations (2.9 eV).>” This discrepancy can be
attributed to a well-known self-interaction error inherent in
GGA functionals. For example, because of its inherently
continuous and differentiable characteristics, the PBE func-
tional often fails to accurately capture the discontinuous
electronic behavior that is indicative of band gaps, leading to
lower estimated values compared to empirical measurements.
The d-band centers (e;) and the p-band centers (e,) offer
information on electronic interactions between iridium and
oxygen. The Ir d-band center shifts to a more negative energy
(—4.21 eV) in IrO, compared to metallic Ir (—3.19 eV),
suggesting a stronger interaction (hybridization) between Ir d-
orbitals and O p-orbitals, leading to a more localized and
stabilized d-electron character in the oxide. Interestingly, a-
Ir,O; exhibits a slightly less negative d-band center (—3.21 eV)
than IrO,. Concurrently, the O p-band center becomes
progressively more negative (lower energy) from IrO,
(=5.37 eV) to a-Ir,0; (—6.02 eV), indicating greater
stabilization of oxygen p-orbitals in the latter due to differences
in local bonding environments and formal oxidation states.
The energy separation between the d- and p-band centers (Ae
=€, - €,) further elucidates these interactions. For example, a
lower Ae indicates closer alignment of these band energies,
which promotes stronger orbital hybridization and increased

covalency between transition metal d orbitals and oxygen p
orbitals. The observed increase in Ae from IrO, (1.16 eV) to
a-Ir,05 (2.81 eV) therefore suggests that IrO, exhibits a more
hybridized nature and greater covalency between Ir and O
compared to a-Ir,O;. In the context of heterostructure
electrocatalysts, this stronger hybridization in IrO, is often
correlated with enhanced OER activity, implying that a-Ir,0;
might be comparatively less catalytically active for such
processes due to its more ionic character.

The ECN can be used as a quantitative metric to assess local
atomic bonding environments. The average ECNL, values
exhibit a significant reduction from 12.02 NNN (metallic Ir
bulk) to approximately 6 NNN for both the IrO, and a-Ir,O;
oxides. Thus, each Ir atom is typically coordinated by six O
atoms within an octahedral or a distorted octahedral
arrangement. Although the ECN" values for both oxides
show similarities, the ECN for oxygen (ECN®) shows critical
structural differences: it rises from IrO, (3.20 NNN) to a-
Ir,O; (4.11 NNN). This implies that oxygen atoms exhibit an
increased number of coordination with Ir neighbors in a-Ir, O3,
influencing their packing density and indicating a pronounced
ionic character for a-Ir,O5. As suggested by Phillips’ concept,*
the ECN® values may reflect enhanced ionicity, which could
affect the adsorption of chemical species in HER and OER.

Upon oxidation, iridium undergoes a notable change in
stability. Although bulk metallic Ir possesses a cohesive energy
of —8.06 eV, its oxide forms IrO, (—5.56 eV) and a-Ir,0,
(—2.54 eV), exhibit a considerably reduced magnitude of
negative cohesive energy. This trend signifies a decrease in the
energetic stability of the material when forming the oxides.
This observation clearly suggests that metallic Ir exhibits the
greatest bulk stability, followed by IrO,, whereas a-Ir,Oj is the
least thermodynamically stable in its bulk form. Although the
cohesive energy calculated for metallic Ir is overestimated by
approximately 17% compared to the experimental values,” i.e.,
possibly due to the attractive bias characteristic of D3 vdW
correction, however, this systematic discrepancy does not
hinder the comparative evaluation of material stability. The
elevated cohesive energy of metallic Ir aligns with its more
compact lattice structure and robust metallic bonding, while
the lower cohesive energies observed for oxides are attributable
to the predominant directional bonding, which is intrinsically
less energetically favorable than the prominent delocalized
bonding in metals.

Lastly, the formation energies offer further thermodynamic
insight. The calculated values, AH?OZ = —0.793 eV/atom and
AH{™ = —0.278 eV/atom, clearly indicate that the 4+
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oxidation state of iridium in IrO, is thermodynamically more
stable than the 3+ state in a-Ir,O;. This is consistent with the
stronger bonding and the higher coordination symmetry
present in the rutile structure, which contribute to the
favorable formation energy of IrO,.

