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A B S T R A C T

The ability to distinguish surface atoms with different coordination numbers is of fundamental importance in 
many fields of materials science, ranging from magnetism to heterogeneous catalysis. In this study, we exploited 
the capability of high-resolution core-level photoelectron spectroscopy in combination with density functional 
theory-based calculations to investigate this kind of atomic configurations. The measurement of the 4f7/2 core 
level of the (111), (100), (110), (311), and (510) surfaces allowed us to highlight the differences between surface 
atoms with different coordination, also related to surface reconstruction processes, atomic diffusion, and 
morphological changes. The shifts in core levels were correlated with the modification of the effective coordi
nation number, which takes into account the role of the variability in the Ir-Ir interatomic distances, and with the 
variations in the centroids of the projected d-band ΔBd, a quantity in turn related to chemical reactivity. Besides 
solid surfaces, the results may aid in understanding the properties of Ir nanoparticles whose active sites on 
nanofacets, such as edges, corners, and steps, are of paramount relevance in heterogeneous catalysis, especially 
in the electrocatalytic oxygen evolution reaction.

1. Introduction

The concept of low-coordinated atoms has become increasingly 
important in various fields of materials science. Numerous studies have 
highlighted the enhanced chemical reactivity of nanoparticles exhibit
ing nanofacets with high Miller indexes. These nanofacets are charac
terized by atoms with a coordination number n lower than that typically 
found on “closed-packed” surfaces (n = 9 for fcc(111) and hcp(0001); n 
= 8 for fcc(100); n = 7 for fcc(110)) [1,2]. Over the past 15 years, new 
synthesis methods and strategies have been developed, enabling precise 
control over nanocrystal morphology [3,4], which in turn imparts 
unique chemical properties.

However, one inherent challenge in this approach is the stability of 
low-coordinated atoms. Due to their reduced number of bonds, these 
atoms are prone to displacement from their atomic positions under 

thermal excitation, which is common at the temperatures of typical 
catalytic reactions. As a result, they exhibit large surface mobility, 
migrating to lower-energy configurations with higher coordination 
numbers. This process ultimately can lead to particle coarsening and the 
formation of larger agglomerates as their size increases [5]. A particu
larly relevant example is the diffusion of single adatoms across nano
facets on a catalyst [6]. The migration process is often influenced by 
reaction conditions, particularly the presence of adsorbates such as 
hydrogen, oxygen, and carbon monoxide, which can increase the 
mobility of these adatoms [7]. One of the main challenges in this field is 
identifying and determining the physical and chemical properties of 
these atoms. In this regard, in addition to atomic-resolution microscopy- 
based techniques such as Transmission Electron Microscopy (TEM) and 
Scanning Tunneling Microscopy (STM), core-level Photoelectron Spec
troscopy has proven to be a powerful tool for distinguishing surface 
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atoms in different chemical environments [8,9]. In this work, we 
employed this spectroscopic approach to study a set of single crystal 
iridium surfaces, each formed by atoms with different local configura
tions and atomic coordination in their first layers. Despite its increasing 
cost (+229 % from 2018 to 2021 [10]), iridium continues to play a 
crucial role in many areas of heterogeneous catalysis and electrochem
istry, both in its metallic, alloy and oxide forms for its high activity and 
durability in nanoscale Oxygen Revolution Reaction catalysts and in 
photocatalysis [11,12].

