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Abstract

Density Functional Theory calculations have been used to investigate adsorption

of ethylene on Pd nanocluster together with shifts in core-level binding energies of

Pd-atoms bonded to the adsorbate. The adsorption energy is found to correlate with

the core-level shifts (CLS) which is consistent with the notion that core-level binding

energies is a measure of differences in cohesion. The correlation between adsorption

energies and core-level shifts is found to be stronger than the correlation between
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adsorption energies and generalized coordination numbers, indicating that descriptors

preferably should account for electronic effects explicitly. The advantages of CLS as a

descriptor for a screening of adsorption properties is discussed.

Introduction

The unique properties of nanoclusters and applications within heterogeneous catalysis1, pho-

tovoltaics2, quantum dots3 and plasmonics4 explains and motivates the large amount of

work directed to fundamental understanding of finite-size systems. It is well established that

properties of nanoclusters (NCs) are determined both by geometric effects related to under-

coordinated surface atoms and to consequences of electronic confinement. The importance

of electron confinement is generally most pronounced in the, so-called, non-scalable regime

with particle diameters below ∼2 nm.5

The large surface-to-volume ratio makes metal NC important in heterogeneous cataly-

sis. Such catalysts are generally realized as precious metal NC dispersed on porous oxide

supports. Precise control and understanding of NC properties is one route to improve the

reactivity of catalytic systems. As explicit treatments of NC reactivity and, eventually,

catalytic activity from first principles are computationally demanding, different types of de-

scriptors have been developed over the past decades. The descriptors are commonly based on

either the local electronic structure or the geometric structure through atomic coordination.

One benefit of descriptors, is that predictions are linked to chemical understanding, another

is that they can be used for screening of catalytic activity.6,7

A descriptor should preferably be easy to calculate allowing for efficient exploration of

multiple systems. One seminal example is the d-band model,8,9 which relates adsorption

energies Eads on transition metals by the position of the d-band relative to the Fermi level.

A number of additional descriptors based on electronic structure have been discussed over

the years such as vacancy formation energy, ionization potential and electron affinity.10 The

electronic structure reflects the atomic structure which explains why descriptors based solely
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on the local atomic structure also show a good performance. One such example is the recent

work by Calle-Vallejo et al. suggesting that the generalized coordination number (GCN)

calculated from the local coordination provides a good measure of adsorption energies.11

Unlike regular coordination numbers, GCN takes into account the second coordination shell

and, thus, includes more information on the electronic properties. Moreover, an orbital-

wise coordination number (CNα) calculated as two-center s-electrons hopping integrals to

neighboring atoms was recently suggested by Ma and co-workers.12

The position of the d-band relative the Fermi energy is to a large extent determined by

the electrostatic potential at the considered site and the same applies to core-states.13 Thus,

the adsorption energy should correlate also with the shift of core-state binding energies,

as measured in X-ray photoemission spectroscopy (XPS). This has been demonstrated for

Pd clusters by Kaden et al.14 studying shifts in the 3d core states. In the photoemission

process, an electron from a core-level is emitted and a hole is created which affects the

remaining electrons. The shift of the core-electron binding energies without the screening

effects induced by the hole is generally referred to as the initial state shift. However, since

the measured binding energies include the effects of the hole, it should be accounted for

in computational treatments. Shifts calculated including the screening of the core-hole are

called final state shifts.

Density functional theory (DFT) calculations have shown to accurately reproduce mea-

sured core level shifts (CLS) for adsorption of simple adsorbates on metal surfaces.15,16

Recent work also include metal NC17,18 and in Ref.18 it was shown how confinement effects,

local coordination and interatomic distances affect the 4f CLS for bare Au NC. As of yet,

however, the dependence of CLS on adsorption energies has not been comprehensively inves-

tigated for metal NC. In this work, we use density functional theory (DFT) calculations to

study ethylene (C2H4) adsorption on Pd NC. Ethylene hydrogenation is an important model

reaction with bearing on, for example, upgrading of biofuels.19 Previous studies have shown

that ethylene hydrogenation starts with ethylene adsorbed atop a metal atoms, the so-called
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π-mode.20–22 Here, we restrict the treatment to this adsorption mode on either icosahedral

(Ih) and truncated octahedral (TOh) Pd NC.

Computational details

The DFT calculations were performed with the Vienna ab-initio simulation package, VASP23

using the spin-restricted PBE exchange-correlation functional.24 The Kohn-Sham orbitals

were expanded with plane waves using an energy cut-off of 420 eV and the interaction between

the valence electrons and the cores was described with the plane augmented wave (PAW)

method.25 The structures were relaxed until all forces were < 0.05 eV/Å. All clusters were

separated by at least 10 Å of vacuum from their periodic images. The Fermi discontinuity

was smeared applying the Methfessel and Paxton scheme26 with a smearing width of 0.05

eV. As references we considered extended Pd(100) and Pd(111) with p(3 x 3) and p(4 x 4)

surface cells, respectively. Integration over the Brillouin zone was approximated by finite

sampling using a k-point grid of (6 x 6 x 1) for both surfaces.

