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Ethylene adsorption on a Ni55 nanocluster was studied by means of the density functional theory

(DFT)/B3LYP using the basis sets of 6-31G(d,p) and 86-411(41d)G in Gaussian 03. The Ni55 nanocluster

was found to have a distorted icosahedral geometry, in accordance with the experimental findings. The

binding energy value for the Ni55 nanocluster was calculated to be 3.51 eV/atom using equilibrium geometry

calculations. The estimated bulk nickel binding energy was in reasonable agreement with the experimental

value (4.85 versus 4.45 eV/atom). In addition, equilibrium geometry calculations were performed for ethylene

adsorption on the Ni55 nanocluster for 2 different coordination numbers of 6 and 8 with π -adsorption modes.

The related adsorption energies were computed as –0.87 and –0.68 eV, respectively.
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Introduction

Developments in nanoscale science enable scientists to atomically engineer and characterize clusters of any size
and composition. The importance of these developments lies in the fact that clusters offer a novel class of
materials with electronic, catalytic, and magnetic properties that are different from the bulk.

According to a study by Grigoryan and Springborg,1 nickel clusters that have N number of atoms in
the range of 10-10,000 have interesting properties. In this particular work, different sizes of clusters were taken
into consideration for a particular reaction in order to evaluate the effects that could be observed, since it was
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claimed that the structure and properties of a cluster depend on N. Schmid et al.2 emphasized that the basic
reason for producing nanoparticle-based catalysts is to improve the ratio of the active surface to the total metal
volume, where the catalytic properties change qualitatively with changes of the metal particle size.

An icosahedral structure was first identified for nickel clusters by looking at the size dependence of the
chemical reactivity with various probe molecules.3−5 Parks et al. experimentally investigated the structure of
nickel clusters by use of ammonia6 and nitrogen7,8 adsorption on neutral nickel gas clusters for different cluster
sizes ranging from 3 to 120 atoms. They reported that all of the nickel nanoclusters including Ni55 had Mackay
icosahedral structures, and the magic-number clusters such as Ni13 and Ni55 were observed experimentally.
Similarly, the icosahedral structure of Ni55 was found in a large mass range with threshold photoionization
experiments and standard mass spectrometry by Pellarin et al.5

Chemical probe experiments on Ni clusters6−9 showed icosahedral symmetry for N > 48. Parks and
Riley9 stated that bare nickel clusters in the size range of 49 ≤ N ≤ 105 preferentially adopt icosahedral-based
structures, and the experiments showed evidence of regular icosahedra and icosahedra with closed subshells.

There are many theoretical calculations on nickel clusters by a variety of techniques, including the methods
based on density functional formalism. These are the embedded atom method (EAM),10 the effective medium

theory (EMT),11 the corrected effective medium (CEM),12 and tight-binding molecular dynamics (TBMD) and

the linear combination of Gaussian-type orbitals-local density functional (LCGTO-LDF) method.13 Lathiotakis

et al.13 studied Ni clusters with N = 13 and N = 55 by using the tight-binding (TB; semiempirical) molecular
dynamics (MD) method. They reported that the most stable structure among these clusters was icosahedral.

Moreover, Stave and DePristo14 and Wetzel and DePristo15 systematically computed energies and structures for
nickel clusters containing 3-23 and 24-55 atoms by employing the CEM and MD/Monte Carlo-CEM (MD/MC-

CEM) theories, respectively. Grigoryan and Springborg1 studied the optimization of nickel clusters in the size
range of N = 2-100 using the combination EAM (as developed by Daw, Baskes, and Foiles) and quasi-Newton

optimization method. Grigoryan and Springborg16 also utilized the EAM method in their calculations for
NiN clusters in the size range of 2-150, where electronic effects like Jahn-Teller distortions were not included
and a Mackay icosahedron was concluded as the structure for the Ni55 cluster. Montejano-Carrizales et al.17

investigated icosahedral closed-shell clusters with N = 13, 55, 147, 309, . . . , 5083. They concluded that the
icosahedral structures were more stable at atom numbers up to N = 1415.

In another study by Montejano-Carrizales et al.,18 Ni clusters in the size range of 13-147 were studied
with EAM while keeping the cluster structure relaxed only up to N = 78; Jahn-Teller distortions were not
included. In that work, 2 different types of structures based on icosahedral growth were considered, and a
Mackay icosahedron was reported for the Ni55 cluster. Doye and Wales19 used the Monte Carlo minimization
approach for different metal clusters of up to 80 atoms without using Jahn-Teller distortions. They also reported
that Ni55 nanoclusters had a Mackay icosahedral structure. Cleveland and Landman20 worked on the energetics
of nickel clusters. For Ni clusters containing fewer than 2300 atoms, the optimal structures of the clusters were
predicted as icosahedral sequences. Ni nanoclusters were also studied by the MD method with a quantum-
Sutten-Chen many-body force field.21 For clusters with fewer than approximately 400 atoms, the most stable
structure was reported to be an icosahedron.

