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Synopsis

The properties of the materials change drastically as we go from bulk to nano-dimension. It is
due to the fact that the nano-materials like nano-particles and nano-clusters have large surface to
volume ratio which strongly influences their physical and chemical properties. The pioneering
work of Haruta ef al. [1] on the catalytic activity of the tiny gold particles has motivated large
number of theoretical and experimental works to understand the catalytic properties of these
nano-particles and nano-clusters although passive nature of bulk gold is well known to us. The
gold nano-clusters are also found to have potential applications in molecular electronics and
optical devices as well as medical and biological diagnostics [2—12]. It is reported that the
size of the gold clusters has major effect on their chemical activity as depending on the size,
the geometric and electronic properties evolve significantly. The smaller gold clusters exhibit
high reactivity towards CO and O, molecules, while the reactivity decreases as the size of the
cluster increases. Lopez-Acevedo ef al. [13] reported that the chemical reactivity of the gold
clusters reaches the inert bulk value when the number (n) of atoms in the gold clusters reaches
144. However, it has been found that the catalytic activity of the larger sized gold clusters
can be enhanced by incorporating some other atoms, thereby forming bimetallic clusters [14].
Moreover, the geometric and electronic properties of the bimetallic clusters can be modified
by varying the particle size, composition and the support, thereby offering tunable catalytic
property. To this end, it has been observed that the presence of Li and Pt atoms in gold clusters
can enhance the catalytic activity of the gold clusters [7, 15-21]. Most of these earlier reports

are restricted to the investigation on the smaller gold clusters having number of atoms less than

iii
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13. The detailed study to understand the effect of the doping of Li and Pt atoms on chemical

property of the larger gold clusters is scanty in the literature.

In the family of gold clusters Auy cluster with sub-nanometer size (size ~ 0.8 nm) possesses
a unique characteristic due to its symmetric tetrahedral structure, which is both energetically
and chemically stable in nature [22, 23]. Due to its remarkable properties a large number of
theoretical and experimental investigations have been carried out to analyze the novel chemical
[7, 24-29] and optical [30-35] properties of this magic cluster. It has been observed that the
neutral Au, cluster interacts very weakly with CO and O, molecules [7, 25]. However, Molina
et al. found that presence of alkali atoms in Au,, cluster can enhance the affinity of this cluster
towards CO and O, [7]. Moreover, these authors observed that the deposition of the Au,, cluster
on defect rich MgO surface weakly enhances the chemical reactivity of this cluster. Here, we
wish to point out that the incorporation of alkali atoms inside the cage of the tetrahedral Auy,
may disturb the symmetry and the magic number configuration of this nobel cluster. With an
objective to retain the tetrahedral geometry and the magic nature of Au,, cluster, recently our
group has carried out a detail investigation on the structural and electronic properties of M atom
(M =Li, Na, K, Cs, Rb, Cu and Ag) doped 20-atom gold cluster [36]. It has been observed that
the Li doping leads to the most stable Au9Li cluster which has binding energy larger than that
of the pure Auy, cluster. Moreover, the energy gap between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) is lower than that of the
pure Au,y. These results indicate that the 20-atom gold clusters doped with Li atoms may have
interesting structural and chemical properties. In order to explore this, in the present thesis
we theoretically investigate the structural and chemical properties of the multiple Li atoms
doped 20-atom gold cluster. Furthermore, to understand the effect of transition metal atom on
the structural and chemical properties of the 20-atom gold cluster we choose Pt atom to dope
in Auyy. To check the chemical reactivity of the doped clusters we use CO as a probe and
investigate the CO adsorption behavior of the doped clusters. The comparison between the
adsorption of CO molecule studies on Li and Pt atoms doped clusters indicates that the Pt atom

doped gold cluster may exhibit efficient catalytic activity for the oxidation of CO. This aspect
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of the Pt atom doped cluster has been systematically investigated by calculating the reaction
paths for oxidation of CO and the corresponding barriers and thermodynamic properties which

govern the reaction mechanism.

In order to understand the effect of supports on the structural and chemical properties of the
gold clusters we study the adsorption of various gold clusters on silicene (silicon analogue of
graphene). Note that silicene is a newly discovered graphene-like two-dimensional honeycomb
structure made up of silicon and it has recently been experimentally grown successfully on
Ag(111) surface [37]. We wish to mention that presently silicene has also been grown on
various surfaces like ZrB,(0001), Au(110) and Ir(111) etc [38—40]. In the present thesis we
propose silicene as a suitable surface to stabilize the energetically less stable but catalytically

more active gold clusters. The organization of the thesis is given below.

In Chapter 1 of the thesis, we provide an overview of the noble properties of the pure and
doped gold clusters. It is then followed by a brief introduction to the computational methods
employed for the calculations of electronic structure based on density functional theory (DFT).
Here, we also describe the nudged elastic band (NEB) method which is used to calculate the

reaction paths and barriers for the oxidation reaction of the CO molecule.

Structural and electronic properties of 20-atom gold cluster (Au,y) doped with Li atoms (Auyg_,Li,, n
=1 - 4) are described in Chapter 2. These calculations have been carried out using relativistic
density functional theory within the framework of zeroth-order regular approximation (ZORA)
[41, 42]. For this purpose various initial structures have been generated and employed for
the geometry optimization followed by vibrational analysis to check the stability of the final
optimized structures. We have calculated various properties like binding energy, ionization po-
tential, electron affinity and HOMO-LUMO gap of these structures. It has been found that the
dopant Li atoms always favor to occupy the surface positions of the pyramidal Au,, cluster. The
binding energies of the surface-doped Auy,_,Li, clusters are always higher than that of the pure

Auy cluster. However, the HOMO-LUMO gap, which is used to define the chemical stability
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of the clusters, shows an interesting behavior. For n = 1 HOMO-LUMO gap (1.671 eV) de-
creases as compared to that of the pure Au, cluster (1.786 eV). For n = 2, the HOMO-LUMO
gap becomes comparable to that of pure Auy, and for n > 2 the HOMO-LUMO gap increases
beyond its value for pure Auy cluster. Interestingly, we find that the doped tetrahedral Au;¢Liy
cluster, where all the dopants are at the surface sites, possesses a very high HOMO-LUMO gap
of 2.117 eV, which is 0.331 eV higher than that of pure Au,, cluster. It is important to note here
that the geometric and energetic parameters indicate that Au;¢Li4 cluster may be considered as
a possible ‘superatom ’ in the design of novel cluster-assembled material. Moreover, as the
lower valuer of HOMO-LUMO gap indicates the higher chemical reactivity of the clusters, it
is then expected that the single Li doped AuyLi cluster will be more reactive than pure Auy
cluster. Hence, in the next chapter the chemical reactivity of the AujoLi cluster is investigated

using the adsorption of CO molecule as a probe.

