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We present ab initio calculations for atomic oxygen adsorption on Ir(111) for a wide range of oxygen
coverages, ®, namely from 0.11 to 2.0 monolayers (ML), including subsurface adsorption and thin surface-
oxide-like structures. For on-surface adsorption, oxygen prefers the fcc-hollow site for all coverages consid-
ered. Similarly to oxygen adsorption on other transition metal surfaces, as ® increases from 0.25 ML to 1.0
ML, the binding energy decreases, indicating a repulsive interaction between the adsorbates. For the coverage
range of 0.11 to 0.25 ML, there is an attractive interaction, suggesting the possible formation of a local
(2X2) periodicity with a local coverage of ®=0.25 ML. Pure subsurface oxygen adsorption is found to be
metastable and endothermic with respect to the free O, molecule. For structures with coverage beyond one full
ML, we find the incorporation of oxygen under the first Ir layer to be exothermic. As the subsurface O coverage
increases in these structures from 0.5 to 1.0 ML, the energy becomes slightly more favorable, indicating an
attractive interaction between the O atoms. The structure with the strongest average O binding energy is
however a reconstructed trilayer-like structure that can be described as a (\EX \6)R30° oxide-like layer in
p(2X2) surface unit cell, with coverage 1.5 ML. Through calculation of the surface Gibbs free energy of
adsorption, taking into account the pressure and temperature dependence through the oxygen atom chemical
potential, the calculations predict only three thermodynamically stable regions, namely, the clean surface, the
p(2X2)-0 phase, and bulk IrO,. Thin trilayer surface oxide structures are predicted only to form when kinetic

hindering occurs, in agreement with recent experimental work.
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I. INTRODUCTION

Obtaining a detailed knowledge of the surface structure
and stoichiometry is crucial for understanding the physical
and chemical properties of advanced materials such as those
used in heterogeneous catalysis, corrosion resistance, elec-
tronic devices, sensors, and fuel cells.!= This knowledge is
also central for enhancing the performance of existing cata-
lysts as well as developing new ones.* Many current indus-
trial processes involve catalytic oxidation reactions,” where
the catalysts are typically transition metal particles dispersed
on oxide supports.® The importance of transition metals
(TMs) for such reactions has motivated large numbers of
studies on oxygen-metal interactions at low index surfaces of
TMs with the aim of obtaining a better understanding of the
underlying mechanisms.” For example, oxygen adsorption
on Ru(0001),%-1* Rh(111),!>1® Pd(111),'18 Ag(111),19-%
Ni(111),% Cu(111),> Pt(111)%%?7 and Au(111)?® surfaces has
been studied in detail theoretically. Recently, a trend study
addressing the incorporation of oxygen into the basal plane
of the late 4d TMs from Ru, Rh, Pd to Ag was carried out.”
It was found that occupation of subsurface sites is connected
with a significant distortion of the host lattice, rendering it
initially less favorable than on-surface chemisorption. Oxy-
gen penetration below the surface of the substrate only starts
after a critical coverage, and is a key signature for oxide
formation at transition metal surfaces. The initial coverage
was found to be lower for the TMs to the right in the Peri-
odic Table, which bind O more weakly.

On the experimental side, many techniques such as AES
(Auger electron spectroscopy), EELS (electron-energy-loss
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spectroscopy), HREELS (high-resolution electron-energy-
loss spectroscopy), LEED (low-energy electron diffraction),
NEXAFS (near-edge x-ray-absorption fine structure), STM
(scanning tunneling microscopy), TDS (thermal desorption
spectroscopy), TPD (temperature programmed desorption),
and XPS (x-ray photoelectron spectroscopy) have been ap-
plied to help determine the structure of surfaces.**3! One or
several of these techniques have been used to study oxygen
adsorption on  Ru(0001),> Rh(111),* Pd(111)3*%
Ni(111),3637 Cu(111),383% Pt(111)*, and Au(111).*!

As a late 5d transition metal, iridium shows potential in a
great variety of applications, particularly as a heterogeneous
catalyst in various industrial chemical reactions:*? Ir and Ir-
alloy catalysts are widely used in reactions that require the
activation of strong C-H bonds. It has been shown that
oxygen-precovered Ir(111) catalyzes the oxidization of pro-
pylene and isobutylene to produce acetone.*> These olefins
are cleaved at the C=C double bond on the iridium surface
to form ketones and carboxylic acids,** producing no side
products which are often seen when other catalysts are used.
An example of such organic reaction catalysis is the use of
Ir-based catalysts to improve the production of acetic acid by
a methanol carbonylation process.* With the increased de-
mand for clean alternative energy, iridium is also now seen
as a potential catalyst for CO,-free production of hydrogen
from ammonia*® and gasoline*’ to be used as fuel in auto-
mobile fuel cells. In addition, it is also considered as an
improvement to the automobile catalytic converter because
of its unique ability to decompose NO as well as reduce NO,
in the presence of hydrocarbons.*® Clearly, a more detailed
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atomic-level understanding of the interactions of these gas
phase species with Ir surfaces would be very valuable, which
could lead to improved Ir-based catalysts with greater selec-
tivity and activity.

Since the interaction of the iridium catalyst with an oxi-
dizing environment is common to several important hetero-
geneous reactions mentioned above, we address this in the
present paper using first-principles calculations. We focus on
the (111) surface and present results for oxygen adsorption
and initial oxidation, and determine the pressure-temperature
phase diagram for conditions extending from ultrahigh
vacuum to those typical of technical catalysis, comparing the
results to other O/TM systems. The interaction of atomic
oxygen with single crystal Ir(111) surfaces has been the sub-
ject of several experimental studies. LEED (Ref. 49) and
ultraviolet photoelectron spectroscopy (UPS) studies showed
that exposure of a clean Ir(111) surface to oxygen produces a
(2X2) LEED pattern.® Such a pattern could either be
caused by a p(2 X 2) surface structure or by three domains of
a (1X2) surface structure rotated by 120° with respect to
one another. The (1X2) surface structure corresponds to a
coverage of 1/2 ML. XPS and HREELS (Refs. 51 and 52)
studies found that 1/2 ML was the maximum coverage for
atomic oxygen. A single chemisorbed state for atomic oxy-
gen on Ir(111) was perceived from the observation of a
single loss peak in EELS spectra at 550 cm™! at the satura-
tion coverage.’?