Our comparative study of the Ir 4f7/2 core levels of (111), (100), 
(110), (510) and (311) iridium surfaces revealed differences that are 
important in identifying the presence of different local atom configu
rations, whose features can be linked to chemical reaction properties 
relevant to heterogeneous catalysis. These surface terminations were 
selected based on their geometric structures. The (111) surface, which 
has the highest atomic packing and lowest free energy, is widely studied 
in the field of catalysis and as a support to probe the properties of 2D 
materials [13]. The Ir(110) surface is known for its atomic reconstruc
tion, forming troughs along the [110] direction with (1 × 2), (1x3) and 
(1 × 4) periodicities [14,15]. Also the Ir(100) surface undergoes 
reconstruction, resulting in a highly corrugated quasi-hexagonal layer 
with a (1 × 5) periodicity [16–20], where six Ir rows are arranged in a 
close-packed fashion on top of five rows of the square substrate. The 
reduction of the coordination is the driving force for the formation of 
this quasi-hexagonal reconstruction in the so-called “buckled-two- 
bridge“ model, where the registry between the first atomic layer and the 
substrate underneath is defined via the occupation of two bridge sites 
and results in a strong strain field which stabilizes the reconstruction. 
The (311) and (510) surfaces are stepped crystallographic terminations. 
The Ir(311) surface, although recognized as an “open” surface, is ener
getically quite stable. It results from significant atomic motion during 
the oxygen-induced faceting of the Ir(210) surface [21]. In this specific 
case the atomic diffusion process leads to the formation of triangular 
nanopyramids, whose sides are formed by the [311] and [311] planes, 
along with [110] nanofacets. In this context, the crystallographic plane 
orientation is expected to play a key role even in the formation of IrO2 
nanoparticles, which have also been extensively studied using X-ray 
photoelectron spectroscopy [22,23]. Interestingly, in contrast to the 
(111), (100), and (110) low Miller index surfaces, the (311) fcc surface 
provides only a mirror plane, offering a bonding site that allows for the 
formation of long-range self-organizing chirality, similar to that 
observed on copper [24]. The (510) surface, with its 5-atoms terraces 
oriented along the (100) plane and (111) steps, is also known for pro
ducing non-linear catalytic behavior [25], due to periodic processes of 
adsorbate-induced lifting of surface reconstruction.

2. Methods

2.1. Experimental methods

High-resolution core level spectroscopy (HR-CLS) experiments were 
carried out at the SuperESCA beamline of the Elettra synchrotron radi
ation facility. The measurement chamber is equipped with a SPECS 150 
electron energy analyzer, provided with a delay line detector developed 
in house, Low Energy Electron Diffraction (LEED) and a mass spec
trometer. The beamline provides photons between with energy ranging 
from 100 to 1500 eV with a resolving power of 104 at 400 eV. Among the 
different surfaces, (110) and (100) surfaces were instead measured using 
a double pass hemispherical electron energy analyser (mean radius 150 
mm) [26].

All the Ir surfaces were typically cleaned by repeated cycles of Ar+

bombardment followed by annealing up to 1350 K and oxygen exposure 
(p = 5 × 10− 8 mbar) and a final reduction in hydrogen (p = 1 x 10− 7 

mbar), until no impurities (C, S, Si and B in particular) were detected by 
XPS within the detection limit (0.1 % ML, where 1 ML corresponds to 

1.56x1015 atoms/cm2 for Ir(111)). It is important to underline that the 
oxygen treatment, employed to remove the little amount of C contam
ination, is a procedure that was not always adopted in the past to clean 
the Ir surfaces.

For all surfaces the Ir 4f7/2 core level spectra were measured in the 
photon energy range between 130 and 200 eV, with energy resolution 
better than 50 meV (80 meV for Ir(110) and Ir(100)), as determined by 
measuring the Fermi edge width (at 12 % and 88 % of the intensity) of a 
Ag sputtered polycrystal, and for some surfaces at different emission 
angles to enhance the signal of the surface components. It is important to 
underline that at these photoelectron kinetic energies (in the range be
tween about 70 and 140 eV) the effects of photoelectron diffraction can 
play a relevant role and therefore both azimuthal and polar emission 
angles are important in defining the overall intensity of each compo
nent, as widely demonstrated for a variety of surfaces [27–29]. The Ir 
single crystals were mounted on a liquid-nitrogen cryostat manipulator 
with four degrees of freedom, three translations and the polar rotation. 
The samples were cooled to 80 K for the measurements and heated by 
electron bombardment from hot tungsten filaments mounted behind 
them. The temperature of the samples was monitored by means of two K- 
type thermocouples directly spot-welded on the crystal side.

When performing HR-CLS measurements to determine surface core 
level shifts (SCLS), a very good background pressure is always required, 
since even a tiny density of impurities such as adsorbed hydrogen, water 
and carbon monoxide, which are typical contaminants in a ultra-high 
vacuum environment, may alter the line shapes and binding energies 
(BE) of the core-level components, as well as cause the appearance of 
new spectral features. This is why the pressure was always maintained 
below 1.5 x 10− 10 mbar during data acquistion at 80 K, needed also to 
reduce the contribution of phonon-induced broadening. Anyhow every 
15 min the samples were flash annealed to 670 K to induce the 
desorption of unwanted species from the substrate surface, such as H2 
and CO.

