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A B S T R A C T

We examine the IrO3 desorption from iridium surfaces using first-principles calculations. To investigate out-of-
equilibrium adsorption–desorption steps, we estimate the temperature dependence of changes in the free energy
considering molecular excitation. Our result shows that the IrO3 desorption occurs at a specific temperature
range. In addition to kinks, we identify that the terrace of the Ir(111) surface is active for the IrO3 desorption in
contrast to the less-close-packed (100) and (110) surfaces. The absence of a transition state is found during the
desorption process.

1. Introduction

Oxidation loss at high temperatures is mainly caused by the for-
mation of volatile oxides that is universally seen for transition metals
[1]. This is well recognized for molybdenum as one of the challenging
issues for its lifetime, where oxidation of Mo results in desorption of
MoO3 above around 550 K [2]. In addition, the formation of gaseous
oxides is also problematic for iridium because of its usage at high
temperatures: Iridium is typically used as spark plugs of internal com-
bustion engines and crucibles for the single crystal growth due to the
remarkable mechanical strength and chemical inertness. [3–6]. It has
been reported that volatile oxides are formed above 1373 K [7], and,
thus, desorption behaviors of iridium as gaseous oxides have attracted
much attention. Even though IrO [8], Ir2O3 [9,10], IrO2 [8], and IrO3

[7–9,11–14] was suggested as candidates of gaseous oxides, now it is
widely accepted that IrO3 is the dominant molecule [15,16]. Desorption
of gaseous IrO3 is also observed at oxygen evolution reactions on ir-
idium-based electrodes [17,18]. To prevent the IrO3 desorption, some
researchers have studied iridium-based alloys, such as iridium-rhenium
alloys [19] and iridium-aluminum alloys [16]. Despite a number of
worthwhile studies, fundamental understanding of the IrO3 desorption
is still absent, which should enhance further material design to reduce
the oxidation loss of iridium.

From the theoretical side, first-principles calculations have been
performed for surface oxidation of iridium with various surface indices:
Ir(100) [20–22], Ir(110) [23,24], and Ir(111) [25,26]. However, all of
the previous studies have focused on uniform surface oxidation as

thermal equilibria. To obtain insight into the oxidation loss of iridium,
it is necessary to trace the fundamental reaction steps including pre-
oxidation, precursors, transition states, and of course the final state of
IrO3-desorbed surfaces. In this sense, our understanding is thus far
limited to the very beginning of the process of the oxidation loss. It has
been identified by the above first-principles studies that the oxygen
coverage is low at high temperatures. Thus, a scenario of the IrO3

desorption from thin passivation films of IrO2 is less likely. Another
problem is that IrO3 molecules are unstable at room temperature. Thus,
there is no experimental data for the free energy of IrO3. It means that
the temperature-dependent chemical potential of IrO3 must be calcu-
lated theoretically by, e.g., density functional theory considering the
translational, rotational, and vibrational terms of excitation.

In this study, fundamental reaction steps of Ir oxidation loss are
investigated using first-principles calculations. First, we propose a
theoretical scheme to identify temperatures, where the oxidation loss
occurs. We divide the reaction into three steps: initial oxidation of ir-
idium surfaces, additional oxygen adsorption on a specific Ir site, and
the IrO3 desorption. For each step, free energies for adsorption or
desorption are calculated [27]. Next, the scheme is applied to Ir sur-
faces. We find the close-packed (111) surface is surprisingly active for
the IrO3 desorption for a high-temperature range, where the equili-
brium coverage of oxygen is below 0.25 monolayer (ML). We also de-
monstrate the reaction is more feasible at kinks. The temperature range
of the desorption we estimate is consistent with the experimental
knowledge that it does not occur below 1373 K [7]. At low tempera-
tures, the IrO3 desorption itself has high energy barriers. In contrast, the
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formation of precursors by oxidation of a specific Ir site becomes dif-
ficult at high temperatures. Moreover, the reaction path of the IrO3

desorption is ascertained in accordance with the nudged elastic band
(NEB) method [28,29], where we identify the absence of a transition
state.

2. Methodology

Here, we propose a scheme to identify the temperature dependence
of the Ir oxidation loss. We first divide the whole reaction into three
steps. Then, free energies for adsorption or desorption are calculated
considering the entropy of O2 and IrO3 molecules.