With regard to theoretical investigations, chemisorption of
atomic O on Ir(111) was studied by using first-principles
density functional theory (DFT) calculations.>*> The pre-
ferred binding site, atomic structure and vibrational frequen-
cies at 0.25 ML coverage, calculated in a p(2X2) surface
unit cell, were reported. It was found that atomic oxygen
adsorbs preferentially in the threefold fcc-hollow site. Ab
initio investigations of oxygen adsorption on Ir(111) have
therefore been limited to a very narrow range of oxygen
coverage, and to zero pressure and zero temperature. Often
the results obtained in such studies cannot be extrapolated
directly to the technologically relevant situation of finite
temperature and high pressure.? In particular, possible oxida-
tion of the surface in a reactive oxygen-rich environment has
been thought to lead to the formation of an inactive surface
oxide outer layer, poisoning the catalytic reaction. However,
conversely it could well play the role of the active centers, as
seen in other O/TM systems.’® Upon exposure to an oxygen
atmosphere, the structures formed on the surfaces may vary
from simple adlayers of chemisorbed oxygen, to oxygen dif-
fusion into the subsurface region and the formation of ox-
ides, depending on the partial pressure, temperature, and ori-
entation of the metal substrate. Oxidation catalysts can be
rather complex, often involving multiple phases and various
active sites. Hence a careful study of the role of each phase
and its specific interaction under working conditions is re-
quired to suggest efficient ways of catalyst improvement.

II. CALCULATION METHOD

All calculations are performed using DFT as implemented
in the all-electron DMol® code,’”*® where we employ the
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generalized gradient approximation (GGA) of Perdew,
Burke, Ernzerhof (PBE) for the exchange-correlation
functional.>® The Ir(111) surface is modeled using a supercell
approach, where we use seven-layer Ir(111) slabs with a
vacuum region of 25 A. Oxygen atoms are adsorbed on both
sides of the slab, preserving inversion symmetry. The oxygen
atoms and the outmost two Ir layers are allowed to fully
relax. To obtain highly converged surface properties, it is
necessary that bulk and surface calculations are performed
with the same high accuracy.’” The wave functions are ex-
panded in terms of a double-numerical quality localized ba-
sis set with a real-space cutoff of 10 bohr for both the bulk
and the surface. Polarization functions and scalar-relativistic
corrections are also incorporated explicitly. We consider oxy-
gen coverages from 0.11 ML to 2.00 ML using (3 X 3),
(2%2), and (1 X 1) surface unit cells in which adsorption in
various on-surface and subsurface sites, as well as surface-
oxide-like structures, were investigated as explained below.
The total energy, force on the atoms, and displacements are
converged to within 1X107% Ha(2.7X 107 eV), 3
X 10™* Ha/Bohr(1.5X 1072 eV/A), and 3 X 10™* Bohr(1.6
X 1072 A), respectively, in the DFT self-consistent cycles.
The Brillouin-zone integrations are performed using a (12
X 12 X 1) Monkhorst-Pack (MP) grid for the (1 X 1) surface
unit cell, yielding 19 special k-points in the irreducible part
of the surface Brillouin zone. We find that the change in
cohesive energy of bulk Ir is less than 10 meV per Ir atom
when increasing the real-space cutoff radius from 8 to 12
bohr. To test the variation of the change in cohesive energy
of bulk Ir as a function of the k-point mesh density, we vary
the MP integration grids, denoted by (M X M X M), with M
taking (even) values of 6 to 16. The variation is found to be
less than 3 meV per Ir atom when changing the k-point mesh
from M =10 to 16. Thus, for bulk Ir calculations, we adopt
a cut-off radius of 10 bohr and a MP k-point mesh of
(12X 12X 12). Using the same cut-off radius for the slab
calculations, we also find that increasing the k-mesh for the
surface unit cell from (6 X6X 1) to (16 X 16X 1) changes
the surface energy of Ir(111) by 3 meV/AZ. For the surface
calculations, we use a MP k-point mesh of (12X 12X 1) for
the surface unit cell, and this k-point mesh is folded accord-
ingly for larger surface cells.

We address the stability of O/Ir(111) structures with re-
spect to adsorption of O by calculating the average binding
energy per O adatom. The average binding energy per oxy-
gen atom, E,?/ It is defined as

EQM = — 1/No[EC™ — (E™ + NoE©)], (1)

where Ng, EO'", E*, and E©, are the number of oxygen atoms
in the surface unit cell, the total energies of the adsorbate-
substrate system, the clean surface, and the free oxygen
atom, respectively. The binding energy is the energy that a
free oxygen atom gains upon adsorption on the Ir surface.
For the formation of a surface oxide, the average adsorption
energy is defined as

Ezlérf.-oxide —_ 1/NO[EO/Ir _ (Elr + NOEO + ANIrE%)rUIk)]’
(2)

where AN, is defined to be the difference in the number of Ir
atoms of the surface structure compared to the ideal Ir(111)
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substrate layer, and E}’r“lk is the total energy of an iridium
atom in bulk. This term appears since the missing Ir atoms
are assumed to be rebound at kink sites at steps, which con-
tribute an energy equal to that of a bulk Ir atom. To analyze
the nature of bonding, we consider the difference electron
density,

n®(r) = n(r) - n(r) - n°(r), 3)

where n(r) is the total electron density of the adsorbate-
substrate system, and n°(r) and n°(r) are the electron densi-
ties of the clean substrate and the free oxygen atom, respec-
tively, where the atomic geometry of the substrate is that of
the relaxed adsorbate system (but without the O atoms). This
quantity then shows from which regions the electron density
has been depleted and increased due to O adsorption on the
surface.