LEED and Spot-Profile Analysis LEED images were acquired in a 
second chamber at the Nanoscale Materials Laboratory at Elettra – 
Sincrotrone Trieste. The Omicron SPA-LEED system allows the mea
surement of the diffraction spots line shape, with a transfer width of the 
instrument which is better than 700 Å at electron kinetic energy of 115 
eV. The base pressure in all ultrahigh-vacuum chambers during the ex
periments was always below 2 × 10− 10 mbar.

All the 4f7/2 core level spectra were analysed using a Doniach-Šunjič 
function (DS) [30] convoluted with a Gaussian distribution, as 
commonly accepted for the case of metal surfaces [28,31,32]. The DS 
profile combines a Lorentzian width L, which is related to the finite 
core–hole lifetime, with the Anderson singularity index α, which reflects 
the occurrence of electron-hole pair excitations. The Gaussian width G 
accounts for phonon broadening, instrumental resolution, and any 
inhomogeneous broadening. The background was assumed to be linear. 
The reported BE positions of the spectra were calibrated with respect to 
the Fermi energy, which was measured under the same experimental 
conditions.

2.2. Theoretical methods

Calculations were performed using density functional theory with 
exchange–correlation effects included at the level of the rev-vdw-DF2 
functional [33]. We used the Projector Augmented Wave method as 
implemented in VASP [34] to account for the core electrons of both Ir, 
with the 6s and 5d electrons explicitly included in the valence. We used a 
plane-wave kinetic energy cutoff of 400 eV.

The Ir(111) surface was modelled using 6 atomic layers with the 
three bottom layers atoms fixed at their bulk position, even though 5 
layers are enough to achieve a SCLSs convergence. The (311) surface of 
Ir was modeled using a slab with a thickness of 8 layers, with the atoms 
of the bottom cell (4, 5, 6, 7 and 8 layers) kept fixed at their bulk po
sitions, while all the other atoms were allowed to relax. A vacuum 
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interspace of at least 19.5 Å was used to minimize the interaction be
tween periodic images of the slab along the direction perpendicular to 
the surface, resulting in a supercell of 27.4 Å along the z-axis.

The (110) surface, both in the reconstructed (1x2) and (1x3) form 
and in its unreconstructed (1x1) geometry, were modelled using an 8 
atomic layer slab, of which the upper three layers were allowed to relax 
while atoms in the other layers were kept fixed at their bulk position. 
Eventually, (100)-5x1 surface was modelled using eight layers as well 
with the same fixed-non fixed number of layers.

For these calculations we used a Monkhorst – Pack k-point sampling 
of 2 × 2 × 1 k-points. In all calculations the energy was minimized until 
the forces acting on the atoms were smaller than 0.03 eV/Å.

Core-electron binding energies for both bulk and surface atoms have 
been estimated in the so-called final-state approximation, as follows: 
first a standard calculation is performed on the fully relaxed system 
(bulk or slab). Then, in a subsequent calculation, an electron from the 
chosen core level of a particular atom is excited to the lowest conduction 
band, and the valence electronic structure is relaxed at fixed atomic 
configuration. The energy difference between these two calculations 
provides an estimate of the core level binding energy. The SCLS is then 
given as the difference of core binding energies between the surface and 
bulk atoms, i.e. 

SCLS = Ebinding (surface) − Ebinding(bulk)                                          (1)

In our case, core electrons from the 4f shell have been excited to the 
lowest empty band. According to previous theoretical studies, the 
method used in the present work to calculate the SCLSs yields an ac
curacy of about 20–50 meV on the results.

We also calculated the partial density of states ni
lm(E) of atom i, 

defined as the projection of the density of states onto spherical har
monics Yi centered on the atom: 

ni
lm =

∑

n

∫

dk
⃒
⃒〈Yi

lm|ψNk〉
⃒
⃒2δ(E − ENk) (2) 

with the projection 〈Yi |ψ 〉 calculated by integrating over a lm Nk 
sphere of radius Ri = 1.42 Å centered on atom i. Here ψNk is the crystal 
wave function of band N at wave-vector k, and Enk is the corresponding 
energy eigenvalue. We define the pth moment of the density of states 
ni

lm(E) as μp =
∫

dEEpni
lm(E); μ0 and μ1/ μ0 give the total number of states 

in the band and the band center Bid, respectively. In particular, we define 
the d-band center Bid of atom i as the ratio μ1/μ0 obtained from the 
partial density of states 

ni
d(E) =

∑2

m=− 2
ni

2m(E) (3) 