2.1. Reaction steps

The desorbability of IrO3 molecules is estimated from three reaction
steps. In Step 1, the temperature dependence of initial oxidation state of
Ir surfaces is examined. In Step 2, the formation free energy of a pre-
cursor, a specific Ir site with three oxygen adatoms, is estimated, which
depends on the oxygen precoverage. In Step 3, the desorption free en-
ergy of IrO3 is calculated. A reaction path in the case of the absence of
Step 1 (no preoxidation) is depicted in Fig. 1. In the following, the
details of each reaction steps are described.

Step 1: We examine oxygen-precovered surfaces up to 1 ML for all of
the low-index surfaces, Ir(111), Ir(100), and Ir(110). The most stable
adsorption site is identified among three high-symmetry sites for each
surface and each coverage. In this step, we evaluate the oxygen-ad-
sorption free energy Gads to identify the temperature-dependent oxygen
coverage.

Step 2: For the most stable oxygen-precovered surfaces, oxygen
atoms are further adsorbed to form the precursor, a specific Ir site with
three oxygen adatoms. We exclude the adsorption of oxygen molecules
due to the low oxygen-dissociation energy barrier from the previous
study [30]. The number of additional oxygen atoms NΔ O ranges from 0
to 3 in this step. Note that the addition of three oxygen atoms cannot

form the precursor in some cases as we discuss later. In this step, we
evaluate incremental changes in the oxygen-adsorption free energy

GΔ ads from Step 1, as the formation free energy of the precursor.
Step 3: The IrO3 precursor desorbes from Ir surfaces. The IrO3-

desorption free energyGdes is evaluated. Using the NEB method [28,29],
the existence of transition states is also examined.

2.2. Thermodynamics approach

Adsorption and desorption free energies are calculated considering
molecular excitation [27]. First, the oxygen-adsorption free energy
G T p( , )ads is approximated as

≈ − −−G T p E E N μ T p( , ) ( , ),ads Ir O clean O O (1)

where −EIr O is the total energy of an oxygen-adsorbed surface, Eclean is
the total energy of a clean Ir surface, NO is the number of adsorbed
oxygen atom, and μ T p( , )O is the chemical potential of oxygen with the
partial pressure p. In this paper, we exploit the chemical potential of O
as =μ T p μ T p( , ) ( , )O

1
2 O2 .

With the ideal gas approximation, temperature and pressure de-
pendence of the chemical potential μ T pΔ ( , )i of a gas molecule i is se-
parated from the total chemical potential μ T p( , )i as

= +μ T p μ μ T p( , ) Δ ( , ).i i i
0 (2)

The zero-temperature chemical potential μi
0 is obtained as the total

energy of an isolated molecule from first principles. In the case of O2,
we exploit the JANAF thermochemical table [31] to calculate μΔ O2. On
the other hand, IrO3 has no experimental thermodynamical data to
calculate μΔ IrO3. Alternatively, we make use of the so-called third-law
analysis [32], where thermodynamical considerations for a polyatomic
molecule are divided into three terms: the translational, rotational, and
vibrational contributions. Thus, μΔ i is written as

= + +μ μ μ μΔ Δ Δ Δi i i i,tr ,rot ,vib, where μ μ μΔ , Δ , Δi i i,tr ,rot ,vib are the
translational, rotational, and vibrational contributions to μΔ i, respec-
tively. From statistical mechanics, all of the contributions in μΔ i are

(1) (2) (3)

(4) (5)
Fig. 1. Whole reaction path for the Ir(111) clean surface in the absence of Step 1. Lime-colored (red) spheres indicate Ir (O) atoms, respectively. Step 2 corresponds to
reactions → → →(1) (2) (3) (4), whereas Step 3 is the reaction →(4) (5). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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where k h m D σ, , ℏ, , ,B , and ω are the Boltzmann constant, the
Planck constant, the reduced Planck constant, the molecular mass, the
determinant of the inertia tensor, the symmetry number of the mole-
cule, and the angular frequency of each molecular vibration, respec-
tively. Using the above formulae, μΔ IrO3 and, thus, μ T p( , )IrO3 is ob-
tained on the basis of density functional theory.

Next, the IrO3-desorption free energy Gdes is calculated as

≈ + −G T p E μ T p E( , ) ( , ) ,des after IrO before3 (6)

where Eafter and Ebefore are the total energies of a Ir surface before and
after the IrO3 desorption in Step 3.