3.2. Characterization of the Surface Properties of
Clean Surfaces. Table 2 presents the energetic and electronic
parameters for all slabs based on Ir. The values of the work
function for Ir(111) and Ir(100) show slight deviations from
the experimentally determined literature values of 5.76 and
5.67 eV,” respectively. In addition, they align with previously
reported DFT+PBE calculated values of 5.50 and 5.55 eV from
the literature.”® For IrO,(110), the work function deviates by
less than 1% from prev1ous Values obtained using the same
computational methodology.”” ECN values indicate that pure
metal slabs are more compact than oxides. In IrO,, iridium
atoms exhibit higher coordination than in a-Ir,O;. In contrast,
oxygen atoms in IrO, have lower ECN values, suggesting
greater exposure and consequently more favorable sites for
reaction intermediate adsorption on that slab. Such properties
for IrO,(100), being a less stable cut, as well as for
Ir,0;(0001) and Ir,0,(1010), are not extensively reported in
the literature due to their derivation from the less explored
version of the iridium oxidation state.

Analyzing Figure 4, a similar electronic property behavior is
observed for both metallic iridium slabs. They feature a
broader d-band spreading, characteristic of pure 5d metals.”’
One explanation for assessing the catalytic propensity of a
transition metal, within the classical Hammer—Ngrskov
model,®’ stems from the direct relationship between the
proximity of the center of the d band to the Fermi energy
(Epermi) and the adsorption energy. For this analysis, only the
most exposed atoms of the first layer are considered for DOS
contributions. The metallic Ir and IrO, slabs retain their
metallic character, consistent with their bulk structures.
Conversely, for a-Ir,0s, the (0001) cut exhibits a electronic
band gap of 0.46 eV (smaller than the bulk), demonstrating
semiconducting behavior, as observed in the corundum-like
bulk.

The (1010) cut, however, shows metallic behavior without a
band gap. A decrease in the band gap for semiconductor slabs
compared to their bulk counterparts is expected. This occurs
because the more exposed oxygen atoms lose coordination,
which directly influences the interaction of their p orbitals,
leading to increased dispersion of electronic states, com-
pounded by the GGA’s inherent band gap underestimation.®”
The lower coordination of oxygen drastically alters the band
gap, potentially changing the material’s behavior from
semiconducting to metallic. 5 This observation correlates
with the higher ECN? of the (0001) cut compared to the
(1010) cut. A similar phenomenon occurs with a-
Fe,0,(0001), slab in which metallization occurs.®?

The thermodynamic stability of the slabs is characterized by
the surface energy o, through which it is evident that all
investigated systems, including metallic Ir, rutile and
corundum-like structures, exhibit trends consistent with
previous literature. Specifically, Ir(111), IrO,(110), and
Ir,0;(0001) emerge as the most stable facets for their
respective bulk phases, which confirms previous computational
findings.*"**** The slabs Ir(111) and Ir(100) also display
elevated values of the average effective coordination number
(ECNY), consistent with their higher surface stability. In
particular, among the corundum-like configurations,
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Figure 4. Density of states of the topmost surface layer (exposed to
the vacuum region): Sum of the local density of states contributions
(LDOS, in blue) and Ir d-states (dark yellow) and O p-states (red)
contributions, normalized per atom. The zero energy, indicated by
black dashed vertical lines, is referenced to either the Fermi level (for
metallic systems) or to the valence band maximum (for semi-
conductors). The calculated d- and p-band centers are shown as
dashed lines matching the color of the corresponding LDOS.

Ir,0;(0001) is the most stable facet, despite its iridium
atoms being less coordinated relative to those of metallic and
rutile-like slabs. This observation underscores a broader trend
in which materials with higher local coordination density tend
to exhibit higher surface energy, a relationship that aligns well
with established theoretical predictions and previous studies.’®
Figure S presents the relative average effective Bader charge
(AQ"), calculated as the deviation from the highest reference
value for each of the three distinguishable layers within the
five-layer slab: the top surface layer, the subsurface layer and
the central bulk-like region. Due to the inherent symmetry of
the slab model, only these three layers exhibit unique charge
environments. This analysis elucidates the spatial variation in
the electronic charge distribution along the slab depth and
highlights the magnitude of the electronic perturbation
induced by the effects of surface termination. In addition to
exhibiting the highest average effective coordination number
(ECNL), as previously discussed, iridium atoms located in the
top surface layer of the metalhc slabs show a nearly neutral
charge distribution, with ff o X —0.06 e. This minimal
deviation between the bulk-like and surface layers indicates a
highly homogeneous electronic environment across the slab,
suggesting negligible internal polarization. This electronic
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Figure S. Average effective Bader charge for Ir atoms, computed
relatively to the reference value Q‘I:fﬂ o« (Table 2) of the topmost
surface layer, evaluated for the three outermost atomic layers of the
five-layered clean slabs.

uniformity correlates with higher o,, as less surface-induced
relaxation occurs.