In a study by Wang et al.,22 distances of icosahedral Ni13 and Ni55 nanoclusters were discussed. Luo23

adopted the TB approximation and the MD technique to compute the energies and structural properties of
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nickel clusters containing 4-55 atoms and obtained an icosahedral structure for Ni13 and Ni55 as well. Kar’kin
et al.24 stated that Ni clusters with magic numbers N = 55 and N = 147 were energetically preferable within
the chosen ranges of N. In this case, the structure of the ground state achieved during cooling corresponded to
the Mackay icosahedron.

The Stariolo-Tsallis form of generalized simulated annealing (GSA) was applied to nickel clusters in order
to determine the structures of NiN clusters (N = 2-55) in which the interatomic potentials were modeled by the

Sutton-Chen version of fusion sensitivity (FS) potential.25 In addition, structures of N = 13, 38, and 55 with
high symmetry were concluded to be very stable, as confirmed by the binding energy and their differentials.
Doye and Wales19 also reported that Ni13 and Ni55 nanoclusters have icosahedral structures. In their study,
Singh and Kroll26 performed ab initio geometry optimization of clusters for 13, 55, and 147 atoms of Fe,
Co, and Ni using the spin-polarized density functional theory (DFT) and generalized gradient approximation
(GGA) implemented in the Vienna Ab-initio Simulation Package (VASP). It was also reported that icosahedral
structures had lower energies than other structures at all total magnetic moments. It was implied that the
cohesive energy of a cluster increased with the increasing size of cluster. Onal et al.27 investigated Ni2 dimers
and Ni13 nanoclusters quantum mechanically in terms of their structures, binding energies, and bond lengths
by use of the DFT/B3LYP method with 3 different basis sets.

Carbon monoxide and oxygen adsorption on nanosized gold particles such as Au10 nanoclusters and
on Au(111) and Au(210) single-crystal surfaces were studied quantum mechanically by Lopez et al.28 Their
DFT calculations indicated that CO and O2 adsorption energies increased proportionately with decreasing
coordination numbers (CNs) of surface gold atoms. As a result, they concluded that the chemical activity of gold

was strongly dependent on the CN of the gold atoms. Meanwhile, van Santen and Neurock29 emphasized that
metal atoms in clusters with very low CNs formed very strong bonds with the adsorbate to compensate for the
smaller number of metal-metal bonds. This increased the binding energy between the metal and the adsorbate.
Yilmazer et al.30 theoretically investigated the ethylene adsorption on a Ni13 nanocluster and different nickel
surfaces with different CNs by use of DFT with B3LYP formalism. It was reported that ethylene adsorption
energy increased with decreasing Ni CNs.

The primary aim of this study was to perform equilibrium geometry calculations for a Ni55 nanocluster
by using the DFT/B3LYP method. The results were compared with other theoretical and experimental data in
terms of geometric structure and binding energy/atom values. In addition, for 2 CNs, a comparison of ethylene
adsorption energies on a Ni55 nanocluster with π -adsorption mode was made as a function of the CN of the Ni
atom of the active site.

Nanocluster model and theoretical approach

All calculations in this study were based on DFT31 implemented in the Gaussian 03 suite of programs.32 To
take into account the exchange and correlation term, B3LYP33−35 formalism was used in this study. The
6-31G(d,p) basis set was used for C and H atoms and the 86-411(41d)G basis set was utilized for Ni atoms.
The 86-411(41d)G basis set was chosen for Ni atoms since it was reported by Towler et al. that the structural,

elastic, and vibrational properties were in reasonable agreement with the related experimental data.36 Extended
Gaussian basis sets were generated for 27 atomic orbitals for Ni, where each orbital is a linear combination
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(contraction) of Gaussian-type functions. It was demonstrated37 that the hybrid B3LYP method is a high-
quality density functional method for use in organic chemistry, and also that the application of the hybrid basis
sets predicted correct geometries for large cluster systems.38,39 Moreover, for structures containing transition
metal atoms, the B3LYP functional gives precise binding energies, whereas it yields somewhat short bond
lengths.40−42