2.3. Computational details

Our first-principles calculations are based on density functional
theory, where the norm-conserving pseudopotentials and pseudoa-
tomic-orbitals are used as implemented in the OpenMX code [33]. The
electronic exchange-correlation effects are treated within the general-
ized gradient approximation (GGA) as the functional proposed by
Perdew, Burke, and Ernzerhof (PBE) [34]. As basis sets, s3p2d2 con-
figurations with 7.0-Bohr cutoff radius for Ir and 7.0-Bohr s3p3d2 for O
are adopted, where semicore states of Ir 5p are treated as the valence.
We use slab models, where, in Step 2 and Step 3, 4 × 4-surface su-
percells are employed for Ir(100) and Ir(111) surfaces as well as the

×2 2 2 2 supercell for Ir(110). To ensure the high accuracy of the
calculations, we perform the convergence tests for the cutoff energy and
k-grid. With these examinations, 600 Ry of the cutoff energy, and
3 × 3 × 1 k-grid for Step 2 and Step 3 are adopted. Also, from the
convergence tests, the number of layers for the Ir slab models are se-
lected as 7 layers for Ir(111), 9 layers for Ir(100), and 13 layers for Ir
(110), where 3, 4, and 6 bottom layers of each slab are fixed at the
coordinates of fcc Ir, respectively. The convergence criterion for the
total energy is chosen as −10 6 Hartree, and the criterion for the force on
atoms is determined as −10 3 Hartree/Bohr for the NEB calculations, −10 4

Hartree/Bohr for all the other calculations. We confirmed that the
surfaces are always spin-unpolarized, whereas spin degree of freedom is
explicitly incorporated for isolated molecules. Spin polarization is also
included in NEB calculations. The thickness of the vacuum layer be-
tween the slabs is regulated at least 14 Å, and we use 20 Å or more of
vacuum layers for NEB calculations in order to guarantee sufficient
space for the IrO3 desorption. Free energies are evaluated using the
partial pressure of O2 as =p 1O2 atm and that of IrO3 as = −p 10IrO

11
3

atm.

3. Results and discussion

First, we discuss the case of the Ir(111) clean surface in the absence
of Step 1 for simplicity. In Step 2, GΔ ads is evaluated, whereas Gdes is
calculated in Step 3. Note that GΔ ads is defined as the change in Gads by
additional oxidation attributed to NΔ O oxygen atoms. Due to the ab-
sence of preoxidation, GΔ ads is identical with Gads in this case. Fig. 2
shows the free energy profile for the reaction path in the case of the Ir
(111) clean surface. The reaction coordinates correspond to the ones in
Fig. 1. As is clear from the figure, the energy barrier of the overall

reaction is attributed to Step 3 at low temperatures. For example, Gdes is
obviously dominant for =T 0. On the contrary, Step 2 prevents the IrO3

desorption at very high temperatures (see, e.g., GΔ ads for =T 2000 K):
The desorption never occurs without O adsorption.

Next, whole reaction paths considering Step 1 are examined for the
(111), (100), and (110) surfaces as in Fig. 3. Surface preoxidation is
examined as Step 1. In every oxygen coverage, the fcc–hollow site for Ir
(111) and the bridge site for Ir(100) and Ir(110) are the most stable,
which is in good agreement with previous studies [20–26]. Oxygen-
adsorption free energy Gads determines the most stable coverage as a
function of temperature. It is generally seen that the oxygen coverage
decreases as the temperature increases.

The precursor formation is studied in Step 2. Here, =GΔ 0ads cor-
responds to the case of =NΔ 0O , where the precursor is already formed
by the preoxidation in Step 1. In contrast, it is obvious that the clean
surface requires the condition of =NΔ 3O . Additional oxygen atoms are
adsorbed on the same sites as the precovered oxygen atoms shown in
Fig. 4 with the exception in Ir(110): adsorption on the site 3 in Fig. 4(c)
occurs only for high-coverage cases preventing the formation of the
precursor. In the case of Ir(111), GΔ ads becomes remarkably high for

>T 1600 K, where the possibility of the precursor formation is com-
pletely excluded for the clean surface. In contrast, GΔ ads can be low at
some temperature ranges including the one around 1500 K. It is noted
that GΔ ads should be non-negative, because Step 2 is out of equilibrium
starting from a surface-phase equilibrium. The discrepancy seen for,
e.g., ≈T 800 K means that the coverage in equilibrium is not 0.5 ML,
but between 0.5 and 0.75 ML. Here, we will not proceed further for the
two temperature ranges of this discrepancy, because they are in any
case irrelevant considering Step 3 as discussed below. As for the cases of
Ir(100) and Ir(110), GΔ ads is in principle very high. Note that GΔ ads is
not obtained for some cases, where the precursor is not energetically
stable. Thus, Ir(100) and Ir(110) are not suitable for the precursor
formation excluding the possibility of the IrO3 desorption.