To check the chemical reactivity of the AujgLi cluster the adsorption of a single CO molecule
on various isomers of this cluster has been investigated in Chapter 3 using the same level of
theory as described in Chapter 2. For a particular isomer, initial geometries of CO adsorbed
AuyyLi clusters are obtained by placing a CO molecule at each of the non-equivalent positions.
It is observed that Li doping can enhance the adsorption energy of CO on AujgLi cluster over
that of pure Auy cluster. Moreover, our study reveals that the endohedrally doped cage-like
AuyyLi clusters show better propensity to adsorb CO than the corresponding exohedrally doped
tetrahedral isomers. Furthermore, elongation of C-O bond length and the red-shift in C-O
stretching frequency have been observed for some of the isomers with high value of adsorption
energy. Our results indicate that the endohedrally doped cage-like Auy9Li clusters may be better

catalytic agent than the pure Au, cluster for CO oxidation.

In Chapter 4 we carry out an investigation on the structural and chemical properties of the
Pt atom doped subnanometer sized bimetallic Au;oPt cluster within the framework of the rel-
ativistic density functional theory. It is observed that unlike Au9Li clusters all isomers of the
tetrahedral Au;oPt cluster are energetically more stable as compared to the pure Auy as well as

cage-like isomers of Au;yPt cluster. The high stability of the bimetallic Au;oPt cluster can be
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attributed to the strong interaction of the Au and Pt atoms, which is caused by the hybridization
of s- and d-orbitals of guest Pt and the host Au atoms in the energy span of 5 eV below the
HOMO level. To explore the chemical reactivity of the isomers of bimetallic Au,yPt cluster, we
investigate the adsorption behavior of a CO molecule on various non-equivalent sites of these
isomers. We calculate CO adsorption energy, C-O bond length and bond stretching frequency
for all the possible cluster-CO complexes. We find that a CO molecule is preferably adsorbed
on Pt sites when both Au and Pt sites are exposed for the adsorption. Interestingly, we ob-
serve that the CO adsorption energy increases by more than 1.3 eV when a CO molecule gets
adsorbed on Pt site in tetrahedral Au;oPt cluster as compared to the adsorption on correspond-
ing Au atoms in pure Auy cluster. Moreover, we have shown that due to the charge transfer
from the cluster to CO molecule C-O bond length increases by around 0.02 A, which causes
a significant amount of red shift (104 - 121 cm™") in C-O stretching frequency. These results
indicate that the electronic structure of CO molecule is highly disturbed when it is adsorbed
on the bimetallic clusters, which in turn suggests that the oxidation of adsorbed CO molecule

becomes easy.

To explore the oxidation of CO molecule on the subnanometer sized Au,yPt cluster, in Chapter
5 we calculate the reaction paths and the corresponding barriers and thermodynamic functions
which govern the reaction mechanism in heterogeneous catalysis. For this purpose we consider
two structurally similar isoenergetic isomers of AuyyPt cluster and calculated the complete
reaction paths corresponding to CO oxidation on these clusters. It is observed that the CO
oxidation on one isomer occurs through a smaller reaction barrier (0.377 eV) as compared to
that on the other isomer (0.702 eV), although the activation of O, on the latter is much higher
than that on the former. Hence, it is very clear that the higher O, activation, which is generally
believed to be the key factor for CO oxidation, solely cannot determine the efficiency of a
catalyst. This is because of the fact that the adsorption of CO on the isomer which is capable of
higher O, activation is stronger by around 0.4 eV as compared to that on the isomer capable of
lower O, activation. Results presented in this work would be valuable in designing gold based

novel nanocatalysts.
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With an objective to stabilize the energetically less stable but catalytically more active planar
form of finite sized gold clusters on some suitable solid support, in Chapter 6 we have theo-
retically investigated the morphology transformation of gold dimer, trimer and Auy, cluster on
pristine silicene/Ag(111) surface. In contrast to the previous schemes which have been sug-
gested for the stabilization of planar structures by appropriate surfaces, the present proposal
does not require any external influence such as doping or application of external electric field.
In fact, we have exploited the special characteristics of the silicene surface, namely, buckled na-
ture and weak Si-Si 7 bonding, which enable this surface to make strong Si-Au covalent bonds
resulting into the two-dimensional planar Au,, isomer as more stable over its three-dimensional
tetrahedral structure. In contrast to this, as already reported in the literature, the planar isomer
of Auy cluster is not energetically favored when it is adsorbed on a pure graphene surface.
Moreover, Bader charge density analysis indicates that the amount of charge transfer from sil-
icene surface to the planar Au, cluster is considerably high, thereby increasing the possibility
of enabling this composite system to act as a better catalyst. It would be interesting to inves-
tigate the adsorption of gold clusters on silicene surface experimentally for the verification of

our theoretical prediction.

In Chapter 7 we summarize the thesis followed by a brief discussion on the future work.
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Chapter 1

Introduction and Theoretical Methodology

1.1 Introduction

1.1.1 What are Clusters?

According to the Oxford dictionary the term ’cluster’ means “a group of things of the same
type that grow or appear close together”. To the scientific community cluster is an aggregate
of a countable number (2 - 10", where n can be very high like 6 or 7) of identical or dissimilar
particles (atoms or molecules). The aggregate generated from identical atoms (molecules) is
known as a homo-atomic (homo-molecular) cluster, while the collection of dissimilar atoms
(molecules) is called a hetero-atomic (hetero-molecule) cluster. The homo-atomic (homo-
molecular) cluster is represented as A,,, where n indicates the number of A atoms (molecules)
present in the cluster. In hetero-atomic (hetero-molecule) cluster two or more than two types of
different atoms (molecules) are present and hence can be represented as A, B,,, where n and m
indicate the number of two different A and B atoms (molecules), respectively. The atoms and
molecules as well as the bulk materials have been studied by physicist and the chemists and
their basic properties are now fairly well understood. However, clusters, which lie in a domain

between these two extremes show interesting properties which are distinctly different from their
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bulk counterparts. This is due to the size of the cluster leading to electron confinement and high
surface to volume ratio i.e, a large fraction of the constituent particles lie on the surface. With
the advancement of sophisticated experimental methods and characterization techniques, clus-
ters of different sizes have been synthesized and their properties have also been investigated.
Along with these experimental techniques the progress in ab-initio density functional theory
(DFT) based computational techniques have enriched the field of cluster science. Generally,
clusters are classified broadly into four categories namely, van-der-Waals, covalent, ionic, and
metallic clusters in accordance with the nature of bonding between the constituent particles.

For details we refer to the books by Alonso [1] and Johnston [2].

In the van-der-Waals clusters the interactions between the constituent particles are weak and
can be described accurately by a pair of forces. The strength of the binding energy for van der
Waals cluster is about 0.3 eV per atom or less. Due to the simple central force the most stable
clusters are those with high atomic density, that is, with a close-packing of atoms in icosahedral
arrangements. On the other hand, covalent clusters are the aggregate of the covalently bonded
atoms of the elements with strong binding energy, typically between 1.0 to 4.0 eV per atom or
more. For example, the clusters formed by the members of group IV (C, Si, Ge) fall in this
category. For ionic cluster the binding energy between the constituent particles is found to be
2.0 - 4.0 eV per atom. Here, the constituent units can be considered as the inonically bonded
molecules. The cohesion among the constituent units can be described by potentials composed
of an attractive part due to electrostatic monopole forces and a repulsive part from the quantum
mechanical overlap of the electronic clouds of ions with filled electronic shells. Some of the
well known clusters belonging to this category are (NaF),, (NaCl),, (CaF,), etc. In metal clus-
ters the bonding arises due the overlap of the delocalized valance electrons of the constituent
particles. The strength of the binding energy of the metal clusters ranges from a moderate value
of around 0.5 eV per atom to a high value of 3.0 eV per atom. The clusters formed by alkali,

alkaline earth and transition metal elements are typical members of this category.