In contrast, the a-Ir,05(0001) surface exhibits the lowest
surface energy among all systems studied and is characterized
by pronounced internal polarization. This is evidenced by
significantly more positive effective Bader charges in both the
bulk-like and subsurface layers compared to the topmost layer.
Such a charge redistribution implies substantial internal
stabilization, where the outermost layer is notably less oxidized
than the interior of the slab. As a consequence, the outermost
atomic layer is expected to display surface chemical properties
more similar to those of metallic iridium. This inference is
further supported by the observation that, among all oxide
terminations, the lowest Qeff o 18 found for iridium atoms in
the top layer of the a- Ir203(0001) slab. The thermodynamic
stability of the Ir,05(1010) surface is comparable to that of the
oxidized iridium phases, namely the IrO, slabs. Moreover, the
electronic properties reveal that these three slabs exhibit highly
similar charge distributions, particularly with respect to the
effective Bader charge of surface iridium atoms. The Ql .,
values for the top layers are nearly equivalent across these
oxides, indicating analogous electronic surfaces and a
consistent degree of iridium oxidation at the vacuum interface.

3.3. Lowest Energy Adsorbed Structures. Figure 6
presents the adsorption configurations corresponding to the
most stable adsorption sites for each investigated slab. These
specific configurations, identified as those that exhibit the
lowest adsorption energies, were employed in subsequent
thermodynamic analyzes and electrochemical evaluations. The
selection criterion for each adsorbate—slab combination was
strictly based on energetic stability, ensuring that only the most
thermodynamically favorable adsorption geometries were
considered.

Hydrogen adsorption on metallic surfaces has been
extensively studied across a wide range of materials, allowing
for direct comparison of adsorption preferences. In the case of
hydrogen on Ir(111), adsorption is favored at the top site,
whereas on Ir(100), the bridge site is energetically preferred.
These findings are consistent with previous reports in the
literature.°*®” Platinum, which has been extensively inves-
tigated with respect to the adsorption of atomic hydrogen,68
exhibits structural similarity to iridium due to its FCC lattice.
However, a different behavior emerges in the context of
adsorption on the (111) surface. In Pt(111), hydrogen atoms
preferentially bind to hollow sites,”” a preference attributed to
the higher filling of the d orbitals in platinum compared to
iridium. This increased d-band occupancy leads to a
modification in the electronic environment at the surface,
rendering the top site energetically less favorable for
adsorption. Consequently, the electronic structure of Pt
promotes a stronger interaction of hydrogen with hollow
sites, compared to Ir(111), where the top site may become
more accessible due to the comparatively lower filling of the d
orbitals in iridium.

It is well established that intermediates tend to preferentially
adsorb on the bridge sites of Ir(100). In contrast to structurally
similar Ir(111), which features 3-fold hollow sites, Ir(100) has
4-fold coordinated sites. This difference significantly influences
the interaction between the adsorbates and the surface, as they
preferentially bind to the sites with higher coordination, where
the electronic density of the transition metal is more
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IrO 100
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Figure 6. Top and side views of the optimized adsorption configurations of reaction intermediates (H*, OH*, O*, and OOH*) on different
iridium-based surfaces relevant to HER and OER. Each column corresponds to a specific intermediate, and each row to a distinct surface: (a)
Ir(111), (b) Ir(100), (c) IrO,(110), (d) IrO,(100), (e) Ir,05(0001), and (f) Ir,05(1010). Atoms in light pink, blue, red, and dark yellow represent
hydrogen, oxygen from the adsorbed species, oxygen from the slab, and iridium, respectively. The labels (t, h, and b) denote top, hollow, and bridge

adsorption sites.
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delocalized between the four atoms due to the orientation of
the metal orbitals.”

Notably, on oxide substrates, adsorption preferentially
occurs at top sites, where a direct bond is established between
the reaction intermediates and a single surface atom. This
preference arises from the low coordination environment of
surface atoms in the oxide lattice, which limits the spatial
proximity required for effective orbital overlap between the
intermediates and neighboring iridium or oxygen atoms at
multifold sites. As a result, the formation of bonds at hollow or
bridge sites becomes electronically unfavorable as a result of
insufficient orbital interaction, making top-site adsorption
energetically preferred in these systems.

In IrO, slabs, hydrogen preferentially adsorbs at top sites
coordinated with surface oxygen atoms, while other
intermediates, whose terminal atoms are oxygen, tend to
adsorb atop iridium atoms. This behavior can be attributed to
the difference in electronegativity between the adsorbates and
the surface atoms: oxygen-terminated intermediates interact
more favorably with iridium sites, allowing for a stronger
chemical bond as a result of enhanced charge polarization. In
all these adsorption configurations, the surface atoms involved
exhibit lower coordination numbers, as highlighted in Table 2,
which further favors adsorption by increasing the interaction of
these undercoordinated sites.