The IrO3 desorption is examined by using Gdes in Step 3. As is clear
from Fig. 3,Gdes in the case of Ir(111) is remarkably high for <T 1300 K,
where the IrO3 desorption is not expected. Summarizing the above re-
sults for GΔ ads and Gdes, the possibility for the IrO3 desorption from the
low-index surfaces can be excluded except for the case of the Ir(111)
surface at the temperature range of < <T1300 1600 K. Since it is dif-
ficult to examine all possible precoverages in Step 1, our estimation of
the temperature range has ambiguity. However, it is considered to be
safe to say that the IrO3 desorption is possible enough for

Fig. 2. Free-energy profile for the reaction path in the case of the Ir(111) clean
surface. The reaction coordinates correspond to the ones in Fig. 1. The red
vertical arrow indicates GΔ ads for =T 2000 K, while the black vertical arrow
corresponds to Gdes for =T 0. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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< <T1400 1500 K from the close-packed Ir(111) surface with the
oxygen precoverage of less than 0.25 ML. The present result is con-
sistent with experimental studies reporting desorption of Ir at around
1373 K or higher [7].

In general, surfaces with kinks and steps are considered as more
reactive than the terrace of a surface [35]. Thus, we examine the effect
of kinks at the clean (111) surface using a vicinal (11 7 5) surface. Here,
we employed the ×2 2 supercell of the (11 7 5) surface to avoid
fictitious interaction between neighboring precursors. It is clear from
Fig. 3 that both GΔ ads and Gdes decreases compared with those of the
(111) terrace. Thus, it is expected that the temperature range of the IrO3

desorption increases from < <T1400 1500 K. In particular, the upper
bound should increase by approximately 100 K. In contrast, the lower
limit is expected to be unchanged, because GΔ ads is high enough for the
coverage of 0.25 ML. The adatom on (111) terrace is also inspected. The
result shows considerable decrease of Gdes, nevertheless, GΔ ads is in-
creased 0.12 eV oppositely. Therefore, it should not affect to the tem-
perature range.

As we already mentioned, the most significant factor to prevent the
IrO3 desorption from Ir(100) or Ir(110) is high oxygen-adsorption free

energies. The reason for the difficulty in the precursor formation can be
explained using atomic arrangements of precursors shown in Fig. 4. The
precursor at the Ir(111) surface has an adequate O–O distance con-
tributing to the stability of the precursor. In contrast, the shortest O–O
distance for the case of Ir(100) is too short making the precursor un-
stable. As for the case of Ir(110), the third adatom has high energy cost
to adsorb, and, thus, the precursor is less stable, too. These are the
reasons that GΔ ads is high for Ir(100) and Ir(110).

As is clear from Figs. 1 and 2, only the initial and final states have
been monitored thus far for Step 3. To obtain further insight into the
reaction path in Step 3, we examined the possibility of a transition state
using the NEB method for various Ir surfaces. For all of the cases ex-
amined, no transition state is seen as shown in Fig. 5. The absence of
transition states guarantees the validity of the discussion in the present
study using Gdes as the energy barrier. It should be noted that the energy
profile is not monotonous for some cases. For example, for the Ir(111)
clean surface, the IrO3 desorption occurs with the following order: i)
large displacement of one O atom from the surface maintaining one
Ir–O bond with a large energy increase; ii) subsequent displacement of
Ir atom with three Ir–O bonds from the surface with a modest energy

Fig. 3. Step 1: Oxygen-adsorption free energy Gads per 1×1 supercell. Step 2: Additional oxygen-adsorption free energy GΔ ads for the most stable surfaces identified in
Step 1. Step 3: IrO3-desorption free energy Gdes. The free energy for each coverage with the most stable configuration is highlighted with thick solid lines. Note that
the desorption free energy of adatom, which is −3.9 eV at 1500 K, is not displayed. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. The most stable oxygen-adsorption sites of
(a) Ir(111), (b) Ir(100), (c) Ir(110) surfaces to form
the IrO3 precursor. Red dotted circles are the most
stable oxygen-adsorption sites in every oxygen cov-
erage, and filled red circles are adsorbed oxygen
atoms to form the precursor on the surface. (For
interpretation of the references to color in this figure
legend, the reader is referred to the web version of
this article.)
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increase; iii) displacement of two O atoms finalizing the IrO3 desorption
with a large energy increase.