Among all the clusters the metal clusters are widely investigated due to their interesting struc-

tural, chemical, optical and magnetic properties [1, 3]. Since the valance electrons of the sp
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metal (alkali and alkaline earth) atoms are delocalized, the electronic density extends more or
less smoothly over the whole cluster. As a result, the jellium model can be applied to these clus-
ters to understand their electronic shell structures [4, 5]. However, the localized nature of d elec-
trons present in the transition metal atoms make the corresponding clusters significantly more
complex than the clusters of the sp elements. Part of the interest in transition metals clusters
comes from their potential use in catalysis, and in fact, their reactivity with different molecular
species has been studied. Another topic of great interest deals with the magnetic properties, es-
pecially the nature of the magnetic ordering and its evolution with the size of the clusters. From
the catalysis point of view both the pure and doped gold nano-clusters have exhibited promising
catalytic activity for several important reactions like CO combustion, propylene epoxidation,
nitrogen oxide reduction, methanol synthesis, water—gas shift etc [6-9]. Besides, catalysis gold
clusters have also been shown to possess potential application in molecular electronics and op-
tical devices as well as medical and biological diagnostics [10-13]. Due to these interesting
properties the gold nano-clusters have attracted considerable attention of both theoreticians and
experimentalists. It is observed that the properties of the gold clusters strongly depend upon
the shape and size of the clusters. Moreover, the properties of the gold clusters can be modified
with the help of doping with various alkali, transition and coinage metal atoms. The presence
of impurity atoms in doped gold clusters provides a knob to tune the geometric and electronic
properties of these bimetallic clusters. Consequently, the various properties of these clusters
can be altered in a desirable manner. In particular, the catalytic activity of the gold clusters gets
enhanced when one or more suitable alkali and transition metal atoms are doped in the cluster
[14—16]. Another possible scheme to modify the catalytic activity of gold clusters is to deposit
these clusters on some suitable solid supports [17]. The change in the catalytic activity of the
deposited cluster is attributed to the charge transfer from surface to the cluster or vice-versa.
However, due to the computational complexity, the work on the larger doped gold clusters are
limited in the literature, in particular, alkali (Li) and transition (Pt) metal atoms doped 20 atoms
gold clusters are not explored much [18, 19]. In the present thesis we have focused our attention
on this size range and systematically investigated the structural and chemical properties of the

Li and Pt atoms doped 20-atom gold cluster [20-22]. Furthermore, we have also explored the
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catalytic activity of the Pt atom doped 20-atom gold cluster by performing the oxidation reac-
tion of CO molecule on it [23]. In addition, in the present thesis we have shown that silicene
can be used as a support to stabilize the catalytically active but energetically less stable gold
clusters [24]. In the following we give a brief description of various important properties of

bulk gold and its nano-clusters.

1.1.2 Gold

1.1.2.1 History of Gold

The symbol used for gold is Au, which is derived from the Latin word aurum meaning shining
dawn. Gold is considered to be very precious metal due to its shining color and this was the
first metal used by man [25]. The early uses of gold were in coinage and jewellery. Lydian
merchants (now west Turkey) were the first to use gold as a form of coins in around 700 B.C.
These coins were prepared from the lumps of a mixture of gold and silver which is known as
“electrum”. Later on the price of gold was too high for regular circulation and then cheaper
metals such as copper replaced gold. Gold is highly coveted and priced due to its noble non-
tarnishing property. Presently, gold is also used in electronic circuitry [26, 27] and in medicine
[28]. Due to its precious nature earlier work on gold were mainly focused on metallic state of
gold and its extraction from earth crust and further purification. However, since last 30 years
the chemistry of gold has thoroughly been explored focusing on the use of gold in advanced

materials and catalysis.

1.1.2.2 Properties of Gold

Gold has a shiny lustre and high electrical and thermal conductivities. It is also one of the
most malleable and ductile metals with just 1 gm being enough to be hammered into 1 m?.
However, gold is not a very hard metal as it can easily be scratched with a knife. The atomic

number of gold is 79 with electronic configuration as [Xe]4f'45d4'%6s!. Like metallic copper
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and silver, metallic gold has face centred cubic FCC structure. Due to stronger interatomic
bonding metallic gold exhibits melting and boiling points higher than those of silver. This is
due to the fact that the atomic radius of gold is smaller than that of silver. The smaller radius
of gold may be attributed to the strong relativistic effect. In the following we discuss how

relativistic effects lead to some of the interesting properties of gold.

1.1.2.3 Relativistic Effect in Gold

The relativistic effects play important role for elements with high value of Z (atomic number)
as the electron moving near the nucleus acquire speed comparable to speed of light. Conse-
quently, the mass of the electron increases which leads to the contraction of the sizes of the
orbitals. This contraction is observed mainly for the s and p orbitals. The contraction of these
orbitals leads to a stronger screening of the nuclear attraction, and hence to a destabilization
and expansion on the d and f orbitals. As a result of this, 5d orbital undergoes an expansion
whereas, contraction is observed for 6s orbital thereby decreasing the energy gap between these
two orbitals. Consequently, 6s and 5d orbitals are strongly hybridized which distinguishes gold

from other coinage elements like Cu and Ag. Figure 1.1 shows that among all the elements
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Ficure 1.1: Relativistic contraction of the 6s orbital of the elements Cs to Fm. This is cal-
culated from (res)relarivistic/\T6s)non—relativistic and shows a maximum contraction at gold (taken
from Ref. [29]).
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with Z<100 the maximum relativistic effect is observed for gold [29, 30]. The yellow color of
bulk gold is mainly due to the reduced gap (2.38 eV) between the 5d and 6s orbitals leading to
the absorption of blue and violet light. On the other hand, for bulk silver corresponding tran-
sition does not occur until 3.70 eV. As a result of this it appears white in color. Therefore, the
relativity driven hybridization of s and d orbitals leads to the stronger bonding between the gold
atoms, which in turn significantly alters the structural and chemical properties of gold clusters

and this is discussed in the next section.