In contrast, on the Ir,O5 surfaces, all adsorbed intermediates
are consistently anchored at sites in close proximity to iridium
atoms. This behavior can be rationalized by the structural
characteristics of the (0001) termination, where surface
iridium atoms are more exposed to the vacuum region, while
the oxygen atoms are predominantly subsurface. Even in
hollow adsorption sites, the terminal adsorbates are located
closer to iridium atoms than to oxygen atoms because of the
surface topology. On the Ir,0,(1010) facet, adsorption occurs
exclusively on top of the iridium atoms, with variations arising
only from the specific iridium sites involved in the interaction.
These distinct adsorption motifs reflect the anisotropic nature
of the exposed surfaces and the distribution of iridium
coordination environments, which directly influence the
adsorption geometry and binding characteristics of reaction
intermediates.

The proximity of hydrogen atoms to surface oxygen atoms
upon adsorption on IrO, slabs reveals a significant difference in
the nature of the slab—adsorbate interaction, as illustrated in
Figure 7. In these cases, hydrogen undergoes a pronounced
charge redistribution due to its interaction with surface oxygen,
resulting in a relatively positive effective Bader charge (QIf).

o — II‘203(00(_)1)
0.4 a —Iry03(1010) —+
IrO,(110)—Ir(111) —
= 0.0p IrO5(100) Ir(100) —-
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00
T

H OH

O O0O0H

Figure 7. Effective Bader charge on the terminal atom i within the
intermediates H, OH, O, and OOH adsorbed on Ir-based substrates.

This contrasts with adsorption on other slabs, where the
hydrogen atom is more closely associated with surface iridium
atoms rather than oxygen, and the resulting charge transfer is
more moderate because of the smaller electronegativity
difference between hydrogen and iridium.

For oxygenated intermediates, the terminal atoms that
interact with the surface are invariably oxygen, and the
corresponding effective Bader charges (Q%), evaluated for the
oxygen atom closest to the slab, are consistently negative upon
adsorption, as expected. Due to the more uniform charge
distribution on the metallic slabs, as reported in Table 2,
charge donation from the surface to the adsorbed oxygen-
containing species is more efficient on the metallic substrates.
In contrast, on oxide slabs where surface oxygen atoms are
more readily accessible, there is a tendency for the slab to
retain a greater portion of the electronic charge, thereby
limiting charge transfer to the adsorbed oxygen atoms. This
behavior becomes increasingly evident for the intermediates O
and OOH, where the molecular oxygen atoms exhibit lower
QY values on the IrO, slabs compared to those on metallic Ir,
which facilitates more substantial charge transfer. The
corundum-like slabs display an intermediate response,
attributable to their more coordinated (and thus less exposed)
surface oxygen atoms, which modulate the charge-exchange
dynamics with the adsorbates.

The analysis presented in Figure 8 is crucial for elucidating
the electronic factors that govern adsorption strength. Subtle
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Figure 8. Correlation analysis of the effective Bader charge of the
terminal atom i in the intermediates H, OH, O, and OOH with their
corresponding adsorption energies on the substrates.

variations in the effective Bader charge of the terminal atom,
the atom of the molecule closest to the substrate, correlate
with substantial changes in E,; thereby modulating the
catalytic activity. Examining the green curve, it becomes
evident that H* exchanges only a minimal amount of charge
with the surface (with effective charges close to zero), leading
to adsorption energies clustered near zero. However, a few data
points exhibit more positive effective charges, corresponding to
stronger adsorption interactions, particularly when H donates
charge to the IrO, substrates. For atomic O adsorption, a clear
trend emerges in which more negative effective charges on the
terminal oxygen correlate with increasingly negative adsorption
energies. This observation is consistent with the expected
electrostatic attraction between the anionic adsorbate and the
positively polarized substrate sites, reaffirming the direct
relationship between charge localization and binding strength.
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Table 3. Adsorption Energy and Gibbs Free Adsorption Energy, Along with the Differential Contributions A(ZPE),