Related to the construction of the Ni55 nanoclusters, it is known that the first magic-number cluster
following the nickel dimer is Ni13 . Magic-number clusters are generally obtained by surrounding 1 single metal
atom with metal atom layers by obeying the formula y = 10n2 + 2 suggested by Schmid43 where y is the total
number of atoms at the nth layer. Ni13 clusters are known to be developed by surrounding 1 single nickel atom
with 12 nickel atoms conforming with the Mackay icosahedral structure as suggested theoretically5,13,14,44,45

and experimentally.46 Similarly, for the construction of our Ni55 nanocluster, input geometry was set up from
a Ni13 nanocluster by adding a second layer according to the formula y = 10n2 + 2. It was mentioned by
Lathiotakis et al.13 and Luo23 that Jahn-Teller distortions of electronically degenerate configurations play
an important role in the full optimization of nickel clusters. It was explicitly noted that a wrong structure
for nickel clusters could be found by ignoring directional bonding in the d manifold in equilibrium geometry
calculations.23 Hence, the quantum mechanical calculations included JahnTeller distortions without using any
symmetry constraint.

Quantum mechanical investigations consist of structural information and the total system energy for the
optimum geometry of the considered cluster. In order to convert the calculated total energy of the cluster to
the atomic binding energy, the following formula was used

Binding energy
(

eV /atom

)
=

[Total energy ofNin cluster] − n ∗ [SingleNi atom energy]
n

Table 1. Values of binding energy and bond length of Ni55 nanocluster.

(eV/atom)
References Method Binding energy Mean distance (Å)

Lathiotakis et al.13 TBMD 4.27 2.59

Luo23 TBMD 3.55 2.45

Grigoryan and Springborg16 EAM 3.83 2.59
Montejano-Carrizales et al.18 EAM 3.87 -

Wang et al.22 DFT 3.92 2.45
2.52

Kar’kin et al.24 MD 3.69a -

Xiang et al.25 GSA 3.77 2.36
Singh and Kroll26 DFT 4.54 2.35 (interatomic)

2.47 (1st shell)
2.41 (2nd shell)

This study DFT 3.51 2.49
aFrom graph in related reference.
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Here, n is the number of atoms in the cluster. It should be noted that the quantum mechanical calculation
method was kept the same for both the single atom and the cluster.

The parameter of n−1/3 , where n is the number of atoms in the cluster, generally provides a linear
relationship with the binding energy of clusters. The intercept of the resulting line with the binding energy
axis provides a theoretical estimate for the probable binding energy of bulk nickel with an infinite number of
atoms. In this study, the computed binding energy of the Ni55 nanocluster was used together with previous
data from the literature27 including the binding energies of Ni2 (dimer) and Ni13 nanoclusters, to investigate
the above correlation. These findings were also compared with previous experimental and theoretical data from
the literature.

All atoms were kept relaxed in all directions and their electrons were not kept frozen in this study.
Equilibrium geometry (EG) calculations were performed for the determination of the binding energy of nickel
and the adsorption energy of ethylene. Computed <S2> values confirmed that the spin contamination was
very small (maximum: 0.9% after annihilation). Convergence criteria were the gradients of maximum force,
root-mean-square (rms) force, maximum displacement, and rms displacement, and these were found in Gaussian
03 to be 0.000450, 0.000300, 0.001800, and 0.001200, respectively.

The computational strategy employed in this study was as follows Initially, the correct spin multiplicity
(SM) of the nanocluster and adsorbing molecule was determined by single point energy (SPE) calculations. SPE
values were also calculated with different SM numbers for the nanocluster system which included the adsorbing
molecule. The SM number that corresponded to the lowest SPE was accepted as the correct SM. The cluster
and the adsorbing molecule, ethylene, were then fully optimized geometrically by means of EG calculations.
The relative adsorption energy was defined by the following formula:

ΔE = Esystem − (Ecluster + Eadsorbate)

where Esystem is the calculated equilibrium energy of the given geometry containing the cluster and the
adsorbing molecule; Ecluster is the energy of the cluster; and Eadsorbate is the energy of the adsorbing molecule,
which was ethylene in this case.

Results and discussion

Optimization and binding energy of Ni55 nanocluster

Geometry optimization calculations for the magic-number cluster of Ni55 were carried out using the DFT
method in Gaussian 03. The SM number of the nanocluster was 11, corresponding to the lowest energy. The
EG calculation for the Ni55 nanocluster, which was carried out without using any symmetry constraints and
by allowing for Jahn-Teller deformations, resulted in a distorted icosahedral geometry structure using the DFT
method. The optimized geometry of the Ni55 nanocluster is shown in Figure 1. Figure 2 represents the EG of
the nanocluster with the details of the cluster geometry. The resultant geometry was found with the Jahn-Teller
distortions as also suggested experimentally5,6 and theoretically.13,23
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Figure 1. Optimized Ni55 nanocluster with ball and bond representation: a) top view, b) side view.