1.1.2.4 Gold Clusters

Gold clusters can be produced by vaporizing the gold sheets/rods with the help of laser light
[31, 32]. The generated clusters of various sizes are separated using mass spectrometer. These
clusters are investigated either in the gas phase or by depositing them on some solid supports
like MgO, Al,O3, TiO,, CaO etc. [33-35]. Recently, gold clusters have also been chemically
grown in suitable organic matrix [36-38]. Presently, the experimental techniques are capable
of both producing and accurately characterising the gold clusters of various sizes ranging from
very large number of atoms to the smallest two-atom dimer (Au,). As discussed earlier, the
effect of relativity renders a gold atom unique characteristics which make it a special element
in the periodic table. The relativistic effect in conjunction with electron confinement endows
gold clusters quite unique structural, chemical, optical and magnetic properties, which has
attracted considerable attention of both theoreticians and experimentalists. For example, it
is observed that in gold clusters (Au,) 2-dimensional (2D) to 3-dimensional (3D) structural
transition occurs for larger sizes (n >11) as compared to the other two coinage metal (Ag and
Cu) clusters because of relativistically enhanced strong sd hybridization and d-d interaction
[39, 40]. This is elucidated in Figure 1.2 where we show optimized structures of gold clusters
(Au,) of various sizes. Note that the larger gold clusters like Au,y, Ausz; etc. possess highly
symmetric tetrahedral or icosahedral structures. Like structural properties the relativistic effects

also alter the chemical reactivity of gold clusters. In 1984 G. J. Hutchings [41] predicted the
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Au,g Au,, Auy, Aus,

Ficure 1.2: Gold clusters (Au,) in the size range n = 2 - 32.

catalytic activity of gold particles and concluded that it is the best one for acetylene hydro-
chlorination reaction on carbon support. Around the same time the catalytic activity of the
tiny (2-4 nm) gold nano-particles supported on larger transition metal oxide (Fe,O3, Co3;04
and NiO) particles was demonstrated by Harura et. al, [42]. After this pioneering work, a
large number of theoretical and experimental studies have been carried out to understand the
catalytic properties of these nanoparticles and nanoclusters in view of contrasting character of
bulk gold [10, 43—47]. Recently, in an article published in Nature [48] it has been reported
that the gold nano-particles can be used in the cars for air purification. It is observed that
smaller gold clusters like Aug [32] are found to be very reactive, while the reactivity reaches
the inert bulk limit for larger clusters like Au4 [49]. However, the catalytic activity of the
larger gold clusters can be enhanced with help of doping using the alkali or transition metals

atoms [15, 16, 50-53]. This has motivated us to investigate further the role of doping in the
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performance of nano-sized gold cluster (Auy) as an catalytic agent for CO oxidation reaction.
In the present thesis we aim to address some of the issues related to the catalytic activity of

20-atom gold cluster.

In the family of gold clusters Au,y occupies a special position due to its symmetric tetrahedral
structure, which is both energetically and chemically highly stable in nature. The Au,, cluster is
a magic number cluster with a size of about a Fermi wavelength of an electron in bulk gold (0.7
nm). Both the neutral and ionic form of Au,, have been produced experimentally [46, 47] and
found to be possessing tetrahedral geometry. Subsequently, a large number of theoretical and
experimental studies have been carried out focusing attention on various aspects like geometric
structure, catalytic activity, nonlinear optical property, and surface enhanced Raman scattering

property of Auy cluster [14, 44, 46, 54-56]. The tetrahedral geometry (as shown in Figure 1.3)

@ vertex

surface

Ficure 1.3: Optimized geometry of pure Auy cluster.

of the Auy cluster has three unique sets of atoms, namely surface (S) (4 Au atoms), edge (E) (12
Au atoms) and vertex (V) (4 Au atoms). The vertex Au atoms are the lowest coordinated sites
with coordination number of 3, while the surface and edge Au atoms are having coordination
number of 6. Due to different local environment, the electronic structure of the vertex, surface
and edge Au atoms are also very different. The vertex Au atoms are found to be negatively
charged whereas surface atoms are positively charged. This polarized charge distribution leads
to large (1646 a.u.) first order hyperpolarizability (8) of Au, cluster, which is four times higher

than that of n-delocalized phenyliminomethyl ferrocene complex and about 150 times higher
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than the average hyperpolarizability of urea [56]. Moreover, it is reported that the Raman or
infra red signal of the organic molecules like pyridine gets enhanced when it is adsorbed on
Auy cluster [44, 57]. However, it has been observed that the Au,, cluster shows very weak
chemical reactivity [58]. The chemical inertness of Auy cluster is characterized by a very large
energy gap (1.777 eV) [47] between highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO), which is even greater than that of Cgy (1.57 eV) [59].
However, the negative ion of Au,y shows higher reactivity towards the adsorption of CO and
O, molecules [14]. It is also observed that the reactivity of the Auy, cluster can be enhanced
either by incorporating alkali metal atoms or by depositing it (Au,p) on some suitable supports
[14, 60, 61]. Motivated by these results in the present thesis we propose to study the effect of
different kind of metallic dopant atoms and support on the structural and electronic properties
of gold clusters with the primary aim to explore the possibility of enhancement of its chemical

reactivity. In the following we discuss the effect of support on the properties of gold clusters.

1.1.2.5 Supported Gold Clusters

For practical reason sometimes the clusters are deposited on suitable supports. It has already
been reported that the structural and chemical properties of the gold cluster get modified when
they are deposited on solid surfaces. The modification of these properties strongly depends
upon the nature of the surface. Mostly oxide surfaces are used to support the gold clusters.
In particular, MgO surface has been extensively explored for the deposition of gold clusters
[60—66]. It is found that the pristine MgO surface does not affect the geometry and electronic
structure of gold clusters, while the defect rich or doped MgO surface can change the geometry
as well as the electronic structure of the gold clusters [17, 61, 65]. This change in geometry
is attributed to charge transfer from the surface to the adsorbed clusters. Due to such charge
transfer a dimensionality cross over of gold clusters can occur along with enhanced catalytic
activity [61, 62, 65]. Other well studied oxide supports for gold clusters are Al,O3, TiO,, CaO
etc. [33-35]. Recently, non oxide two dimensional surfaces are also predicted to be promising

as a support for the gold clusters. To this end gold clusters on pure and doped graphene surfaces
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has been investigated by various groups [67, 68]. In the last two-three years graphene like
two dimensional materials grown from other group IV elements have attracted the attention of
the researchers [69, 70]. Very recently, silicene which is a single layer of Si atoms has been
grown successfully by various groups [71-74]. However, the theoretical prediction of silicene
was reported a decade ago [75]. Silicene shows similar properties like graphene as both have
linear dispersion around the Dirac point. Due to this semi metallic band structure silicene has
attracted considerable attention of the researchers. Recently, Akinwande and co-workers have
demonstrated the use of silicene as filed-effect transistor [76]. Note that the geometries of
graphene and silicene are not exactly same [70]. In graphene all the C atoms lie on a same
plane whereas, for silicene there are two type of Si atoms which lie on two different planes.
For this reason silicene is known to have buckled structure in contrast to the planar structure of

graphene. In Figurel.4 we display the single sheets of graphene and silicene. The buckling of

Ficure 1.4: Single sheets of (a) silicene and (b) graphene.

silicene occurs due to the presence of sp? and sp®> mixed hybridization in Si-Si bonds along the
plane of the silicene. Moreover, the buckling leads to the strong o~ and weak 7 bonds between
the Si atoms. These weak 7 bonds can be broken easily to adsorb guest atoms or molecules on
the silicene. Recently, it has been reported that a single atom of alkali, transition and coinage

metals can be strongly adsorbed on silicene [77]. Furthermore, it is observed that the single gold
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E, = activation energy
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Ficure 1.5: Role of a catalyst.

atom on silicene exhibits efficient catalytic activity for the oxidation reaction of CO molecule
[78]. This has motivated us to study the adsorption of gold clusters on silicene. In the present
thesis we have discussed the effect of silicene on the structural and electronic properties of the

gold clusters.