Using the Helmholtz equation, the surface dipole moment
(in Debye) is calculated according to the formula

AAD

T 1270° “

s
where A is the surface area in A2 per (1 X 1) surface unit cell,
and A® is the work-function change in eV. In order to in-
vestigate the effect of pressure and temperature on the sta-
bility of the various structures, we calculate the surface free
energy of adsorption,

UT.p) = (AG = ANy, — Nopo)/A, (5)
where AG:GS‘}E(] . l)—Gﬁ?}’I 1)» and the first and second terms

on the right-hand side are the free energies of the O/Ir sur-
face under consideration and the clean Ir(111) slab, respec-
tively. uo and wy, are the O and Ir atom chemical potentials,
which for wy, is the free energy of an Ir atom in bulk fcc
iridium. The temperature (7) and pressure (p) dependences
enter mainly through the oxygen chemical potential, uq,°'

_ Po
po(T.p) = 112| E§™ + o, (T.p°) + ksT ln(p—02> ] . (6)

where p° corresponds to atmospheric pressure and ﬁoz(T, 7%
includes the contribution from rotations and vibrations of the
molecule, as well as the ideal-gas entropy at 1 atmosphere.®!
Eg’;al is the total energy of the oxygen molecule. For
ﬂOZ(T, p%) we use the experimental values from thermody-
namic tables.%?

When calculating the difference AGsz)lj‘ﬁ(M 1)—Gﬂ?}’1 1)
one needs to calculate the Gibbs free energies of both the
adsorption and reference systems. Recent studies (e.g., Ref.
63) have shown that for O/TM systems a good approxima-
tion is to use the total energies from the DFT calculations
which is what we have done in the present work. The rela-
tionship between the total energies of DFT calculations and
the Gibbs free energies of the systems has been discussed in
detail in the literature.®! Briefly, the contributions due to the
vibrational free energy, configurational entropy and the
pressure-volume (pV) term are present in the Gibbs free en-
ergies. The pV term is of the order of tenths of meV/A2,
from a dimensional analysis for the (p,T) ranges we are
interested in, and hence can be safely neglected. The vibra-
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TABLE 1. Properties of bulk Ir and the Ir(111) surface and com-
parison with other ab initio calculations and with experiment. a is
the lattice constant (in A), By is the bulk modulus (in Mbar), E., is
the cohesive energy (in eV), and @ is the work function (in eV).

Other ab initio

Present work calculations Experimental results
ay 3.85 3.86" (PWO1) 3.84°
3.89¢ (GGA)
By 3.57 3.55%
Econ 7.45 7.46¢ 6.94°
) 5.88 6.63¢ 5.76°

“Reference 65, calculated using DFT-GGA and the plane-wave
pseudopotential approach.

PReference 66.

‘Reference 67, calculated using DFT-GGA and the plane-wave
pseudopotential approach.

dReference 68, calculated using the tight-binding linear-muffin-tin-
orbital Green’s function technique.

“Reference 69.

tional contribution is usually small for such systems, typi-
cally less than 10 meV/A? (see Appendix for details). The
contribution from configurational entropy is known to be
non-negligible at phase transition boundaries,** but it is
omitted for this study since we only focus on the relative
stability of the various structures.

III. RESULTS
A. Clean Ir(111), bulk Ir and the oxygen molecule

We first consider the properties of bulk Ir and the Ir(111)
surface. The calculated properties are listed in Table T (the
free Ir atom is calculated including spin polarization). The
calculated bulk lattice constant is ay=3.85 A neglecting
zero-point vibrations. The cohesive energy, E.,, 1S calcu-
lated to be 7.45 eV and the bulk modulus, By=3.57 Mbar.
The corresponding experimental values are 3.84 A, 6.94 eV,
and 3.55 Mbar.%” Our values are also in line with other re-
ported DFT-GGA  results of ay=3.89 A  and
E.n=7.46 eV.%" The obtained interlayer relaxations d, ; be-
tween layers i and j with respect to the bulk spacing (d
=2.224 A) are A;,=—1.57% and A,;=-0.49% for the top-
most layers.”’ To the best of our knowledge, there are no
recent experimental results for the surface relaxation of the
Ir(111) surface, except the early report of a contraction of
2.5+ 5% for the first interlayer spacing.”! We can compare
our results with that of Rh, the upper neighbor of Ir in the
Periodic Table. The contractions of the topmost two inter-
layer spacings of Ir(111) are slightly smaller than those of the
Rh(111) surface obtained from DFT-GGA calculations as
implemented in the all-electron full-potential-linearized aug-
mented plane-wave method (FP-LAPW),”! which are A,
=—1.8% and A,3=-0.9%, though the trend is the same. For
Rh, the experimental results determined by recent LEED
analyses are Aj,=—1.4+0.9% and Ay;=—1.4+1.8%.”> For
Pt, the right neighbor of Ir, the change in the uppermost two
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interlayer spacings are A;,=1.20% and A,;=-0.50%, as re-
ported from DFT-GGA calculations using the FP-LAPW
method,” while the experimental result for A, is
1.0+0.1%.7* The calculated work function for the clean sur-
face of Ir(111) is 5.88 eV and is in line with the reported
experimental value 5.76 eV.”*

For the oxygen atom and molecule, spin-unrestricted cal-
culations using nonspherical densities are performed where
the real-space cutoff for the calculation of both the oxygen
atom and oxygen molecule is increased to 20 bohr, the larg-
est basis set available in the DMol® code. The binding energy
of O, is calculated to be 3.04 eV/O atom, while the bond
length and vibrational frequency are 1.22 A and 1527 cm™,
respectively, in excellent agreement with other theoretical
results.’¥737% The corresponding experimental values’’ are
2.56 eV/atom, 1.21 A and 1580 cm™'. The typical overesti-
mation of DFT-GGA is observed in the binding energy. The
values presented here are indicative of well-converged DFT-
GGA calculations, and since our interest lies mainly in the
relative stability of various structures, this overbinding will
not affect the qualitative conclusions in this paper.