A(/C,dT), and A(-TS) in eV*

properties Ir(111) 1r(100) 1rO,(110)
EH —0.60 —-0.75 -1.23
A(ZPE)" 0.06 0.04 0.18
A(fCdT)" —-0.03 —0.04 —0.04
A(-TS)H 0.18 0.19 0.19
AGY —-0.39 —-0.56 —0.90
EOH -2.77 -3.36 —3.61
A(ZPE)°H 0.11 0.15 0.14
A(fC,dT)H 0.02 0.00 0.00
A(-TS)°H 0.38 0.45 043
AGOH -2.31 -2.82 —3.08
ES 0.69 0.58 1.24
A(ZPE)° —0.08 —0.08 —0.07
A(fC,dT)? 0.02 0.03 0.03
A(-TS)° 0.05 0.03 0.04
AGS 0.62 0.49 1.16
EoPH —141 -2.06 -2.61
A(ZPE)°°H 0.06 0.03 0.07
A(fC,dT)o 0.04 0.05 0.02
A(=TS)OH 0.15 0.13 0.21
AGOPH —-1.14 —-1.55 -2.01

1IrO,(100) a-Ir,04(0001) a-Ir,04(1010)
—1.08 —0.54 —-1.25
0.18 0.09 0.09
—0.04 —0.04 —0.04
0.19 0.20 0.19
—0.75 —0.30 —1.00
—3.52 —3.26 —4.43
0.14 0.13 0.17
0.00 0.01 —0.01
0.43 0.41 0.46
-2.97 =2.75 —3.85
121 0.32 —0.19
—0.07 —0.07 —0.07
0.03 0.03 0.02
0.04 0.02 0.05
1.14 0.24 —0.25
-2.29 -2.16 -3.14
0.09 0.07 0.08
0.02 0.04 0.03
0.20 0.15 0.18
—1.68 —1.60 —2.55

“These values represent the differences between the adsorbed intermediate configurations and the corresponding gas-phase intermediates for H,

OH, O, and OOH.

Furthermore, a consistent pattern is observed for the
terminal oxygen atoms in OH and OOH, where less negative
Bader charges are associated with stronger adsorption. This
behavior highlights an optimized charge-transfer regime in
which the oxygen atoms of these species interact effectively
with the substrate without inducing excessive electron
depletion, particularly on oxidized surfaces, thus maintaining
an optimal balance between surface stability and adsorbate
interaction. Such fine-tuned charge redistribution reflects the
delicate equilibrium that underpins efficient electrocatalysis,
revealing how the interplay between oxidation state and charge
transfer dictates the overall catalytic response.

3.4. The Role of the Thermodynamic Contributions
to the Energetic Adsorption Properties. The raw DFT
energy only accounts for the internal energy of the system and
therefore provides an incomplete description of the adsorption
process. In contrast, the Gibbs free energy incorporates
translational, rotational, and vibrational contributions for gas-
phase molecules. Upon adsorption, the translational and
rotational degrees of freedom are hindered, while the
vibrational modes become restricted. Including these effects
helps overcome the overbinding problem commonly associated
with AE,; which can significantly affect the precision of
catalytic performance analyzes.

Table 3 presents the adsorption energies along with the
variations due to ZPE (as defined in eq 4), constant-pressure
heat capacity (eq S5), and entropic (eq 6) corrections, which
differentiate the thermodynamic values from the raw DFT
energies. For H*, OH*, and OOH?¥, these corrections exert a
significant impact on adsorption free energy, effectively
attenuating the magnitude of AG,; The magnitude and
complexity of these effects increase with the number of
vibrational degrees of freedom and are particularly influenced
by the substantial gas phase entropy, as observed in the case of
OOH*. The entropic contribution associated with O* is lower
compared to hydrogen-containing intermediates. This is

attributed to the inherently low entropy of both the reference
species of the gas phase (H,O and H,) and the adsorbed
configuration. As a result, the overall entropic correction
remains minimal in this case.

In none of the investigated cases do these corrections alter
the relative stability ordering among the adsorbed config-
urations. Among all contributions, the entropic term is the
most influential. This dominance arises from the hindrance of
translational and rotational degrees of freedom upon
adsorption, which significantly reduces the entropy of the
molecule and thus plays a crucial role in achieving chemical
accuracy. In contrast, although ZPE and the enthalpic terms
may contribute appreciable absolute values, they exhibit
minimal variation between the gas-phase and adsorbed states,
as they primarily depend on vibrational properties.”!

3.5. Hydrogen Evolution Reactions. Figure 9 displays
the volcano plot curve constructed according to the CHE
model, with the corresponding values provided in the
Electronic Supporting Information. For comparison with
similar PBE-based results, the value of AGy: obtained here
for Ir(111) is —0.39 eV, while the reference study reported
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Figure 9. Volcano plot for HER with the gray dashed line serving as a
reference based on the modular equation.
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Figure 10. Performance of the slabs for OER. (a) Gibbs free-energy diagram and corresponding overpotentials. (b) Linear scaling relationship
between the reaction states AGoop+ and AGgy. (c) Two-dimensional volcano plot with color interpolation scales for the overpotential.