1.1.2.6 Heterogeneous Catalysis

In view of our aim to investigate the catalytic activity of Pt doped gold clusters towards oxi-
dation reaction of CO, we now briefly describe basic mechanisms of catalysis relevant for our
purpose. Catalysis 1s defined as a process in which the rate of a reaction is enhanced by a
relatively small amount of a different substance (known as catalyst) that does not undergo any
permanent change itself. The catalyst helps to reduce the activation barrier of the chemical
reaction and thereby increasing the reaction rate. Note that catalyst cannot facilitate the ther-
modynamically forbidden reactions. The cartoon picture in Figure 1.5 depicts the role of a

catalyst as an agent which reduces the reaction barrier. Such catalytic activity of acid (catalyst)
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in the conversion of starch to glucose in presence of water was first reported by the Russian
scientist Gottlieb Kirchhof in 1812 [79]. Around the same time English chemist Sir Humphry
Davy found that platinum can be used to accelerate certain organic reactions. Later, his student
Michael Faraday demonstrated the ability of platinum to recombine hydrogen and oxygen to
form water [79]. In 1834, Swedish chemist John Berzelius demonstrated that the sulphuric
acid can accelerate the conversion of alcohol to ether and he named this decomposition process
as ’catalysis’. Presently, catalysts are used in countless applications in our daily lives such as
catalytic converters in motor vehicles and large scale applications in industries etc. Due to the
high importance of catalytic materials, a large number of researchers from both academia and

industries are actively working in this field.

Broadly the catalysis is categorized into two types namely, homogeneous catalysis and hetero-
geneous catalysis. For homogeneous catalysis the reactants and the catalyst are in the same
phase while they are in different phases for heterogeneous catalysis. The catalysts in heteroge-
neous catalysis are, in general, solid materials and the reactants are either liquid or gas or both.
In this type of catalytic process the surface area of the catalyst plays a very important role as
the reaction takes place only on the surface of the solid material. The reaction rate is propor-
tional to the surface area of the catalyst. In heterogeneous catalysis the important factors are
the reactivity of the catalyst, the diffusion of the reactants and products on the surface and most
importantly the desorption of the products. The stability of the heterogeneous catalyst is also
very crucial. Since in heterogeneous catalysis the reactants and catalyst are in different phases,
the catalyst can be easily separated from the products and reactants. As a result, constant flow

of reactants can be maintained in heterogeneous catalysis.

The heterogeneous catalysis can be described by two basic mechanisms namely, Langmuir-
Hinshelwood (LH) and Eley-Rideal (ER) [54]. In LH mechanism the reaction occurs between
the species which are adsorbed on the surface of the catalyst (see Figure 1.6a). Whereas, for ER
type reaction the molecule in the gas phase reacts with another molecule adsorbed on the surface
of the catalyst (see Figure 1.6b). For this reason the knowledge of the adsorption behavior of the

reactants on the catalyst surface is very crucial. Note that for the maximum reaction rate there
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Ficure 1.6: Cartoon picture for (a) LH mechanism, and (b) ER mechanism for oxidation reac-

tion of CO molecule.
exists an optimum value of the adsorption energy of the reactants which is known as Sabatier
principle [80]. According to this principle the plot between the reaction rate and adsorption
energy of the reactants follows a volcano like shape. The peak of this volcano indicates the

optimum value of the adsorption energy of the reactants.

1.2 Theoretical Methodology

In this section we give a brief description of the theoretical methodology employed for carrying
out the calculations of the structural and chemical properties of the gold nano-clusters which is
the main topic of this thesis. To this end we employ ab-initio methods within the formalism of

DFT which is briefly described below.
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1.2.1 Many-Body Problems

It is well known that the physical and chemical properties of materials are determined by the
behavior of electrons which glue the atoms together to form a variety of molecules and solids.
To understand the behavior of these electrons which are quantum particles in nature one has to

solve the central equation of quantum mechanics, the time-independent Schrédinger equation

H|Y) = E|¥) (1.1)

where |¥) is the energy eigenfunction of the system, E indicates the energy eigenvalue and A

represents the Hamiltonian of the system, which is given by,

R - /R v R S 1 & 7,7,
H:——ZVI.Z—— L4 Z ‘T 12y¢
2m, pry 2 — M; 4re = Iri —1;|  4ne — Ry — Ry

N,N,
1 { Z]e2

4rey £ Iri — Ryl

(1.2)

where,

lower and upper cases are used to represent the electrons and nuclei, respectively.
h and €y: Planck’s constant and permittivity of vacuum.

r; and Ry: positions of electrons and nuclei.

m, and M;: masses of electrons and nuclei.

e and Z;e: charges of electrons and nuclei.

N and N;: numbers of electrons and nuclei in the system.

In this thesis, we use atomic units (a.u.) in which 7, e, m,, and zﬁo are taken as unity. In Eq. 1.2,
the first and second terms represent the kinetic energy operators respectively for electrons and
nuclei. The third and fourth terms correspond to the repulsive potentials due to electron-electron
and nucleus-nucleus interactions, respectively. The attractive interaction between the electrons

and nuclei is described by the last term. It is very clear that the complexity of the eigen value
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equation (Eq. 1.1) increases with the increasing number of electrons (V) and nuclei (N;). This
is because the Hamiltonian and the corresponding many wave function ¥ depend on 3(N + N;)
coupled degrees of freedom. Hence, to solve the Eq. 1.1 for any realistic system (where both N
and N, are large) one has to look for reasonable approximation to simplify this complex Hamil-
tonian. Fortunately, in many physical problems, the kinetics of the nuclei is not important and
thereby they can be neglected. This is the basic essence of the Born-Oppenhemier approxi-
mation [81]. Under this approximation we can decouple the nuclear and electronic degrees of
freedom and focus attention on the time-independent Schrodinger equation for the electrons

only.

1.2.2 Born-Oppenhemier Approximation

In a system the electrons move much faster than the nuclei since the mass of an electron is much
smaller than that of a nucleus. Thus to a good approximation relative to the electrons, nuclei
can be considered as stationary while electrons carry out their motions. This fact allows one to
assume that the nuclei remain always in the same adiabatic state during the motion of electrons
thereby decoupling the electronic and nuclei degrees of freedom. By using this approximation,
one can neglect the kinetic energy of nuclei from the Hamiltonian. Furthermore, the positions
(Ry) of the nuclei can be treated as parameters and thus the nucleus-nucleus interaction term be-
comes constant for a fixed set of nuclei. Thus, applying the Born-Oppenhemier approximation

we can rewrite the Hamiltonian only for electrons as,

N,N;