3. Experimental and theoretical results

3.1. Ir(111)

Ir(111) is an unreconstructed closed-packed (1x1) surface, as is 
evident from the LEED image presented in Supplementary Fig. S1, where 
it is presented with inverted contrast for better visibility. The theoretical 
distance between nearest neighbours atoms is 2.73 Å, with d12 distance 
between the first and second layer and d23 between the second and third 
layer being equal to 2.19 and 2.22 Å, respectively (see Fig. 1(a)), thus 
corresponding to a small expansion with respect to the bulk interplanar 
distances of + 0.35 % and + 1.72 %. The 4f7/2 spectrum of Ir(111), 
shown in Fig. 1(b), presents two components assigned to bulk atoms (at 
higher binding energy, Irbulk = 60.84 ± 0.02 eV) and surface atoms (Ir0) 
with a calculated core level shift of − 545 meV. This finding is consistent 
with the theoretical predictions based on the simple-equivalent core 
approximation predictions [35] for a more than half-filled d-band metal, 
such as Iridium, which suggest that all surface features should experi
ence BE shifts to lower values than the bulk counterpart. This value is 
also in excellent agreement with the results of the analysis of the 
experimental data, which show a shift of − 550 meV, in agreement with 
previous findings [32,36]. The line shape parameters of the two com
ponents turned out to be different: Lorentzian and Gaussian width are 
equal to 0.29 eV and 0.08 eV for surface atoms, 0.17 eV and 0.08 eV for 
the bulk; the asymmetry parameter takes a value of 0.22 and 0.15, 
respectively, for first and bulk layers.

3.2. Ir(110)

The (110) surface of Ir presents several reconstructed phases of the 
missing-row type, namely (1x2), (1x3) and (1x4), although stabilisation 
effects on the macroscopic scale with the formation of (331) facets are 
reported when no oxygen cleaning treatment is used [37]. Recent 
theoretical calculations [14] showed that the three phases have a very 
similar energy, which is within the indeterminacy range of the theo
retical approach used. The formation of these structures differentiates Ir 
from the case of (110) fcc surfaces of similar metals such as Pt and Au in 
which the surface reconstructs with a (1x2) periodicity [38,39]. The 
phase prepared in this work corresponds to a (1x2) obtained after 

Fig. 1. DFT structure and HR-CLS of Ir(111). (a) Structural geometry in the top and side views as obtained by DFT. The values of inter-layer distances are reported in 
Å. (b) 4f7/2 core level spectrum measured at T = 80 K and hv = 200 eV. The grey (Irbulk) and yellow (Ir0) peaks indicate the bulk and the clean surface component, 
respectively, while the red curve is the result of the fitting.
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annealing at 1070 K the sputtered surface, followed by oxygen treatment 
(pH2 = 5x10− 8 mbar) and reduction with hydrogen (pH2 = 1x10− 7 

mbar). Eventually, the surface was flashed to 900 K and cooled down 

rapidly, which gives rise to the (1x2) missing row reconstruction, ac
cording to previous results [40]. The LEED pattern confirms the pres
ence of the just mentioned periodicity, as can be observed in 

Fig. 2. DFT structures and HR-CLS of Ir(110). (a) Structural geometries of the (1x1), (1x3) and (1x2) surface reconstructions, as obtained by DFT. The (1x2) structure 
corresponds to the experimental LEED pattern. The values of inter-layer distances are reported in Å. (b) 4f7/2 core level spectrum measured at T = 80 K and hv = 185 
eV. The grey (Irbulk), yellow (Ir0), orange, and red peaks indicate the bulk and clean surface components, respectively, of the (1x2) missing-row structure, while the 
red curve is the result of the fitting.

Table 1 
DFT computed and experimental core level shifts for surface atoms of (1x1), (1x2) and (1x3) Ir(110) surfaces. Error bars associated to experimental values are ± 30 
meV.