—0.37 eV,” representing a deviation of less than $%. In
particular, the data points align precisely with the gray dashed
lines that shape the volcano curve, as the relationship between
the free energy AGy+ and the overpotential is analytical, as
expressed in eq 10. All configurations indicate that the HER
proceeds via the desorption step as the PDS, consistent with a
strong adsorption regime, since the points lie on the left side of
the volcano.

As predicted, Ir(111) and Ir(100) exhibit similar perform-
ance, consistent with their nature as surfaces composed of
highly coordinated atoms, which leads to a reduced density of
available electronic states. The weak interaction arises from the
limited charge transfer between hydrogen and the substrate,
which positions both surfaces very close to the top of the
volcano curve. The IrO, slabs show comparable behavior
among themselves, which can be attributed to similar
coordination environments involving iridium and oxygen
atoms on the various surfaces. This structural similarity leads
to consistent electronic characteristics, as reflected in the
values A€, which do not indicate any significant changes in the
degree of orbital mixing between the Ir and O atoms.

In contrast, when hydrogen is adsorbed on metallic iridium
slabs, it exhibits a markedly different behavior. A particularly
remarkable aspect arises in the case of hydrogen adsorption on
a-Ir,0; surfaces. Among the terminations analyzed, the (0001)
facet emerges as the most catalytically favorable, while the
(1010) surface exhibits the least desirable performance due to
the excessively strong binding of the reaction intermediate,
which likely hinders the thermodynamics of the reaction. This
discrepancy in the catalytic behavior can be traced back to
differences in their electronic properties. Specifically, the
outermost layers of the a-Ir,0;(1010) slab display a
metallic-like character, in contrast to the semiconducting
nature of the bulk phase, thereby modifying the surface’s
interaction with adsorbates. Additionally, the a-Ir,0;(0001)

surface presents a relatively large Ae, suggesting limited orbital
hybridization and, consequently, reduced ability to effectively
adsorb and interact with reaction intermediates.

As discussed previously, the iridium atom most exposed to
vacuum, responsible for binding all intermediates, exhibits a
lower effective charge compared to subsurface layers and a
lower average charge relative to other oxide slabs. This
depletion of charge at the surface contributes to improved
surface stability. Notably, this slab displays AGpy« values
comparable to those of metallic iridium surfaces. In contrast, a-
Ir,0,(1010) is markedly less stable, exhibiting strong over-
binding with intermediates and electronic characteristics more
aligned with rutile-like oxides. These include similar instability,
charge distribution profiles along the depth of the slab, and a
comparable Ag, as previously highlighted. Consequently, HER
performance across the different slab classes can be
rationalized based on these electronic descriptors, which
effectively differentiate the catalytic behavior of structurally
distinct terminations, even when derived from the same parent
material.

3.6. Oxygen Evolution Reaction. In this section, we
systematically investigated the catalytic performance of six
iridium-based surfaces toward the oxygen evolution reaction
(OER). The Gibbs free energies of the key oxygen-containing
adsorbates (AGgys, AGos, and AGgoy:) were calculated
according to eq 3, taking the initial reference state as a clean
surface in the presence of two water molecules (x+2H,0),
which represent the reactants. Figure 10a illustrates the relative
Gibbs free energy profiles of the elementary PCET. In
addition, the side panels depict the corresponding over-
potentials, which were evaluated on the basis of eq 16.

Among the surfaces evaluated, those derived from more
oxidized iridium phases, especially IrO,, exhibit the lowest
theoretical overpotentials. In particular, the more open
IrO,(100) facet shows the most favorable energetic profile.
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Interestingly, the terminations IrO, that exhibit the highest
theoretical catalytic efficiency in this study are also frequently
identified in experimental investigations as the preferentially
exposed facets in practical OER catalysts.”” This correlation
underscores the relevance of these surfaces not only in
computational predictions but also in real-world applications,
thus reinforcing the validity of the theoretical models
employed. This enhanced performance can be attributed to a
more balanced free energy distribution across the reaction
intermediates, approaching the ideal scenario in which all
PCET steps have similar thermodynamic levels. In contrast,
the a-Ir,0;(1010) surface exhibits a significantly unbalanced
energy profile, with more pronounced energetic mismatches
between intermediates, indicating its limited catalytic effi-
ciency.