1 < Yo Z
H=-2) V’+ - ! (1.3)
2; ; Iri — 1l ;“ Iri — Ry

1

In the above Hamiltonian still the electronic degrees of freedom are coupled by the second
electron-electron interaction term. For this reason even sloving the eigenvale equation given
by (Eq. 1.1) with the above hamiltonian is still a very difficult task. However, there are var-
ious approximate methods, which take into account the effect of electron-electron interaction

with different degree of accuracy, have been developed to solve the complicated many-body
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Schrodinger equation (Eq. 1.1). The Hamiltonian in Eq. 1.3 may be written more compactly

as,
H=T+V,+W (1.4)
where
| &
T=— V2 1.5
> Zl : (1)
is the kinetic energy operator, and
NN;
A ’ Z
Vie = — 1.6
Z Iri — Ry (1.0

il

represents the electron-nucleus interaction term and

AR
W= 1.7
; Iri — 1l (7

is the electron-electron interaction operator. As noted above for many-electron system it is
not possible to obtain exact solution for time-independent Schrodinger equation as electron-
electron interaction makes the many-body wavefunction very cumbersome. To circumvent this
difficulty various approximate methods like Hartree-Fock [82] and post-Hartree-Fock methods
have been developed to solve the time-independent Schrodinger equation. The post-Hartree-
Fock methods like (i) Configuration interaction (CI), (ii) Coupled cluster (CC) and (iii) Mgller-
Plesset perturbation theory (MP2, MP3, MP4, etc.) are able to produce quite accurate results
which match well with the experimental data. However, these methods are computationally
very expensive due to an unfavorable scaling with the size of the systems [83] and hence their
applicability are restricted to the smaller systems of few atoms or molecules. For example, in
CI method the computation time scales as M® for single and double excitations and as M® and
M for triply and quadruple excitations, respectively, where M is the size of the basis set used

in the calculations. Similarly, the computational time in n’* order Mgller-Plesset perturbation
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theory scales as M"*3. It is then natural to look for an alternative method which can be used
to calculate the electronic properties of a wider rage of systems having large number of atoms
or molecules and yet takes into account of the effect of electron-electron interaction namely,
exchange and correlation quite accurately. An alternative to the wavefunctional appraoch to
the many-electron problems is DFT in which ground state electron density is the basic variable
which is a function of just three spatial variables. The theory is in principle exact and allows
one to write any physical observable of a many-electron system in terms of its ground state
density. This theory has been extensively used for calculations of electronic structure of many-
electron systems. In the following we give a brief description of Kohn-Sham formalism (KS)
[84] of DFT which is generally employed to carry out ab-initio electronic structure calculations

of many-electron systems .

1.2.3 Density Functional Theory

The foundation of DFT was laid by Hohenberg and Kohn (HK) [85] in terms of two fundamen-
tal theorems which endow the ground state density n(r) (a function of three spatial variables)
a status of basic variable like the wavefunction W(ry, ra, - - -, rN) (a function of 3N spatial vari-

ables) in Schrodinger theory.

The first HK theorem states that the ground state electronic density (n(r)) of a system of an
arbitrary collection of fixed number of electrons moving under the influence of local external
one-body potential V,,,(r) is uniquely determind the V,,(r). This implies that the Hamilto-
nian is a unique functional of the density, n(r) and hence by solving the time-independent

Schrodinger equation the wavefunction can be determined uniquely by the density, n(r), so that

n(r) «— ¥Y[n()] (1.8)
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This further implies that the ground state-expectation value of any observable O is also a func-

tional of the density, n(r), i.e.

(P[n]|O¥[n]) = Oln] (1.9)

In particular the ground state energy E,, of the many-electron system can be written as

Egs = T[n]+ W[n] + V,.[n] (1.10)
= f n(r)V,u(0)d(r) + Fx[n] (1.11)
with
Tlnl = (PnTI¥[n]) (1.12)
Winl = (P[n]lW|¥P[n]) (1.13)
Vielnl = (P[n]IV,.|¥[n]) (1.14)

The functional Fyk[n] = T[n] + W[n] is called Hohenberg—Kohn energy functional which is
a universal functional of the ground state density in the sense that it does not depends on the
external potential V,,,(r). The second HK theorem allows one to determine ground state density
via energy variational principle and it states that for any trial density »’(r), such that n’(r) > 0

and f n’(r)dr = N the exact ground state energy obeys the following relation
Eg < Eg[n'] (1.15)

where E,[n’] is the energy functional which can be calculated from Eq. 1.11 for density »’(r).
This is analogous to the variational principle for the ground state wavefunction. Note that in
deriving this variational principle, the external potential is not considered to be a functional
of density but rather a parameter. The ground state density is the one which makes the en-

ergy functional E,[n] stationary under the constraint f n(r)dr = N and satisfy the following
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relation,

OE[n] —y(fn(r)dr — N) =0 (1.16)

where p is the Lagrange multiplier. This in turn gives the Euler-Lagrange equation

SE,,
y o= g’[”] (1.17)
n
oF
= V,.(r)+ 5“ (1.18)
n

Although the variational equation is easy from the computational point of view, however, it
can be solved only approximately as the exact form of Fyg[n] as a functional of ground state
density is not known. Moreover, the approximate results are not accurate enough mainly due to
the highly approximate treatment of the kinetic energy which constitutes a substantial part of
the total energy. To circumvent this problem Kohn and Sham (KS) proposed a formalism [84]
in which a major portion of the kinetic energy is taken into account exactly. In this formalism,
the problem of a complicated interacting system is ingeniously mapped onto a problem of
much easier-to-solve non-interacting system. The external potential of the interacting system
is replaced by a suitable effective external potential Vi, of a non-interacting system having the
same density as that of the actual interacting system. This effective external potential V; takes
care of the interactions present in the system. The universal functional Fyx can be written in

terms of the kinetic energy 7's[n] of the fictitious auxiliary non-interacting system as,

Frkln] T[n]+ Win]

= Ti[n] + (T[n] = Ts[n]) + Exln] + (W(n] - Ex[n])

Ti[n] + Enln] + Exc[n] (1.19)

where E,. is the so-called exchange-correlation (XC) functional given by

E.c[n(r)] = (Wln] — Ey[n]) + (T[n] — Ts[n]) (1.20)
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and Ey[n] represents the Hartree energy due to the classical Coulomb interaction between the

electrons.

It can be observed from the above equation that the XC functional E,, consists of two terms, first
one coming from the difference between the total electron-electron interaction and the classical
Hartree term and second one is the difference between the kinetic energies of the interacting
and non-interacting systems. Therefore, it is very clear that the origin of the quantity E, [n]
is purely quantum mechanical and the exact form of this functional is not known. The non-

interacting kinetic energy T[] is given in terms of the single-particle orbitals, ¢;(r) as,

N V2
rm=-) [ @-(r)*[;]@(r)dr (1.21)

By using the variational nature of the ground state energy and Eqgs. (1.19) - (1.21) one obtains

Hartree-like equation satisfied by the single-particle orbitals ¢;(r) as

Vz
(—7 + Vks[l’l(l‘)]) ¢i(r) = ¢(r) (1.22)

where the effective potential V,, is defined by,

Vis[n(r)] = Veu[n(o)] + Vy[n(r)] + Vi [n(r)] (1.23)
with Vyln(r)] = 1 ) dr’ and Veeln()] = M (1.24)
2J [r=r/ on(r)

are the Hartree and the XC potentials respectively. The density of the interacting system can be

obtained from the single-particle orbitals via,

N
n(r) = > Ig(o)P (1.25)

The Hartree-like single-particle equation (Eq. 1.22) is the so-called Kohn-Sham equation of
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DFT. In Kohn-Sham approach the kinetic energy for non interacting electrons is exactly in-
corporated while the exact form of the XC (E,.[n(r)]) is still not known. Therefore, to solve
the Kohn-Sham equation it become necessary to choose an approximate form for E,.[n(r)]
(Vie[n(r)]) in terms of the ground state density. During the last fifty years several research
group have devoted considerable effort to develop the approximate forms for the exchange and

energy functional with higher and higher degree of accuracy [84, 86-93].