The initial state CLS were evaluated by solving the Kohn-Sham equations for core elec-

trons perturbatively, after self-consistency with frozen core electrons had been attained27.

The CLS was in this case obtained as differences in the Kohn-Sham eigenvalues of the 3d

state. For the CLS calculations with final state effects, the so-called Z+1 approach28 was

used in which it is assumed that an ionized atom can be effectively treated as a neutral atom

with an extra proton. The charging of the system were neglected and the CLS were obtained

as total energy differences. This approach has been shown to give accurate results for atoms,

molecules, surfaces and extended systems.15,28–31

Within the Z+1 approach, the CLS can be computed as a difference of ionization energies,

i.e. the difference between ground state total energy and the total energy of the core-ionized

state. Thus, it is convenient to introduce a generalized thermodynamic chemical potential
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(GTCP)28,

µ = Eion − Egs

1/N , (1)

where µ is the GTCP and N is the number of ionized atoms in the supercell (N = 1 in our

calculations). The energies Egs and Eion are the total energies of the system in the ground

state and ionized states, respectively. The CLS are the difference between GTCP of the

reference state and the system of interest:

ECLS = ∆µi = µi − µRefi . (2)

Here, we use bulk fcc Pd as a reference system and all the energies are calculated relative to

the corresponding Fermi level. The calculations of the CLS in bulk were converged using a

supercell size of 3 x 3 x 3 unit cells. At this size, the interaction of an ionized atom with its

periodic image were negligibly small.

We have studied Pd nanoclusters with octahedral (TOh) and icosahedral (Ih) morpholo-

gies. These two shapes are representative for small metal NC.32 In particular, we have

considered TOh clusters with 13, 38, 79 and 116 atoms and Ih clusters with 13 and 55

atoms.

To calculate the adsorption energy of ethylene on the Pd NC, three energies are calculated;

one for the optimized bare particle, one for the gas phase ethylene and one for the case when

the molecule is bound to the particle and the geometry is optimized, as shown in Fig. 1.

The energy of the combined system minus the sum of the energies of the bare particle and

ethylene molecule is the adsorption energy.

Results and discussions

Here we explore the relation between ethylene adsorption energies on Pd NC and their CLS

calculated in both the initial and the final state approximations.
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Table 1: Ethylene adsorption energies (Eads) and generalized coordination number (GCN) for
the considered site. Ethylene adsorption is considered in the π-mode. CLSinit and CLSfinal
denote core-level shifts calculated in the initial and final state approximations, respectively.
The center of the d-band with respect to the Fermi-energy is denoted d-band. All energies
are reported in eV.

Cluster Site Eads GCN CLSinit CLSfinal d-band
Pd13TOh -1.58 2.67 -1.31 -0.88 -0.65
Pd38TOh A -0.67 6.00 -0.41 -0.24 -0.18
Pd38TOh B -1.18 4.00 -0.80 -0.47 -0.33
Pd79TOh A -1.13 4.08 -0.75 -0.37 -0.29
Pd79TOh B -1.12 5.00 -0.67 -0.48 -0.32
Pd79TOh C -0.78 6.67 -0.35 -0.25 -0.15
Pd116TOh A -1.16 4.00 -0.80 -0.45 -0.39
Pd116TOh C -1.15 5.17 -0.55 -0.32 -0.27
Pd116TOh B -0.89 6.33 -0.40 -0.20 -0.20
Pd116TOh D -0.91 6.67 -0.38 -0.30 -0.23

Pd13Ih -1.52 3.50 -1.07 -0.81 -0.53
Pd55Ih B -1.36 4.33 -0.85 -0.50 -0.31
Pd55Ih A -1.15 5.67 -0.78 -0.47 -0.39
Pd(100) -0.89 6.67 -0.56 -0.29 -0.21
Pd(111) -0.78 7.50 -0.39 -0.22 -0.23

The results are presented in Table. 1. Sites considered for adsorption and CLS are marked

with red letters in Fig. 1. Owing to the high symmetry of the nanoclusters, only a limited

number of the surface atoms are inequivalent. For the 13-atom cluster, all surface atoms are

equivalent. The adsorption energy is highest on the small N, which is in full agreement with

a previous report on ethylene adsorption on Pd clusters.33 The highest adsorption energy

for a particular NC is generally obtained on the least coordinated atoms, e.g. the vertex

atom. The largest amount of the adsorption energy is related to the direct adsorbate-metal

interaction. The structural relaxation energies are in all cases found to be less than 0.15 eV,

where the largest relaxation energies are calculated for the smallest clusters.

The CLS show a strong size dependence, with large shifts calculated for the smallest

clusters. Pd13 has a high CLS of -0.88 eV and -0.81 eV for the octahedral and icosahedral ge-

ometries, respectively. The values for the clusters are generally higher than for the extended

Pd(100) and Pd(111) surfaces. The experimental values for Pd(100) and Pd(111) are -0.44
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Figure 1: Structures of Pd particles with tetrahedral (TOh) and icosahedral (Ih) morpholo-
gies. The different sites for which CLS and Eads were calculated, are indicated by capital
letters A, B and C. π-mode adsorption of ethylene is exemplified for a 13-atom icosahedral
cluster.

and -0.28 eV, respectively.34 The final states effects in the NC were found to be most (least)

pronounced for vertex (facet) atoms.