4. Conclusions

We have investigated about the IrO3 desorption from the iridium
low-index surfaces by first-principles calculations. Using the theoretical
scheme, where the reaction is divided into three reaction steps, ad-
sorption and desorption free energies were evaluated. The IrO3 deso-
rption occurs from the close-packed Ir(111) surface for the temperature
range of approximately < <T1400 1500 K, where the equilibrium
coverage of oxygen is below 0.25 ML. The temperature range is

expected to become wider with the upper bound of 1600 K by con-
sidering the effect of kinks. The lower limit of the desorption tem-
perature is consistent with experiments reporting it as 1373 K. From
less close-packed (100) and (110) surfaces, the desorption is not ex-
pected. The usefulness of the desorption free energy was supported by
the NEB method confirming the absence of transition barriers. Since our
scheme is applicable to surfaces other than Ir, fundamental under-
standing of desorption processes from various material surfaces will be
deepened, which should enhance material design of alloys to prevent
undesired desorption loss.
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Appendix A. The IrO3 molecule

Here, the structure and the stability of the IrO3 molecule are discussed. We first carried out calculations of an isolated IrO3 molecule. Heretofore,
the IrO3 molecule has been expected as the trigonal planar structure consisting of the angle of 120° with the three Ir–O terminations [15,36]. Our
results show that IrO3 is planar, but the threefold symmetry is broken, as the bond angles are obtained as 113.44°, 113.44°, and 133.12°. In addition,
the Ir–O distances are 1.73 Å, 1.73 Å, and 1.78 Å. To confirm the validity of the results obtained by GGA-PBE, we also carried out calculations with a
non-ab initio exchange-correlation functional, which is nevertheless very typical for molecules, the B3LYP functional [37,38], by using the VASP code
[39–42]. The B3LYP functional provides very similar results: 113.95°, 113.95°, and 132.10° for the bond angles as well as 1.70 Å, 1.70 Å, and 1.76 Å
for the bond lengths. Vibrational frequencies ωℏ are calculated by the direct method: The B3LYP functional provides 26.70, 29.76, 35.71, 105.74,
112.13, and 123.99 meV, whereas the GGA-PBE functional results in the values of 18.14, 25.40, 34.32, 108.85, 113.23, and 118.86 meV. Since the
vibrational frequency comes from a second-order derivative of the total energy, the functional dependence becomes rather large. Considering the fact
that the B3LYP functional is particularly optimized for isolated molecules, we used the B3LYP frequencies to calculate the chemical potential of the
IrO3 molecule.

As IrO3, IrO2, Ir2O3 [43], and IrO have been suggested as candidates of the iridium gaseous oxides, we compared the energetic stability of these
molecules. To evaluate the stability of iridium gaseous oxides, we employ the formation energy. Considering fcc Ir and O2 as thermal reservoirs, the
formation energy, Eform is established as

= − −E E N μ N μ ,form molecule Ir Ir
0

O O
0 (7)

where Emolecule is the energy of a single molecule, and NIr is the number of Ir atoms, and μIr
0 is the Ir zero-temperature chemical potential that is the

total energy of fcc Ir. By using GGA-PBE, Emolecule for IrO3, IrO2, Ir2O3, and IrO becomes 0.27 eV, 1.90 eV, 3.10 eV, and 5.12 eV, respectively. The
positive values of Emolecule coincide with the fact that these molecules are not observed at room temperature. Nevertheless, it should be reasonable to
consider that the IrO3 molecule is responsible for the oxidation loss of Ir as have been reported in previous studies [15,16], because IrO3 is
prominently most stable among these molecules. In addition, other molecules are not to be expected to emerge within the reaction path of the IrO3

desorption considering the high formation energies.
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