DFT (meV) Experimental (meV)
Surface 2nd layer 3rd layer 4th layer Surface 2nd layer 3rd layer 4th layer

Ir(110)-(1x1) − 770 − 80 − 30 – – – – –
Ir(110)-(1x2) − 690 − 440 − 170 – − 710 − 430 − 140 –
Ir(110)-(1x3) − 830 − 520 − 430 − 110 – – – –

Fig. 3. DFT structure and HR-CLS of Ir(100). (a) Structural geometry as obtained by DFT. The values of inter-layer distances are reported in Å. (b) 4f7/2 core level 
spectrum measured at T = 80 K, hv = 185 eV and at two emission angles. (c) 4f7/2 core level spectra measured at T = 80 K, hv = 185 eV and at grazing emission of 
65◦. The grey (Irbulk), yellow (Ir0), orange, red and brown peaks indicate the bulk and clean surface components, respectively, of the (1x5) quasi-hexagonal structure, 
while the red curve is the result of the fitting.
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Supplementary Fig. S2. Even though from theoretical calculations 
higher order reconstructions are less energetically favourable [41], we 
simulated the unreconstructed (1x1), the reconstructed (1x3), and 
experimentally observed (1x2) surface, and for all three structures we 
computed the core levels of each atom. Relaxation results agree with the 
work of Kaghazchi et al. [14], where the unreconstructed (1x1) surface 
presents the typical contraction of interlayer distance between first and 
second layers, followed by an oscillatory behaviour of the spacing of 
inner layers. On the contrary, for the (1x2) and (1x3) periodicity, the 
contraction of the interlayer distance continues unless the first full 
atoms layer is created, as shown in Fig. 2(a). The computed core levels of 
all the reconstructed surfaces are reported in Table 1. The fitting of the Ir 
(110) spectrum resulted in three surface components shifted by − 710 ±
30 meV, − 430 ± 30 meV and − 140 ± 30 meV from the bulk component 
(see Fig. 2b), in close agreement with the DFT calculated values corre
sponding to the (1x2) reconstruction observed by LEED. The bulk 
component has been found at a binding energy of 60.85 ± 0.02 eV, in 
agreement with the one of Ir(111). Line shape parameters were similar 
to those found for (111) surface, with a larger Lorentzian and asymmetry 
values (0.27 eV and 0.23) for surface atoms with respect to bulk atoms 
(0.17 eV and 0.13).

3.3. Ir(100)

The reconstruction of Ir(100) causes an increase of atomic density in 
the topmost layer, resulting in the formation of a quasi-hexagonal 
atomic arrangement where, along the [011] direction, there is one 
extra atom, for a total of 6 atoms in a (1x5) cell [41]. This reconstruction 
is not limited to the surface layer but extends over the first few layers 
under the surface, with a characteristic buckling of the atoms in all these 

planes [19]. All surface atoms show a nominal coordination equal to 8, 
apart from the atom depicted in brown in Fig. 3a, whose coordination is 
reduced to 7. The average interlayer distances are 2.24 Å, 1.88 Å, and 
1.94 Å for d12, d23, and d34, respectively. A more-in-depth insight of the 
buckling of the atoms is presented in Supplementary Table 1.

The 4f7/2 spectra reported in Fig. 3(b) show the modification of the 
photoemission line shape related to measurements at different emission 
angles (θ being the angle with respect to the surface normal), which 
result in variable surface sensitivity, due to different electron inelastic 
mean free path and photoelectron diffraction effects. The fit of high- 
resolution Ir 4f7/2 core level spectrum acquired with 185 eV photons 
is shown in Fig. 3(c). Since the spectrum acquired at normal emission 
(bottom curve in Fig. 3(b)) is less surface sensitive, we decided to ac
quire a spectrum at grazing emission (65◦ out-of-normal) to better 
disentangle the contributions of all the inequivalent surface atoms. Be
sides the bulk one, four extra components are needed to accurately fit 
the spectrum, whose shifts with respect to the bulk are of − 700 ± 30 
meV, − 540 ± 30 meV, − 410 ± 30 meV and − 330 ± 30 meV. These 
shifts agree well with the computed core levels previously reported [42], 
as can be seen from the comparison in Table 2. The larger Gaussian value 
found for the bulk component, i.e. 0.34 eV, in Ir(100) spectrum, with 
respect to Ir(110) and Ir(111) (0.20 eV and 0.17 eV, respectively), can be 
justified by the presence of other components at slightly higher and 
lower binding energies with respect to 60.84 eV, which we attribute to 
atoms in the second and third layers.

3.4. Ir(510)

The (5x1) reconstruction of Ir(510), as evidenced by the LEED 
pattern shown in Supplementary Fig. S3, has been obtained by sput
tering and annealing to 1273 K without oxygen treatment. While ideal 
bulk terminated surface presents 5 atoms on (100) terraces and mon
oatomic steps oriented along the (110) plane (Fig. 4(a)) the LEED 
pattern presents bright spots corresponding to the (1x5) reconstruction, 
as it happens for Ir(100), plus additional spots close to the integer ones 
which move as a function of electron beam energy with respect to the 
other spots, thus indicating the presence of steps.