B. On-surface, subsurface, and thin surface-oxide-like
structures of oxygen on Ir(111)

For on-surface oxygen adsorption, we calculate the bind-
ing energies for a range of coverages ©: (3X3)-O(0
=0.11 ML), (2x2)-0(0=0.25 ML), (2X2)-20(0
=0.50 ML), (2X2)-30(0=0.75 ML), and (2X2)-40(0
=1.00 ML). We consider adsorption in the fcc- and hep-
hollow sites, and top sites. For subsurface sites, we calculate
adsorption in (i) the octahedral site, denoted hereafter as
“octa,” and (ii) the tetrahedral sites. There are two types of
tetrahedral sites; one is where there are three Ir atoms above
it and one below, denoted as tetra-I, and the alternative one,
tetra-11, is just the opposite with one surface Ir atom directly
above and three below it in the second Ir layer. For 0.25 ML
coverage, we also consider the bridge site. For structures
involving both on-surface and subsurface O atoms, we start
from the (2X2)-40 on-surface configuration and add sub-
surface oxygen atoms below the surface Ir layer. We inves-
tigated three possible site configurations: fcc/tetra-I, fcc/
tetra-II, and hcp/octa for various coverages. We performed
calculations for oxygen in these different sites up to a total
coverage 2.0 ML (see Fig. 1).

Previous studies for O/Rh'> and O/Ru' identified a re-
constructed surface-oxide-like structure that is energetically
more favorable than the homogeneous chemisorbed phases
discussed above. In particular, for @=1.50 ML, the atomic
configuration of this surface oxide is similar to that of the 2.0
ML “mixed” on-/subsurface structure, except that the O-M-O
trilayer (where M=Rh or Ru) is laterally expanded and ro-
tated 30° relative to the underlying substrate such that it
consists of three metal atoms and six oxygen atoms in the
p(2X2) cell [instead of four metal and eight oxygen atoms
as for in the 2.0 ML “mixed” on-surface+subsurface struc-
ture (Fig. 1(d))]. The metal atoms are located in high-
symmetry sites, namely, fcc, hcp, and on-top sites. The
stoichiometry of this surface oxid-like layer is 11r:20, the
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FIG. 1. (Color online) Atomic geometry of oxygen structures
with a full monolayer of oxygen on the surface in the fcc site, for
increasing subsurface oxygen concentrations, as calculated using a
(2 X 2) surface unit cell. (a) Full monolayer (four oxygen atoms per
cell) plus one subsurface oxygen atom in the tetra-I site, (b) as for
(a) but with two oxygen atoms in the tetra-I site, (c) and (d) as for
(b) but with three and four oxygen atoms in the tetra-I sites, respec-
tively. The average adsorption energy with respect to the clean
Ir(111) substrate and free oxygen atoms, as well as the correspond-
ing coverage, are given at the bottom of each figure. The relative
variation of the atomic interlayer spacings, with respect to the bulk
value, is also given to the right of the figures. The large (gray) and
small (red) spheres represent iridium and oxygen atoms,
respectively.

same as that of bulk iridium dioxide, IrO,. This surface
structure can be described as a (V3 X \r@)R30° oxide layer on
a p(2X2)/Ir(111) surface unit cell ggee Fig. 2, labeled as
“p2:IrO,” and referred to “(3/v2 X \2)” hereafter). The av-
erage oxygen binding energy of this structure is 3.94 eV, and
it is energetically more favorable than the on-surface
O/Tr(111) structure at 1.0 ML oxygen coverage (which has an
average binding energy of 3.83 eV). From Fig. 2, it can be
seen that the coupling of this O-Ir-O trilayer to the underly-
ing metal is via the lower O. The first Ir(111) interlayer dis-
tance, d;,, is notably expanded to 3.01 A which is about
35% larger compared to the Ir bulk value.

We also consider a similar structure, where the O-Ir-O
trilayer is laterally shifted such that the lower lying oxygen
atoms occupy the above-mentioned high-symmetry sites (in-
stead of the Ir atoms). It is labeled as “p2:1rO,-SR.” The
average binding energy of oxygen in this structure is calcu-
lated to be 3.78 eV.
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FIG. 2. (Color online) (a) The lowest energy surface-oxide-like
structure considered can be described as a reconstructed
(V3% \s’g)R30° surface-oxide-like trilayer in a p(2 X 2) surface unit
cell. (b) The next most favorable structure, which is the same as (a)
except that the upper O-Ir-O trilayer is laterally shifted compared to
(a). Oxygen atoms are shown as small dark (red) spheres, while the
small gray (yellow) spheres (labeled Iry;) are the uppermost Iri-
dium atoms (in the trilayer). The large gray spheres are the second
and third layer (unreconstructed) iridium atoms. Oy and Oy, denote
the upper and lower O atoms, respectively.

C. Energetics

The binding energies, E;, of on-surface oxygen on the
Ir(111) surface in the fcc, hep, on-top, bridge, octa, tetra-I
and tetra-II sites, at coverage 0.25 ML are listed in Table II
given with respect to the free oxygen atom. In Fig. 3, the
average binding energies for the various oxygen structures
are plotted as a function of coverage.

It can be seen from Table II that the fcc-hollow site is
energetically most favorable. This is in agreement with the

TABLE II. The binding energy of oxygen, relative to a free O
atom, on Ir(111) for various adsorption sites for 0.25 ML coverage,
and comparison with other ab initio calculations. The unit of energy
is eV.