The PDS varies among the investigated surfaces, primarily
because of differences in the adsorption strength of key
reaction intermediates. For Ir(100), Ir(111), and a-
Ir,0;(0001), the third PCET step, namely, the formation of
OOH* (eq 14), emerges as the PDS. In contrast, for
1rO,(110), Ir0,(100), and a-Ir,05(1010), the PDS corre-
sponds to the fourth step, formation of O, (eq 15). This
behavior is directly related to the adsorption free energies of
O* and OOH*. Specifically, on those surfaces, AGo " is
highly negative, indicating strong OOH* binding. The
pronounced magnitude creates a thermodynamic bottleneck
in the OOH* — O, step. In contrast, on surfaces such as
Ir(100) and Ir(111), the relatively weaker adsorption of
OOH* shifts the PDS to the O* — OOH* step. For a-
Ir,0;(1010), the pronounced structural instability of the
surface, combined with overly strong adsorption of all OER
intermediates, significantly inhibits the desorption of O, as a
gaseous product. This excessive binding energy results in a
severe thermodynamic constraint, making the fourth PCET
step the limiting step, thereby severely diminishing the overall
catalytic efficiency of this surface for the OER.

The three reaction intermediates exhibit scaling relationships
that have been widely discussed in previous studies.”*”> Figure
10b illustrates that AG@oy correlates positively with the
variation in AG@y, and this relationship is expressed by the
linear fit AGooy = 0.91AGoy: + 2.96 (R* = 0.99). This
equation suggests a strong agreement with the expected linear
coefficient range of 2.8—3.2 for oxides,’”’” as commonly
reported in the literature. The fact that our material class has a
lower linear coeflicient, closer to 2.8, further supports the
notion that these materials are more conducive to the
performance of the OER. Specifically, systems with a lower
intercept tend to exhibit lower theoretical minimum over-
potentials.

This scaling correlation between the intermediates can be
explained through molecular orbital theory, which considers
the electronic properties of the functional groups involved.
Both intermediates interact with the catalytic surface primarily
through the terminal oxygen, whose 2p orbitals overlap with
the metal’s d orbitals. These 2p orbitals form ¢ and o7 bonding
interactions with the metal’s d orbitals. Consequently, the
oxygen atom involved in adsorption is electronically similar to
that of OH*, with the adsorbed OOH®* molecule retaining
similar electronic characteristics in its occupied and unoccu-
pied orbital levels.”® The extremes of the linear scaling are
represented by Ir(111) and a-Ir,04(0001), which, as a result,
are the catalysts with the highest overpotentials.

These surfaces exhibit significant imbalances, either with
very high values of AGqy and AGgop+ (in the case of Ir(111)
or very low values (as seen with a-Ir,05(0001). These
disparities lead to high overpotentials, as the energy of AGy« is
balanced by the fixed energies of the reactants and products. In
contrast, the surfaces IrO,(110) and IrO,(100) are positioned
more proportionally and balanced, indicating that the energy
variations of the reaction steps are more evenly distributed. In
particular, IrO,(110) slightly deviates from the linear scaling
trend, demonstrating that the OOH intermediate binds more
weakly than expected, thus equalizing the energy levels of the
OER steps. This leads to a lower overpotential as the reaction
steps become more balanced.

The contour map presented in Figure 10c depicts a two-
dimensional volcano plot for the OER, where the catalytic
performance is governed by two key thermodynamic
descriptors: AGgys and AGg-. In this representation, the red
regions correspond to highly active catalytic sites, while the
blue areas indicate systems with elevated 7#°%%, and thus lower
activity. By incorporating both descriptors simultaneously, this
analysis enables a more comprehensive visualization of
performance trends, highlighting regions where catalytic
behavior approaches optimality. Importantly, this dual-
descriptor framework enhances the interpretative scope
compared to one-dimensional analyzes, particularly because
AGoy+ and AGpoy+ are known to exhibit a strong linear
correlation. As a result, the contribution of AGyoy« can be
indirectly inferred, allowing for a more informative and
compact representation of the catalytic landscape.

Although the current set of materials does not provide a
dense sampling sufficient to generate a continuous and well-
resolved contour surface, meaningful distinctions between the
different catalyst behaviors are still evident. In particular, the
IrO, slabs are found to gather near AGgy+ = 0, suggesting
favorable adsorption energetics for the OH* intermediate. In
contrast, systems such as Ir(111), Ir(100), and a-Ir,0,(0001)
exhibit higher energy levels for the initial PCET step and a
comparatively lower level for the second, resulting in a change
in PDS to the third elementary step, namely O* — OOH*.
These materials tend to gather in the region associated with
this PDS.