As indicated in Figure 2, for the Ni55 nanocluster, the average bond distance between the first shell and

the center atom was computed as 2.43 ± 0.02 Å. The average bond distance between the atoms in the first
shell and the other atoms neighboring them, including the center atom and the second-shell atoms, was 2.49

± 0.01 Å. Finally, the average bond distance considering only vertex atoms in the outer (second) shell and the

atoms neighboring those was 2.56 ± 0.03 Å.

The mean cluster bond length was calculated to be 2.49 Å for the Ni55 nanocluster. Corresponding
theoretical mean cluster bond length values were reported as 2.59,13 2.45, 23 2.59,16 2.45 and 2.5222 2.3625

and 2.35, 2.47 and 2.41 Å.26 Although there are some differences among the bond length values, these values
are in reasonable agreement with each other as different theoretical methods were used. All bond length values
are shown in Table 1.

In addition, the binding energy of the Ni55 nanocluster was computed as 3.51 eV/atom which is in

reasonable agreement with other theoretical binding energy values for Ni55 nanoclusters. Values of 3.5523 and
4.2713 eV/atom were obtained by the TBMD method, 3.8316 and 3.8718 eV/atom by the EAM method, 3.9222

eV/atom by the VASP/Perdew-Burke-Ernzerhof (PBE) method, 3.6924 eV/atom by the MD method, 3.7725

eV/atom by the GSA method and 4.54 26 eV/atom by the DFT method.

Binding energy relation among icosahedral nanoclusters: Ni2 dimer and Ni13 and

Ni55 nanoclusters

For binding energy considerations, a correlation line was drawn and the intercept of the binding energies was

obtained against the value of n−1/3 for the cluster. The parameter of n−1/3 , where n is the number of atoms
in the cluster, generally provided a linear relationship with the binding energy of the clusters. The intercept of
the resulting line with the binding energy axis provides a theoretical estimate for the probable binding energy
of bulk nickel with an infinite number of atoms as stated previously.
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Figure 2. Optimized Ni55 nanocluster with the distance of nickel atoms of the shells and binding energy (darkest atom

is the core/center Ni atom, medium-dark Ni atoms are the first layer of the cluster, and the lightest surrounding Ni

atoms are the second-layer atoms).

In this work, the computed binding energy data of the Ni2 dimer and Ni13 nanocluster from our previous
study27 were considered together with the binding energy of the Ni55 nanocluster obtained in this study for
the investigation of the above correlation. Theoretical binding energies for the Ni2 dimer and Ni13 and Ni55

nanoclusters and their intercepts including the results obtained in this study and other theoretical values
reported in the literature13,16,22,23,25−27,47−49 are given in Table 2.

Figure 3 was plotted by taking the theoretical binding energies for the Ni2 dimer, Ni13 and Ni55 according
to the available data reported in Table 2, where the trend line for our data is shown with a bold black line.
This study’s corresponding extrapolation for the bulk value was 4.85 eV/atom, a good estimation for the bulk
nickel binding energy at an infinite value of N; this experimental value was reported as 4.45 eV/atom by Voter

and Chen.50

It can be seen in the literature that techniques affecting the accuracy of the results have been used to
obtain the binding energy of bulk nickel. For instance, Lathiotakis et al.13 obtained an overestimated bulk value
of 5.69 eV/atom by using the minimal parameter TBMD method. On the contrary, Luo23 preferred TBMD
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Table 2. Binding energy values for Ni2 dimer and Ni13 and Ni55 nanoclusters.

References Method
Binding energy (eV/atom)

Ni2 Ni13 Ni55 Intercept

Calleja et al.47 DFT/double-ζ bases 1.20 2.76 4.56

Lathiotakis et al.13 TBMD (minimal parameter) 0.93 3.16 4.10 5.69

Luo23 TBMD (simulated annealing) - 2.99 3.55 4.45

Grigoryan and Springborg16 EAM 1.81 3.38 3.83 4.93

Reuse and Khanna48 DFT/LSDb 1.61 4.26 7.32
Wang et al.22 DFT/PBE 2.23 3.33 3.92 4.08

Xiang et al.25 GSA 2.11a 3.38a 3.77

Singh and Kroll26 DFT/FS potential - 3.84 4.51

Yao et al.49 DFT/GGA - 3.87a 4.57a

Onal et al.27

DFT/B3LYP/ m6-31 G* 1.08 2.70 - 4.57
DFT/B3LYP/ 6-31 G** 0.66 2.86 - 5.39

DFT/B3LYP/ 86-411(41d)G 1.16 3.11

This study DFT/B3LYP/ 86-411(41d)G 3.51 4.85

Voter and Chen50 Experimental (bulk) 4.45
aFrom graph in related references.

bLocal spin density.