Other ab initio*

Site Present work (PW91, RPBE)
fce 4.62 4.57,4.00
hep 4.42 4.32,3.75
Bridge 397 4.02,3.51
Top 3.54 3.46,3.04
Octa -0.38

Tetra-1 0.78

Tetra-II 0.52

#Reference 54, DFT-GGA calculations using the pseudopotential
plane-wave method.
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FIG. 3. (Color online) Average binding energy of oxygen on
Ir(111) in the on-surface and subsurface sites for various coverages,
with respect to the energy of a free oxygen atom. The horizontal
upper and lower lines are half the experimental and theoretical
binding energies of O,, respectively. The inset shows the top view
of the atomic structure of the (2X2)-40y../Oyag Structure con-
taining four oxygen atoms in fcc sites and one oxygen atom in the
subsurface tetra-I site (with total coverage 1.25 ML). The large
(yellow) and small (red) spheres represent iridium and oxygen at-
oms, respectively.

experiment LEED study for the (2 X 2) superstructure.*’ The
fcc preference for adsorbed oxygen has been observed on the
(111) faces of several other fcc transition metals.”? Of the
subsurface sites considered, the tetra-I site is most favorable.
It is, however, significantly less stable than on-surface
chemisorption, presumably because of the additional energy
cost of distorting the substrate lattice and breaking metal-
metal bonds.

From Fig. 3, it can be seen that the binding energy for O
on Ir(111) increases modestly in the coverage range from
©=0.11 to 0.25 ML, and then decreases with oxygen cover-
age for both the fcc and hcp sites up to ®=1.00 ML. For
oxygen adsorbed in the on-top site, the binding energy varies
little with the coverage, with an average value of 3.57 eV.
For oxygen in the subsurface octa, tetra-I and tetra-II sites,
the binding energy increases rapidly with the oxygen cover-
age, indicating an effective attractive interaction between O
atoms. For the “mixed” on-surface+subsurface structures, it
can be seen that they are less favorable than the on-surface
configurations, but with increasing coverage they exhibit a
slight increase in the binding energy, indicating a weak ef-
fective attractive interaction. This increase in average bind-
ing energy for increasing coverage (from 0.50 to 1.0 ML) of
subsurface oxygen is similar to what has been found for
other transition metals (e.g., Rh and Ru). The most energeti-
cally favorable of all are the surface-oxide-like structures
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FIG. 4. (Color online) Binding energy (a) of oxygen on the
Ir(111), Pt(111) (Ref. 27), Au(111) (Ref. 28), and Rh(111) (Ref. 15)
surfaces in the fcc-hollow site for various oxygen coverages. The
horizontal upper and lower lines are half the experimental and the-
oretical binding energies of O,, respectively. (b) The corresponding
work-function change and (c) surface dipole moment for oxygen on
Ir(111), Au(111) (Ref. 28), and Rh(111) (Ref. 15).

consisting of an O-Ir-O trilayer with a (V3% \3)R30° peri-
odicity in a (2X2) surface unit cell (shown in Fig. 2). For
the most favorable structure, it has an average binding en-
ergy slightly more favorable than the full monolayer on-
surface structure. As indicated by the dashed line in Fig. 3,
for increasing coverages of oxygen, the results indicate that
there will be a phase transition from on-surface adsorption to
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the reconstructed surface-oxide-like structure with local cov-
erage of 1.5 ML.

It is interesting to compare these results with those for O
adsorption on Rh(111),”"78 Ir’s upper neighbor in the Peri-
odic Table, and neighbors to the right of it in the Periodic
Table, Pt(111) and Au(111). In Fig. 4, we have plotted the
binding energies of these systems, where oxygen occupies
the fcc sites. It can be seen that the binding energy of oxygen
on Rh(111) is stronger than that of Ir(111), e.g., at coverage
=0.25 ML it is about 0.60 eV larger. The less exothermic
binding energy of O on Ir(111) compared with Rh can be
expected from the comparison of the experimental enthalpy
of formation of bulk IrO, per oxygen atom (—1.42 eV) and
that of Rh,05 (-1.78 eV).”” According to the “Tanaka-
Tamaru rule,” the initial enthalpies of chemisorption of oxy-
gen and other molecules are linearly related to the enthalpies
of formation of the most stable oxides.

The binding energies shown in Fig. 4 decrease progres-
sively for the elements to the right in the Periodic Table, i.e.,
for Pt and Au, which is due to the continued filling of the d
band in the late TMs, leading to an increased occupation of
antibonding oxygen-metal states.! At 0.25 ML, the binding
energy is about 0.8 eV less for O/Pt(111) compared to
O/Ir(111). The more exothermic binding energy of O on
Ir(111) when compared to O/Pt(111) and O/Au(111) is also
consistent with the enthalpy of formation of the bulk oxide:
For bulk IrO,, per oxygen atom, it is —1.42 eV (Ref. 79)
(theoretical value —1.45 eV) while the experimental en-
thalpy of formation of PtO, is —0.69 eV,” and for Au,0; it
is —0.135 eV.8283

D. Atomic structure

The calculated atomic geometries of the O/Ir(111) struc-
tures (for ®=0.11 to 1 ML) are listed in Table III, where the
binding energy is also included. The relaxed interlayer dis-
tances dy, and d,; for the clean Ir(111) surface are 2.19 A
and 2.21 A respectively, and the interlayer distance for bulk
Iris 2.22 A. On adsorption of oxygen at the low coverage of
0.11 ML, the interlayer distances d;, and d,; are both 2.21 A
showing an expansion of 1.57% for d,, relative to the (re-
laxed) clean surface, and no change for the second interlayer
distance. Increasing the oxygen coverage to 0.25 ML, the
interlayer distances d;, and d,; are 2.23 A and 2.21 A, re-

TABLE III. Calculated structural parameters (in A) for various coverages of O in the fcc-hollow site on
Ir(111). dyyo is the bond length between oxygen and the first-nearest-neighbor iridium atom, dy; is the
vertical height of oxygen above the topmost iridium layer, and di, and d,; are the first and second metal
interlayer spacings, respectively, where the center of mass of the layer is used. The calculated interlayer
distance for bulk iridium is 2.22 A. E,?/Ir is the binding energy in eV with respect to atomic oxygen.