As for the (100) surface the 4f7/2 photoemission line shape corre
sponding to different measurements conditions (emission angle θ and 
photon energy) clearly change giving the opportunity to enhance the 
surface related components, as reported in Fig. 4(b), facilitating surface 

Table 2 
DFT Computed and experimental core level shifts for Ir(100) surface atoms from 
this work and from Ref. [39]. Error bars associated to experimental values are ±
30 meV.

This work Previous work [42]
DFT (meV) EXP (meV) DFT (meV) EXP (meV)

Atom 1 − 660 − 700 − 700 − 720
Atom 2 − 540 − 540 − 550 − 570
Atom 3 − 410 − 410 − 400 − 400
Atom 4 − 330 − 330 − 340 − 320

Fig. 4. Structural model of the ideally bulk terminated Ir(510) surface. (b) 4f7/2 core level spectra measured at T = 80, and at two emission angles and photon 
energies. (c) 4f7/2 core level spectrum measured at T = 80 K, hv = 130 eV and at grazing emission of 65◦. The grey (Irbulk), yellow (Ir0), orange, red and brown peaks 
indicate the bulk and clean surface components, respectively, while the red curve is the result of the fitting.
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sensitivity. This occurs for example at grazing emission and 130 eV 
photon energy, as shown in Fig. 4(c), where the Ir 4f7/2 core level 
spectrum appears very similar to the one measured for Ir(100), reported 
in Fig. 3(c). Given that, we decided to fit the Ir 4f7/2 core level spectrum 
using the same number of surface components employed for the (100) 
surface, positioned at the same binding energy. This procedure resulted 
in a high-quality fit, thus confirming that surface reconstruction similar 
to the one developed on Ir(100) takes place also on the terraces of Ir 
(510). We did not add to the fitting any component attributed to atoms 
on the steps since we expect their coordination to be very similar to some 
of the atoms in the (100)-(1x5) surface and, thus presenting a similar 
core-level binding energy shift.

3.5. Ir(311)

After the cleaning procedure with oxygen and hydrogen reported in 
the Experimental section, the Ir(311) surface exhibited a sharp (1x1) 
LEED pattern, as shown in Supplementary Fig. S4. Unlike the (311) 
surface of Pt [43], which shows a (1x2) missing-row reconstruction, 
LEED suggests that in the case of Ir(311) the surface remains unrecon
structed, as for the (311) surface terminations of Au, Ag, Pd [44], Rh, Cu 
and Ni [45–47]. The unit cell is oblique, with a measured angle between 
the unit vectors of 73.3◦±0.8◦ (expected value of 73.2◦), and a modulus 
ratio of 1.69 ± 0.04 in agreement with bulk predictions of 1.73.

According to the DFT results, the relaxed structure, reported in Fig. 5
(a), shows the typical alternating contraction and expansion of the inter- 
layer spacings. More specifically we obtained values of d12 = 0.89 Å, d23 
= 1.29 Å and d34 = 1.11 Å, which corresponds to a change of –22.8 %, 
+11.8 % and − 3.7 % with respect to the interplanar values of bulk Ir 
(dbulk = 1.154 Å). This behavior is consistent with a general trend 
observed in a number of structural investigations on transition metal 
surfaces [48].

The high-resolution Ir 4f7/2 core level spectrum of the clean surface 
measured at hv = 200 eV and normal emission is shown in Fig. 5(b). 
Contrary to the Ir(111) surface, that shows only two components sepa
rated by 550 meV, the spectrum of the Ir(311) surface clearly presents an 
additional component, as previously reported in a variety of simple and 
transition metals, such as the (0001) and (1010) [49] Be surfaces or the 