The simplest form of E,.[n(r)] was proposed by Kohn and Sham within the so called Local Den-
sity Approximation (LDA). The main assumption of LDA is that E,.[n(r)] for a non-uniform
electronic system can be obtained by applying the results of uniform electron gas to infinites-
imal portions of non-uniform electron distribution, each having n(r)d(r) number of electrons,
and then summing over the contributions of XC energy €,.[n(r)] dr of each element over all

space. This then leads to

ﬁ?mm:fmn%@m (1.26)

where €,.(n) indicates the XC energy per particle of a uniform electron gas of density n(r).

With this the XC potential becomes,

OEwln()] _ oy 4 ey OEcl@] (1.27)

LDA _
Vi IOl = =2 5~ = Sn(r)

The XC density €,.(n) can be further decomposed into exchange and correlation parts as
Exc(n) = €(n) + €.(n) (1.28)

For uniform electron gas the exact form of the exchange part, €, was derived by Dirac [94].
Whereas, exact form of the correlation term, €.(n) is not known as the determination of the
correlation energy of uniform electron gas is a difficult many-body problem on its own. How-

ever, for finite number of electrons Ceperley and Alder calculated the ground state energy of
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a uniform electron gas accurately by employing quantum Monte Carlo simulation. The ex-
tracted correlation energies from this result are then interpolated using sophisticated interpola-
tion schemes to provide various analytical forms of correlation density. The most widely used
forms are VWN, developed by Vosko, Wilk and Nusair [86] and PW92 which is developed by
Perdew and Wang [87].

For many years LDA has been applied to calculate band structures and total energies quite ac-
curately in solid state physics. However, it is not that popular among the quantum chemists as it
fails to provide a quantitative description of chemical bond in molecules which requires calcu-
lations with an error not more than 1 kcal/mol (0.04 eV per particle). To achieve this accuracy
and at the same time keeping in mind the inhomogeneity in density of real many-electron sys-
tem, improved expressions of XC functional have been proposed within Generalized Gradient

Approximation (GGA). The general form for the XC functional within GGA is given by

ESA[n(r)] = f €S (n(r), Vn(r)) dr (1.29)

where €964

o7 1s the XC energy density which is determined by imposing as many of the known

exact properties of €,.[n]. By following this scheme several XC functional within GGA have
been developed and presently there exists a whole zoo of GGA functional. The details on GGA
can be found in several reviews [95-97]. The most popular functional within GGA which are
being extensively employed to carry out calculations of molecules and solids were proposed
by Perdew and co-workers, such as PWO91 (Perdew-Wang 1991) [98] and PBE (Perdew-Burke-

Ernzerhof) [92]. In this thesis, for most of our calculations we use these two GGA functionals.

1.2.4 Nudged Elastic Band (NEB)

As mentioned before one of the main focus of this thesis is on the catalytic activity of doped
gold clusters towards oxidation reaction of CO molecule. For this purpose it is necessary to

determine the minimum energy path (MEP) along which the oxidation reaction will proceed
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and the corresponding transition state. Using the transition state energy we estimate the reac-
tion barriers which provides quantitative information regarding the feasibility of the reaction.
To determine the MEP we use nudged elastic band method (NEB) [99]. This method can
be applied to reactions for which both initial and final states are known. To determine MEP
first several images (typically 4-20) of the systems between the initial and final states are con-
structed. A spring type interaction between the images is considered to maintain the continuity
of the path which mimics an elastic band. To bring the band close to MEP an optimization
of the elastic band involving the minimization of the force acting on the images is carried out.
The NEB method gives a discrete representation of the MEP where the energy of the saddle
point which is known to be the transition state is obtained by interpolation. If the barrier is nar-
rower compared to the length of the MEP then few images are found around the saddle point
which may lead to the inaccurate interpolation to get the energy of the saddle point. This is
circumvented by arranging the images with the help of a climbing image method and the re-
sulting elastic band method is termed as Climbing Images NEB (CI-NEB) [100]. Unlike NEB
method, in CI-NEB method the images are not dispersed uniformly rather, images are arranged
in such a way so that the density of the image is more around the saddle point. This method
provides more accurate energy of the transition state. In this thesis we use CI-NEB method to
find the transition states and the reaction barriers to study the catalytic activity of the doped

gold clusters in the oxidation reaction of CO molecule.






Chapter 2

Structural and Electronic Properties of Li

Doped Gold Nano-Clusters

The doping of gold clusters with suitable metallic impurity allows one to tune the geometric,
electronic, and chemical properties of these clusters in desirable fashion [101-104]. For exam-
ple, gold-alkali bimetallic clusters show extra stability as compared to the pure gold clusters
due to the charge transfer from the dopant alkali atom to the gold atoms [50, 105]. The charge
transfer from alkali-metal atom to the gold atoms can be exploited to get very large first-order
nonlinear optical coefficient by placing the dopant atom at appropriate locations in the clus-
ter [106]. It has also been shown that doping can enhance the HOMO-LUMO energy gap
thereby increasing the chemical stability of the cluster. For example, Gao et al. predicted that
the HOMO-LUMO gap of a transition metal doped gold cluster (Zr@ Au,4) may be enhanced
significantly (2.23 eV) over that of Au,, cluster [107]. Recently, our group has carried out a
detailed investigation of the various properties of doped neutral Au;yM (M = Li, Na, K, Rb,
Cs, Cu, and Ag) clusters [19]. Our study reveals that the tetrahedral structure of Auy is quite
stable and it does not get much distorted when an Au atom is replaced by a Li or a Cu atom . It
is interesting to note here that Au;9yM clusters with dopant atom (Li or Cu) located at the center
of one of the surfaces of tetrahedral structure are found to be energetically more stable than the

pure Auy cluster. However, the HOMO-LUMO gap and ionization potential (IP) of Au;¢Li and
25
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Au;yCu are still lower than the corresponding values of pure Au,, cluster. A very recent study
by Zhang and Fa [108] devoted to the anions of double doped bimetallic clusters Au;sM; (M
= Cu and Na) shows that even for double doped Au;gCu; cluster tetrahedral structure of Auyg
with two Cu atoms located at center of the surfaces remains the most stable structure. However,
HOMO-LUMO gap of the double doped Au;3Cu; cluster is found to be smaller than that of
single Cu atom doped cluster. Unlike Cu the double Na doped Au;gNa; cluster cannot retain
the tetrahedral geometry of the pure Auy, instead Au;gNa; possesses flat cage-like geometry
which is because of the larger size of the dopant Na atom. In our earlier investigation we found
that the binding energy of AujgLi cluster is higher than the binding energy of other alkali atom
(M = Na, K, Rb and Cs) and coinage metal atom (M = Cu and Ag) doped Au;oM clusters as
well as that of pure Auy cluster. These results then naturally motivated us to ask the question
how the structure and stability of the doped bimetallic clusters are modified when two or more
atoms with less electronegativity than Au atom are doped in Auy, cluster. The difference in
the electronegativity between Li and Au is more than that of between Cu and Au, hence it is
expected that charge transfer in Li doped cluster will be more as compared to the Cu doped
one. Therefore, it would be interesting to investigate whether charge transfer can significantly
alter the electronic properties of the doped Au,, cluster. The present chapter is devoted to a
systematic investigation of the structure and various electronic properties of doped Auy_,Li,

(n =1 -4) clusters.