Coverage 0.11 0.25 0.50 0.75 1.00
done 2.07 2.06 2.04* 2.03 2.04 2.02
dyy 1.33 1.30 1.22 1.29 1.28 1.27
dys 2.21 2.23 2.25 2.26 2.25
dyy 2.21 2.21 2.22 2.22 2.23
E)™ 437 4.62 457 437 4.14 3.83

aReference 54, DFT-GGA (PW91) calculations using the pseudopotential plane-wave approach.
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spectively, thus the first Ir-Ir interlayer spacing expands
slightly more, by 1.87% relative to the clean surface, while
again the second interlayer distance is unchanged. At 0.50
ML coverage, the O atoms adsorb in “off” fcc-hollow sites,
i.e., they are displaced slightly from the center of the fcc site
by 0.025 A. For the coverages 0.5, 0.75 and 1.0 ML, the first
Ir interlayer spacing is expanded by about 2.74% relative to
the clean surface. With regard to the O-Ir bond lengths, we
find a slight decrease (of 2.07 to 2.02 A) on going from 0.11
ML to 1.0 ML. Such a behavior of the O-Ir bond length with
coverage has also been found for other O/TM systems.!!!3

E. Electronic properties

Turning now to the electronic properties, we analyze the
work-function change, A®, with oxygen coverage on
Ir(111), and compare the results with O/Rh(111)'! and
O/Au(111).3% In Fig. 4(b), it can be seen that the trend is
similar to Rh(111), except that the work-function change for
Rh is initially (i.e., for 0.25=0 =0.5) steeper. At ©=0.5
ML, the work-function change is 0.528 eV, which is in good
agreement with the experimental value 0.56 eV.%* Figure 4(b)
shows the work-function change increases as a function of
coverage and reaches a saturation value at @=0.75 ML. The
reason for such an increase is the high electronegativity of
oxygen inducing partial electron transfer from the substrate
to the O atom, and consequently giving rise to an inward
pointing surface dipole moment (with the negative charge at
the vacuum side of the surface). At lower coverages, O ada-
toms are partially negatively charged inducing an adsorbate-
adsorbate repulsion. With the increase in coverage, to reduce
this repulsion, there will be partial electron transfer back to
the substrate, giving rise to a decrease in the surface dipole
moment, resulting in a depolarization [as shown in Fig. 4(c)].
For O/Au(111) the work-function change for 0.25 and 0.50
ML falls in between the values for O/Ir(111) and O/Rh(111),
but for higher coverages (0.75 ML and 1.0 ML), the value
increases much more steeply. This is in agreement with ex-
perimental result.

To analyze the electron redistribution for O adsorption on
Ir(111) at 0.25 ML, the difference electron density is shown
in Fig. 5(a) in a plane perpendicular to the surface. The
change in charge density is localized on both the first and
second layers of Ir atoms and on the O atom. The valence
electrons of the Ir atoms closest to the O atoms are polarized,
where there is a depletion of electron density of the d-states
oriented toward the O atom and an enhancement in the
d-states perpendicular to these. There is also a significant
depletion of more delocalized electrons in the region below
the O atom, while there is an accumulation of electron den-
sity at the O atom, as well as a polarization. The Ir atoms in
the second layer exhibit a redistribution of the d-states of
opposite nature to that of the Ir atoms in the first layer,
namely, an enhancement of electron density in the d-orbitals
oriented toward the O atoms (and toward the upper
O-bonded Ir atoms), and a depletion in those perpendicular
to this direction. The charge transfer from the neighboring Ir
atoms to the O atoms is about 0.51 according to the Mulliken
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W

FIG. 5. (Color online) Difference electron density for (a) 0.25
ML and (b) 1.00 ML of oxygen adsorbed on Ir(111) in the fcc-
hollow site and for (c) the y3/(2 X 2) trilayer structure. The contour

e

plot depicts the [211] plane perpendicular to the Ir(111) surface and
passing through the O atoms. The inset in (a) shows, as an example,
this plane in relation to the surface atomic geometry (top view) of
the 0.25 ML structure. The dotted lines represent charge depletion
and the solid lines represent charge accumulation. The lowest posi-
tive contour line is at 0.001 electron Bohr=3, while the highest nega-
tive contour line corresponds to a value of —0.001 electron Bohr™3.
In between, the electron density changes successively by a factor of
10" electron Bohr™.

population analysis. The difference electron density for 1.0
ML is shown in Fig. 5(b). Comparing with the 0.25 ML case
[in Fig. 5(a)], it can be seen that enhancement of charge on
the O atom occurs mainly in the p,, states; this is due to
“through” O-O interactions as the O atoms are bonded to Ir
atoms, that are also bonded | to other O atoms. The difference
electron density for the 3/(2X2) trilayer structure [Fig.
5(c)] shows a significant enhancement of electron density on
both the upper and lower O atoms, while it shows a strong
decrease in the d-states oriented toward the O atoms of the Ir
atoms in the center of the trilayer. On the other hand, there is
a notable enhancement of the d-states oriented perpendicular
to the O-Ir-O bond of these Ir atoms. There is little pertur-
bation to the electron density of the Ir atoms of the underly-
ing (111) substrate.