(0001) [28] and (1010) [27] Ru surfaces, indicating the presence of non- 
equivalent sub-surface atoms with a different electronic structure with 
respect to the top layer and bulk atoms. The intensity of the lower 
binding energy component (Ir0), extracted from a series of spectra 
measured while exposing the clean surface to oxygen (see Supplemen
tary Fig. S5), clearly diminishes with increasing oxygen adsorption. 
Based on these considerations we assigned the lower BE component to 
the first-layer atoms, while the Ir1 peak in Fig. 5(b) in between is 
assigned to second–layer atoms. From the fitting procedure, we found a 
first- and second-layer CLS of − 750 ± 30 meV and − 410 ± 30 meV 
respectively, in agreement with theoretical values of − 760 meV and 
− 390 meV. Lorentzian and asymmetry parameters for bulk and surface 
atoms were found to be equal to 0.22 eV and 0.15, 0.27 eV and 0.23, 
respectively. It is interesting to note that the best-fit Lorentzian width 
values for all surfaces were in the range 0.22–0.27. Asymmetry pa
rameters ranging between 0.13 and 0.15 were obtained for second and 
deeper-layer components as well as for bulk one, i.e. considerably lower 
than the value of 0.23 found for the first-layer peaks.

4. Discussion

Larger values of Lorentzian and Gaussian broadening, together with 
asymmetry values, were found for surface components with respect to 
the bulk ones. This trend has already been reported for a variety of 
transition metals, including Ta and Rh. An increased Gaussian width can 
be associated to the expected phonon softening at the surface, which 
typically results in a lower Debye temperature of top-layer atoms with 
respect ot the bulk ones [50,51]. The asymmetry parameter instead is 
linked to the density of states at Fermi level and, thus, to the reactivity of 
the system, as we will point out later. A higher value of the asymmetry 
can thus suggest a higher chemical reactivity of surface atoms. Even
tually, larger values of Lorentzian broadening, linked to the core–hole 
lifetime, are associated to an increased probability of Auger transition or 
other d-excitation processes for surface atoms [52,53].

Our results show an overall agreement between experimentally 
determined CLS values and DFT calculations for all investigated sur
faces. The nominal atomic coordination number of the investigated 
surface atoms, ranging from 7 to 11, is reflected in the value of the SCLS 

Fig. 5. DFT structure and HR-CLS of Ir(311). (a) DFT structural model. The values of the inter-layer distances are reported in Å. (b) Ir 4f7/2 core level spectra of clean 
Ir(311) collected at T = 80 K and hv = 200 eV. The gray (Irbulk), yellow (Ir0), orange peaks indicate the bulk and clean surface components, respectively, while the red 
curve is the result of the fitting.
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ranging from − 760 meV to − 140 meV.
The first layer core level shift of Ir(311) is very similar to the one of Ir 

(110)-(1x2) and also agrees with core level shift of terrace atoms of Ir 
(332) [54]. They indeed present the same coordination number, i.e. n =
7. It is worth noting that surface atoms of Ir(210), that show a coordi
nation number equal to 6, have a similar shift (− 710 meV) [55]. More 
surprising is the SCLS of first-layer Ir(100) atoms reported for the 
metastable Ir(100)-(1x1) surface, even though the expected coordina
tion number is higher and equal to n = 8. However this value is strongly 
influenced by the first-to-second layer relaxation in Ir(100), for which 
indeed we found a positive + 100 meV core level shift for the second- 
layer atoms.

In line with the trend of lower core level shifts for highly coordinated 
atoms, atoms with coordination equal to 9 present similar SCLS in all the 
examined surfaces (− 450 meV for Ir(210), − 430 meV for Ir(110)-(1x2) 
and − 480 meV for Ir(332)), apart from the surface atoms of Ir(111) 
whose shift has a value of − 550 meV. It is worth emphasizing that there 
are apparent anomalies also in the SCLS of surface atoms of Ir(100)- 
(1x5) reconstruction. Although they have, in principle, almost all the 
same nominal coordination, their shifts are spanning in a quite broad 
interval, ranging from − 540 meV to − 320 meV. We expect that these 
huge differences can be explained by taking into account the effective 
coordination number of those atoms. When comparing the trend in core 
levels as the local atomic coordination changes, it is necessary indeed to 
consider local variations in inter-atomic distances, as proposed in the 
Embedded Atom Model [56–58] for cohesive energies, where the charge 
density at the atomic site is the result of the contribution of the first 
neighbors. Since the charge density decays as the nucleus of the inter
acting atom moves away, the atoms that are closer contribute more to 
the variations. The expression for the charge density results to be [59]: 

ne(i) = Σi[b(Rbulk-Rij)]                                                                    (4)

where Rij is the distance of the j nearest-neighbor from the i atom, Rbulk is 

the bulk interatomic distance and b is the decay constant of an isolated Ir 
atom charge density distribution, which can be fitted with an expo
nential. The result of considering effective coordination number in place 
of standard coordination can be seen by comparing Fig. 6(a) and (b).