However, the a-Ir,05(1010) facet shows a markedly
different profile, with the first step highly exergonic and the
second significantly below the ideal value. This suggests an
overly strong binding of all intermediates, pointing to the
fourth step, OOH* — O,, as surely PDS. Interestingly, for
IrO, surfaces, the second reaction step exhibits values close to
the ideal 1.23 eV, while the first step imposes the primary
thermodynamic limitation. The strong adsorption of the OH*
intermediate, reflected in its low free energy, results in a
downward shift in energy levels on the Gibbs free energy,
which ultimately limits the reduction of the overpotential.

Figure 11 provides a detailed examination of the Pourbaix
diagram in proximity to the equilibrium lines, depicted as blue
dashed lines, which illustrate the coexistence of H*-H, (top
panel) and H,0—0, (bottom panel). The colored lines
represent the equilibrium positions of the adsorbed reaction
intermediates for the HER (top panel) and OER (bottom
panel), with the color scheme corresponding to each substrate
as specified in the legend. The separation between the
intermediate lines and the blue dashed line in the top panel
denotes the overpotential necessary for HER. This observation
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Figure 11. Two excerpts of the Pourbaix diagram are presented,
highlighting the overall reactions of the HER (blue dashed line in the
upper panel) and OER (blue dashed line in the lower panel) with
respect to the SHE. Colored lines indicate the equilibrium of H* —
H, (upper panel) or PDS equilibria of the OER intermediates (lower
panel). The red dashed lines provide a comparison with the
corresponding limits referenced to the reversible hydrogen electrode

clearly indicates that a-Ir,0;(0001) and metallic Ir slabs
demonstrate enhanced catalytic activity for HER.

In contrast, for OER, reference IrO, illustrates that the PDS
lines are in closest proximity to the overall reaction line as
depicted in the bottom panel. In contrast, metallic Ir and
references a-Ir,O; exhibit PDS lines that are closely clustered,
suggesting a comparatively less favorable behavior for the
OER. Such findings are consistent with the trends observed in
the volcano plot analysis, underscoring the relationship
between overpotential and catalytic performance. Conse-
quently, the diagram offers a lucid visual depiction of the
relative efficiency of various Ir-based catalysts in both HER and
OER.

4. CONCLUSIONS

In this study, a systematic computational study integrating
density functional theory calculations with the computational
hydrogen electrode model was conducted to elucidate the
fundamental factors governing the distinct electronic, en-
ergetic, and catalytic properties of various iridium-based
systems. By analyzing metallic Ir, rutile-type, and corundum-
type oxide surfaces, we established definitive structure—
property relationships that explain their differing electro-
catalytic performances in the HER and OER reactions. This
analysis offers fundamental insights into the influence of the
atomic and electronic structures of iridium-based materials on

their catalytic efficiency, providing valuable guidance for the
rational design of advanced electrocatalysts for water-splitting
applications.

The results presented here reveal that higher oxidation states
significantly impact the electronic structure and coordination
environment of iridium, leading to pronounced variations in its
thermodynamic stability. Metallic Ir exhibits high cohesive
energy and compact atomic arrangement, which contributes to
moderate activity toward HER. In contrast, the (0001) facet of
a-Ir,0;, despite originating from a less stable bulk phase,
reconstructs more effectively and emerges as the most
promising surface termination among the investigated oxides
to promote HER. On the other hand, the (1010) facet displays
a metallic-like character due to the loss of its initial
semiconducting nature and exhibits excessively strong binding
with reaction intermediates, ultimately impairing HER
performance. This comparative analysis highlights the complex
interaction between the oxidation state, surface coordination,
and intermediate adsorption strength.

For the OER, the IrO, slabs exhibit the lowest overpotentials
and the most favorable free energy profiles along the PCET
pathway. These characteristics reflect a more balanced
adsorption energy landscape, with intermediates interacting
through a stronger Ir—O hybridization. Although the scaling
relationships between adsorbed intermediates are confirmed
and a specific region is identified in the two-dimensional
descriptor space, where promising catalytic behavior can be
anticipated, the key limitation remains the intrinsically high
adsorption energy of certain intermediates, particularly OH*.
This strongly bound intermediate establishes a fundamental
bottleneck in the catalytic performance of this class of
materials. Therefore, by integrating geometrical and electronic
structure insights with thermodynamic descriptors, this study
delineates a strategic framework for future investigations aimed
at fine-tuning such interactions. In this context, subsequent
studies may focus on the incorporation of dopants or the
introduction of surface defects as rational approaches to
modulate the electronic environment and adsorption strength,
ultimately guiding the design of more efficient HER/OER
catalysts.
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