The nature of the O-Ir bond is characterized by a hybrid-
ization between the O-2p and Ir-5d orbitals. This can be seen
from the corresponding partial density of states (PDOS)
shown in Fig. 6. Considering the PDOS, it can be seen that
there is a broadening and shifting of the atomic O energy
levels to lower energies, and the oxygen levels are split into
bonding and antibonding states. The bonding states are
around 5.5-7.5 eV below the Fermi level and the antibond-
ing states mainly around 1-2 eV above the Fermi level,
where they are only partially occupied. The weight of the
O-2p states are on the bonding states, resulting in a rather
strong bond between oxygen and the Ir surface. It can be
seen from the PDOS that with increase in coverage, from the
0.25 ML to 1.0 ML, occupation of the antibonding states
increases slightly. This behavior is consistent with the bind-
ing energy decreasing with increase in O coverage.

IV. BULK IRIDIUM OXIDE IrO,

It is useful to consider the properties and structure of bulk
iridium oxide. There are two kinds of iridium oxide, i.e.,
iridium dioxide IrO, and diiridium trioxide Ir,Os;. The
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FIG. 6. (Color online) Projected density of states for the
O/Ir(111) system with O in the fcc-hollow site for various cover-
ages as indicated. Also the PDOS for the two V3/(2%2) trilayer
structures are shown. Oy, Oy, Irg,, Irpp, denote the oxygen atoms in
the uppermost layer of the trilayer, the oxygen atoms in the lower
layer of the trilayer, the iridium atoms in the center of the trilayer,
and the iridium atoms in the first unreconstructed layer of the un-
derlying Ir(111) substrate. The Fermi energy is indicated by the
vertical dotted line at 0 eV.

former is the most common oxide of Ir and has the rutile
structure, which is shown in Fig. 7.

The space group of the rutile structure is P42/mnm,
which is nonsymmorphic. The point-group symmetries at the
Ir-atom and O-atom sites are D, and C,,, respectively. We
summarize the calculated properties of bulk IrO, and com-
pare with experiment and other DFT calculations in Table
IV. In particular, we list the lattice constants, the shortest
bond lengths of Ir-Ir, Ir-O and O-O, the bulk modulus, and
the heat of formation. For the lattice parameter, our DFT-
GGA calculation overestimates by 1% compared to experi-
ment. The experimental value of the standard enthalpy of
formation is —1.42 eV,” which agrees very closely with the
present result of —1.45 eV.

The band structure of bulk IrO, is shown in Fig. 8 and the
PDOS is shown in Fig. 7. It can be seen that in the energy
interval around —2.0 and —1.0 eV, there is a very large peak,
similar to that of the y3/(2X2) trilayer structure [see
Fig. 6(f)].
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Energy [eV]

FIG. 7. (Color online) The rutile structure (inset) of IrO, where
the small (red) spheres represent oxygen and the gray, iridium.
PDOS of IrO, where the gray line denotes the oxygen 2p states and
the black continuous and dashed lines iridium 5d and 6s, respec-
tively. The Fermi energy is represented by the vertical dashed line.

V. THERMODYNAMIC PHASE DIAGRAM
OF THE O/Ir(111) SYSTEM

We now use Egs. (5) and (6) to explore the effect of
pressure and temperature on the stability of the various sur-
face structures. We calculate the Gibbs free energy as a func-
tion of oxygen chemical potential and determine the relative
stability range of each configuration (kinetic limitations are
ignored). The result is presented in Fig. 9 where the oxygen
chemical potential is correlated with pressure for three se-
lected temperatures. Figure 10 shows the two-dimensional
(p,T) phase diagram, where only the energetically most
stable structures appear. From Fig. 9, it can be seen that for
low chemical potentials of oxygen up to Aup=-1.58 eV,
the clean Ir(111) surface is energetically most stable. Upon
increasing Aug from —1.58 eV, we find that on-surface ad-
sorption at the fcc-hollow site with oxygen coverage of 0.25
ML starts to be energetically favored over the clean surface.
Beyond Aup=-1.45 eV, the thermodynamically most stable
phase is bulk iridium dioxide. From Fig. 10 it can be seen
that at a pressure of about 10! atm and 700 K, bulk IrO, is
the thermodynamically stable phase. Various experimental
reports have claimed oxidation of Ir(111) occurs at
around 600-800 K and at a pressure of about 107'° bar
(~10710 atm),*%52 thus in accord with the theoretical
result. Figure 10 shows clearly the three predicted stable
phases of the O/Ir(111) system; the clean Ir(111) surface, the
(2X2)-O/TIr(111) adsorption structure, and bulk iridium
dioxide. From Fig. 9, it can furthermore be seen that if full
oxidation of the surface cannot occur, e.g., due to kinetic
hindering, the metastable trilayer structure becomes energeti-
cally favorable for ug=-0.65 eV.

Comparing the present (p,T) phase diagram with other
reported ones for O/Ag(111),2° O/Au(111),28 O/Pd(111),!7-18
O/Rh(111),"> O/Ru(0001),' O/Pt(111),%” and O/Cu(111),> we
find that the O/Ir(111) system is closest to O/Rh(111) in
which thin surface-oxide-like configurations are only meta-
stable with respect to bulk oxide formation. The experimen-

045436-8



STABILITY, STRUCTURE, AND ELECTRONIC...

PHYSICAL REVIEW B 78, 045436 (2008)

TABLE IV. Calculated properties of bulk IrO, and comparison with experiment and other DFT calcula-
tions. Specifically, the lattice constants a and c, the nearest distance between iridium atoms dy,_j, and oxygen
atoms dg._o, and the Ir-O bond length dj,.q, all given in A. The bulk modulus B, (in GPa) and the enthalpy

of formation H{roz (in eV/O atom).

Lattice const. dyre do.o dio By H{roz
Present a=4.54 3.59 247 1.98 253 1.45
work c=3.19
Experiment® a=4.50 3.55 2.46 1.95 1.42°
c=3.154
Other ab initio a=4.51°¢ 1.87¢ 266° L11f
results c=3.158f

aReference 86 (except the heat of formation).
PReference 79.
‘Reference 87.

dReference 88, calculated using unrestricted hybrid DFT (UB3LYP).