Figure 3. Binding energy relation as a function of n−1/3 for magic-number clusters Ni2 dimer, Ni13 nanocluster, and

Ni55 nanocluster, where n is the number of atoms in the cluster, as obtained in this study and in reported literature.
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with the simulated annealing technique achieving a value of 4.45 eV/atom. It is also possible that the inclusion
of Ni55 results may have improved the correlation compared to results based only on the Ni2 dimer and Ni13

nanocluster.

Ethylene adsorption on Ni55 nanocluster

The EG for C2 H4 as an adsorbing molecule was obtained by assuming the total charge to be neutral with a

singlet spin multiplicity. The C–C and C–H distances were computed as 1.330 Å and 1.087 Å, respectively. The

corresponding experimental values were reported as 1.337 Å51 and 1.34 Å52 for the C–C distance and 1.103

Å50 and 1.10 Å52 for the C–H distance.

The Ni55 nanocluster has 2 alternative adsorption sites with CNs of 6 and 8 that can be considered for
the cluster surface geometry. Ethylene adsorption was studied with the π -adsorption mode for both CNs on
the Ni55 nanocluster in this study. The adsorption energy was computed as –0.87 eV for CN 6. The optimized
geometry of this type of adsorption is shown in Figure 4. The adsorption energy for CN 8 was calculated to

Figure 4. Equilibrium geometry of adsorbed ethylene on Ni55 nanocluster with CN 6 by π -adsorption mode (values

are in units of Å).
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be –0.68 eV, and the optimized adsorption geometry is shown in Figure 5. Presently, there is no theoretical or
experimental study concerning ethylene adsorption on Ni55 nanoclusters in the literature.

It was reported53 that for most metals, 2 general types of low-temperature spectra have been reliably
identified and assigned to 2 distinct nondissociative adsorption modes of ethylene. These are the di-σ adsorption
and π -adsorption modes. In the di-σ adsorption mode, the ethylene molecule interacts directly with 2 metal
atoms, while it interacts with a single metal atom in the π -adsorption mode. It was claimed that, in some
cases, both types of species coexist; in other cases, one type occurs on one crystal surface of a given metal and
the other occurs on a different one. In our study, only the π -adsorption mode of ethylene was observed on the
Ni55 nanocluster for both coordination numbers. Even though a slight tendency for a hybrid adsorption mode
was noticed on the nanocluster, the di-σ adsorption mode was not examined in a complete manner on the Ni55

nanocluster.

It can be stated that ethylene adsorption energy increases from 0.68 to 0.87 eV with Ni CNs decreasing
from 8 to 6 for the Ni55 nanocluster. It was already mentioned29 that the adsorbate bond energy increases
with an increase in the degree of coordinatively unsaturated metal atoms. This is also due to the decrease in the
localization energy of electrons on the surface metal atoms for structures with fewer neighboring atoms. It was
further observed that the atomic charge (+0.106) of Ni atoms with CN = 6 is relatively higher than the charge

value of +0.006 for Ni atoms with CN = 8. In our previous study,30 a similar trend was observed for ethylene

Figure 5. Equilibrium geometry of adsorbed ethylene on Ni55 nanocluster with CN 8 by π -adsorption mode (values

are in units of Å).
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adsorption with different CNs for different nickel surface clusters and for Ni13 nanoclusters in another basis set,
6-31G(d,p), in Gaussian 03 by use of DFT with B3LYP formalism. This type of correlation was also mentioned

between the metal atoms and an adsorbate in studies by Lopez et al.28 and van Santen and Neurock.29

Conclusions

Optimizations of a Ni55 nanocluster and ethylene adsorption were studied by means of the DFT/B3LYP method.
Equilibrium geometry calculations for the Ni55 cluster resulted in the lowest binding energy of 3.51 eV/atom,
which led to an intercept value of 4.85 eV/atom together with correlations considering the Ni2 dimer and Ni13

nanoclusters from our previous study. The calculated intercept value which actually refers to the theoretical
bulk value of the binding energy of nickel was in reasonable agreement with the experimental bulk value of 4.45
eV/atom.

In addition, ethylene adsorption energies were obtained for the Ni55 nanocluster as approximately –0.87
eV and –0.68 eV for CNs 6 and 8, respectively. It can be stated that ethylene adsorption energy increases with
as the CN of Ni decreases from 8 to 6.
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