The trend of SCLS as a function of standard coordination clearly 
resembles a linear trend (R2 = 0.89). We want to underline that an even 
better linear trend, based on initial-state effects, is arguably difficult to 
achieve since the contribution of final-states to the core level shifts, 
which are included in our calculations, cannot be completely excluded. 
However, some of the points, belonging to the atoms of Ir(100) and Ir 
(111), deviate substantially from the linear fit. By considering the 
effective coordination, these deviations are lowered, and the depen
dence can be described quite well using a linear relationship, as verified 
from the increased value of the R2 coefficient of determination (R2 =

0.94).
Since less coordinated atoms usually represent catalytic active sites 

[60], we decided to investigate the correlation between the changes in 
the projected d-band centroid ΔBd = Bid

surf − Bid
bulk between bulk and 

surface atoms, in all the considered surfaces, and the SCLS for the cor
responding atoms. The d-band model developed by Hammer and Nor
skov [61], has been widely used in the past twenty-five years to predict 
the strength of the bonds between adsorbates and transition metals. In 
general, stronger bonds are associated with higher energy positions, 
relative to Fermi Energy, of d-states. The d-band width, and thus the d- 
band shift, show a substantial dependence on the environment of an 
atom, particularly on its coordination number. For example, CO chem
isorption energy increases by more than 1 eV going from highly coor
dinated Pt sites, as the ones in Pt(100)-hex reconstructed surfaces, to low 
coordinated sites as steps and kinks in the vicinal Pt(11,8,5) surface 
[62]. Even dissociation energies of molecules follow this trend, making 
the d-band model a useful way to predict the reactivity at surfaces. 
Lastly, this model can be extended also to transition metal alloys [63] 
and nanoclusters/nanoparticles [64,65]. In addition, even modification 
in the local interatomic distance contributes to variations of d-band 

Fig. 6. DFT calculated Surface Core Level Shifts of Ir(111), Ir(100), Ir(110), and Ir(311) as a function of (a) the nominal coordination and (b) the effective 
coordination.
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centres and thus chemical reactivity. This is the case of strained Ru 
(0001) that shows larger adsorption energies for CO and O when the 
surface lattice parameter is increased from 2.70 Å to 2.80 Å [66], and 
lower N2 activation energy if the interplanar spacing is enlarged 
(compressive strain) [67].

We computed the projected density of states per Ir atom for all the Ir 
surfaces and the d-band centre. In Fig. 7(a), we report the DOS projected 
onto first-layer Ir atoms of the (100), (111), (311) and (110) and Ir bulk 
atoms. The effect of reduced coordination results in both (i) a narrowing 
of the Ir d-band and (ii) an increase of the DOS at the Fermi energy. The 
latter agrees with the trend of the asymmetry parameter (i.e. lower 
values for bulk atoms, higher values for surface atoms) that takes into 
account the probability of excitation of electron-hole pairs and, thus, it is 
directly related to the density of states at the Fermi level.

The effect of d-band narrowing results in a shift of the projected 
density of states centre of mass towards the Fermi level, as shown by the 
thick marks. In Fig. 7(b) we plot the shift of the projected d-band centre 
ΔBd versus the calculated SCLS of Ir atoms in the different atomic con
figurations. The linear dependence between ΔBd and SCLS reported in 
Fig. 7(b) suggests that, for the case of Ir, initial state effects in the 
photoemission process are dominant in the 4f7/2 core level spectra. The 
linear relationship between these two quantities shows an almost 1:1 
ratio (slope 0.89 ± 0.03), as previously demonstrated also for a large 
number of (100) surfaces of 4d transition metals [68]. Our findings thus 
suggest that even in Ir the measured SCLS can be used as a reliable in
dicator of the local chemical reactivity.

5. Conclusions

In this work, using high-resolution core level photoelectron spec
troscopy, we have demonstrated that the Ir 4f7/2 SCLS measured and 
calculated for a variety of Ir surfaces can be considered a fingerprint for 
local chemical coordination and structure. Density Functional Theory 
calculations confirm that discrepancies in the linear relationship be
tween SCLS and coordination number originate in the variations of the 
local interatomic distances. Besides this trend, we were able to correlate 

the d-band centroid shifts with SCLS, thus confirming that, also for Ir, 
SCLS can be considered as a good descriptor of the local chemical 
reactivity of Ir surfaces.
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