“Reference 89, calculated using DFT-LDA.
fReference 90.

tal observation of such metastable surface oxides for the
O/Rh(111) system is due to kinetic hindering effects, which
could also possibly occur for the O/Ir(111) system. Indeed, a
very recent work®" by He et al. studied the oxidation of
Ir(111) using the technique of in situ surface x-ray diffrac-
tion, combined with DFT calculations. At moderately low
temperatures of about 600 K and pressures of up to 100 mbar
(~107" atm), they observe that the layered oxidic structures
formed on Ir(111) which are kinetically stabilized, very simi-
lar to that of the O/Rh(111) system. Thus, this finding
strengthens and supports our prediction that the v3/(2 X 2)
trilayer surface oxide structures may be observed on Ir(111)
if kinetic hindering occurs. This is also in accord with the
DFT calculations performed in the same study.”! Concerning
other oxygen/metal systems, first-principles (p,T) phase dia-
grams obtained for the O/Ag(111), O/Pd(111), and
O/Au(111) systems, in contrast, predict the thermodynamic
stability of thin surface oxide structures, prior to formation
of the bulk oxide phase.

Energy [eV]

FIG. 8. Band structure of IrO,, where the energy zero is the
Fermi level.

VI. CONCLUSION

We have investigated the adsorption and interaction of
atomic oxygen on the Ir(111) surface through first-principles
DFT-GGA calculations. We find that for on-surface adsorp-
tion, the fcc-hollow site is energetically most favorable for
all coverages considered (0.11 to 1.0 ML). In the coverage
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FIG. 9. (Color online) Calculated Gibbs free energy of adsorp-
tion, y(p,T) [cf. Eq. (5)], for the various oxygen-containing surface
structures, as a function of oxygen chemical potential Aug [cf. Eq.
(6)]. The corresponding pressure scales are given for three selected
temperatures [cf. Eq. (6)].
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FIG. 10. (Color online) Surface (p,T) phase diagram showing
the stability range of the lowest energy structures.

range 0.11 to 0.25 ML, the binding energy increases indicat-
ing an attractive interaction between the O atoms and the
possible formation of a local p(2 X 2) periodicity.®> With in-
creasing oxygen coverage beyond 0.25 ML, the binding en-
ergy decreases due to a buildup of a significant repulsive
interaction between the adsorbates. Pure subsurface adsorp-
tion under the first Ir(111) layer is notably less stable than
on-surface adsorption and is endothermic with respect to
(half) the theoretical binding energy of the O, molecule. For
oxygen coverages greater than 1 ML, we considered mixed
on-surface+subsurface structures involving a full ML of on-
surface oxygen and subsurface oxygen. Incorporation of
oxygen at the subsurface sites decreases the average binding
energy, as compared to the on-surface chemisorption struc-
tures. However, upon increasing the subsurface oxygen con-
centration (from 0.5 to 1 ML), an effective attractive inter-
action between the O atoms is found.

We also considered the possible formation of recon-
structed surface-oxide-like structures, namely the p2:IrO,
and p2:IrO,-SR surface structures. These O-Ir-O trilayer
structures can be described as a (y3 X \6)R30° oxide layer
on a p(2x2)/Ir(111) surface unit cell, with the trilayer of
the latter structure laterally shifted with respect to the former.
These configurations are energetically favored for oxygen
coverages greater than around 0.9 ML. To determine the pre-
dicted thermodynamically stable phases as a function of oxy-
gen gas pressure and temperature, we used the approach of
ab initio atomistic thermodynamics to evaluate the surface
phase diagram for O/Ir(111). We find that only three different
phases are predicted to be stable, namely, the clean Ir(111)
surface, chemisorption of O at a coverage of 0.25 ML with a
p(2X2) surface unit cell, and the bulk oxide phase. The
V3/(2%2) trilayer surface oxide structure is predicted to
form on Ir(111) only when kinetic hindering occurs. This is
supported by a very recent study on the oxidation of this
surface by in situ experimental techniques, as well as DFT.?!
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APPENDIX: VIBRATIONAL CONTRIBUTIONS TO THE
FREE ENERGY OF ADSORPTION

The vertical vibrational mode of O on Ir(111) at an oxy-
gen coverage of 0.25 ML has been calculated using a
pseudopotential plane-wave basis set within the DFT-GGA
framework.3*3 Tt is found to be 483 cm™', which translates
to about 60 meV. For this study, we estimate the two lateral
(in-plane) vibrational modes by varying this vertical mode
by =50%, allowing us to define an upper and lower limit to
the total vibrational contribution. Thus the total vibrational
contribution can be written as a sum of the vibrational free-
energy contribution due to the vertical mode and that due to
the estimated two lateral modes.

The vibration contribution to the free energy of adsorp-
tion, FV'°, can be formally written as

. 1 _
FY(T,®) = EM’ +kpT In(1 — ¢"¥ksT) (A1)

whereby o, f, kg and T are the vibrational mode, the reduced
Planck’s constant, the Boltzmann’s constant, and the tem-
perature of the system, respectively. Using Eq. (A1) and nor-
malizing with respect to a p(2X2) surface area, the vibra-
tional contribution to the free energy of adsorption is plotted
in Fig. 11. The (middle) solid line is drawn as a reference for
the case when all three modes have the value of 60 meV. The
upper and lower limits are shown as the dashed curve and
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dashed-dotted curve, respectively, in Fig. 11. These plotted
values are comparable to the values reported for other
oxygen-metal systems and are well within =10 meV/A? for

PHYSICAL REVIEW B 78, 045436 (2008)

temperatures up to 1000 K. Thus, for the present study, vi-
brations may be neglected without affecting the physical
conclusions drawn.
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