Frequently, factors based on local geometry are used as descriptors for adsorption ener-

gies. For example, generalized coordination number accounts for the number of neighbors

with their coordinations. However, as exemplified in Ref.18, the size-evolution of electronic

properties of small nanoclusters is non-monotonous and highly sensitive to confinement ef-

fects and local strains.35,36 Thus, the shifts of the valence band, core states and adsorption

energy can generally not be fully described by descriptors that explicitly do not account for

such effects. In Fig. 2 the correlation between adsorption energy and GCN is shown. The

correlation coefficient R2 is 0.79 and the distribution of the data points is rather broad. This

indicates that there is a room for improvement, even though GCN is fair descriptor.

When correlating the adsorption energies instead to the CLS, some effects that are missing

in geometric approach are included, yielding a better correlation. As shown in Fig. 3, a good

correlation is observed for the full range of considered sizes and the correlation coefficient R2
CS

is 0.89. Thus, CLS in initial state approximation show improved correlation as compared to

GCN.

Chemical analysis is based on the assumption that the measured CLS depends on the

electrostatic potential at the site under consideration.37 However, measurement also includes
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Figure 2: Adsorption energies of ethylene on Pd NC as a function of generalized coordination
number.
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Figure 3: Adsorption energy of ethylene on Pd NC as a function of CLS calculated within
initial and final state approximations.

final state effects of the core hole is screened. The potential model suggested by Gelius38

implies that CLS are approximated by the change of the electrostatic potential for different

local environments ∆V with a correction for relaxation effects due to the presence of a

core-hole ∆ER:

Epot
CLS = ∆V −∆ER (3)

The effect of final state effects on the correlation between Eads and CLS is shown in Fig.3.

The values that are furthest from the linear fit, correspond generally to vertex atoms. The

correlation is strong (R2
IS = 0.85) and close to the calculations including only the initial

state contribution.
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According to the d-band model,8 the difference of adsorption energies on transition metals

in different environments can be determined by the location of the d-band center with respect

to the Fermi-energy. In previous work, it was shown that CLS in nanoclusters correlate

with differences in d-band centers.18 This is understandable as the d-band center shifts, in

similarity with the shifts of the core states eigenvalues, are determined by the shift of the

electrostatic potential. In Table 1 the values for d-band centers were calculated as the first

moment of the projected d-band density of states referenced to the Fermi level. In the left

panel of Fig. 4 the discrepancies in correlation between initial-state CLS and d-band shifts

can be attributed to the difference in the electrostatic potential shift for states with different

localization of the wave function, as discussed in Ref.39 In the right panel of Fig. 4 the

correlation for complete screening CLS and initial-state CLS is shown and the deviation

from a linear correspondence is due to the effects of the core-hole screening. The correlation

between the adsorption energies and the shifts of the d-band centers is also clear although

the correlation is slightly worse than in the case of the core-level shifts, as shown in Fig. 5.
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Figure 4: Complete screening CLS and d-band center shifts as a function of initial state
CLS.

The analysis of CLS in small nanoclusters presented in Ref.18 suggests that the final

state effects partially compensate for the initial state shift (see Eq. 3), typically decreasing

the absolute value of the shift. Nevertheless, the effect of the core-hole screening is rather

modest and similar for different sizes and structures. The deviation from the scaling relation

does not exceed 0.1 eV. The points that deviate the most, typically correspond to vertex

(the most undercoordinated) atoms. As shown in Fig. 4, the correlation is strong, meaning

9



that CLS can be potentially used as a descriptor for reactivity of small nanoclusters.
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Figure 5: Adsorption energy of an ethylene molecule on the surface of Pd nanoclsuters as a
function of d-band center shift.

Conclusions

We have investigated ethylene adsorption and CLS for the unique atoms in the icosahedral

and octahedral Pd nanoclusters. We find that the ethylene adsorption energy correlates with

CLS calculated either in the initial or final state approximation. These correlations are just as

strong as the correlation between the adsorption energies and the d-band centers. Inclusion

of final state effects in the CLS is found to slightly reduce the correlation as compared to

CLS obtained in the initial state approximation. However, the final state effects in the CLS

are found to be small in all cases. The correlation between the adsorption energy and the

generalized coordination number (GCN) is found to be slightly weaker than the CLS and d-

band center. This is reasonable given that the GCN is a structure-only descriptor not taking,

for example, electron confinement effects into account. One particular advantage of CLS as

a descriptor is that they can be accurately measured. Regarding computational assessment,

evaluation of CLS does not require structural relaxations, which drastically decreases the

complexity of calculations, and can be applied also for alloy nanoclusters and supported

particles.
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