2.1 Computational Details

Our theoretical calculations are based on density functional theory as implemented in Ams-
terdam Density Functional (ADF2008) program package [109]. The relativistic effect due to
Au atom is included in our calculations through zero-order regular approximation (ZORA)
[110, 111]. All the doped structures are optimized using Perdew - Wang 1991 (PW91) XC

functional [98] within GGA. For Au atom, we use the triple-{ Slater type orbital (STO) basis
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set added with two polarization functions (TZ2P in ADF basis library) at the frozen core ap-
proximation level. In particular, we consider electrons in the levels up to 4f as core. On the
other hand, for Li atom all electrons are taken into consideration using TZ2P basis set. The
geometries are optimized using quasi-Newton method and the Hessian is updated in the opti-
mization process by employing Broyden-Fletcher-Goldfarb-Shanno (BFGS) [112-115] method
until the convergence criteria of 10 a.u. for Cartesian gradient and 107 a.u. for energy are
met. The stability of the clusters are checked with the vibrational frequency data. Absence of
imaginary value of vibrational frequency indicates a stable structure. All the figures presented

in this chapter are generated using the software XCrySDen [116].

The infrared (IR) absorption intensity A; for the i vibrational mode can be calculated taking
the derivatives of the electric dipole moment g,; with respect to the normal coordinates Q; as

[117-120]

a:uel 2

90;

A = 947.86g,~'

2.1)

where A; is given in unit of km/mol and g; is the degeneracy of the i mode of vibration.
We analyze the vibrational spectra, identify the peaks and correlate them with the important

vibrational modes of the clusters.

2.2 Properties of Au,y_,Li,, n =1 Clusters

In this section we discuss the geometric and electronic properties of the Auy,_,Li,, n =1 clus-
ters (i.e, AuyyLi clusters). Note that the details of the geometric and electronic properties of
the Auygli clusters are given in Ref. [19]. However, for the sake of completeness of the
present thesis we briefly describe the properties of the Aujgli clusters. To generate the initial
geometries of AugLi clusters we consider several structures of pure Auy, and Aujg clusters
(tetrahedral, tube- and cage-like), and create from them starting geometries of Aujgli clusters
either by replacing an Au atom with a Li atom in Auy cluster or by adding a Li atom in Auyg

cluster. As mentioned earlier (Figure 1.3), the tetrahedral Au,, cluster has three unique sets of
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atoms, namely surface (S) (4 Au atoms), edge (E) (12 Au atoms) and vertex (V) (4 Au atoms).
To generate exohedrally doped tetrahedral structure we replace one of the gold atom from these
three sets by a Li atom. We denote these exohedrally doped tetrahedral AuygLi clusters by Td-X,
where Td stands for tetrahedral geometry and X (X = S, E, and V ) refers to the location of the
dopant atom Li and X = 0 represents a pure Auy, cluster. All these structures of AugLi cluster
are then optimized at GGA level (PW91 XC functional). After geometry optimization we also

calculate the vibrational frequencies to check the stability of these structures. The absence of

Ficure 2.1: Optimized geometries of tetrahedral and cage-like AujgLi clusters.

negative frequency component confirms the stability of the clusters. The optimized geometries
of the three tetrahedral geometries (Td-S, Td-E and Td-V) of the AujoLi clusters are displayed
in Figure 2.1. To make our search for the minimum energy structure of the AuygLi cluster more
extensive we also consider more than ten cage-like isomers of AuyyLi cluster where the dopant
Li atom is placed at the endohedral positions of the cage. The cage-like isomers are denoted by
Cgi, where i = 1 - 10. All these cage-like isomers of Au;oPt cluster are optimized at the similar
level of theory as employed for obtaining optimized tetrahedral isomers. Selected optimized

geometries of the cage-like isomers of AugLi cluster are shown in Figure 2.1.
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It is observed that among all the isomers of AuyyLi cluster Td-S, where Li atom sits on the
surface position of the tetrahedron of Auy cluster is the most stable one while, Td-V where Li
atom sits on the vertex site is the least stable configuration as compared to the other tetrahedral
isomers of AuygLi cluster. The binding energy of Td-S cluster is around 0.6 eV higher than that
of the pure Au,, cluster. It is also reported that the doping of Li-atom insignificantly disturb
the tetrahedral geometry of the pure Auyy cluster. This is due to the fact that the size of Li
atom (1.52 A) is comparable to that of Au atom (1.44 A) [19, 50]. Moreover, it is found that the
HOMO-LUMO gap of the Td-S cluster is around 0.1 eV lower than that of the pure Auy, cluster.
The higher stability and lower HOMO-LUMO gap are the signatures of the efficient catalyst.
Hence, it is natural to ask the question whether the doping of more than one Li atom can
further enhance the stability of the 20-atom gold cluster with a lower HOMO-LUMO gap. To
answer this question, we have carried a systematic investigation on the structural and electronic

properties of the Au,y_,Li,, n =2 - 4 clusters and in the following we discuss the results.

2.3 Properties of Au,,_,Li,, n = 2 Clusters

2.3.1 Structural Properties of Tetrahedral Clusters

Having discussed the geometries of AujyLi clusters we now investigate the geometries of the
AuygLi, clusters. For this purpose we consider several structures of Auy cluster (both tetrahe-
dral and cage-like structures), and generate from them starting geometries of Au;gLi, clusters
by replacing two Au atoms with Li atoms. We also consider initial structures of Au;gLi, clus-
ters which are generated from the truncated structures of Au;g cluster by adding one Li atom in
it and by replacing one Au atom with one Li atom. We explore more than 40 different Au;gLi,
structures to carry out our investigations. All these structures of doped clusters are then opti-
mized. Note that for the doped clusters considered here we find that spin singlet corresponds to
the minimum energy configuration. Consequently, we consider only spin singlet as the ground

state for all the doped clusters. After geometry optimization we also calculate the vibrational
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frequencies to check the stability of these structures. Using these stable geometries we calcu-

late the binding energy (BE), HOMO-LUMO gap (4y;), ionization potential (IP) and electron

affinity (EA) to characterize the stability and chemical inertness of the Au;gLi, clusters.
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FiGure 2.2: Optimized geometries of pyramidal doped Au;gLi; clusters in decreasing order of
BE. The values within the parenthesis indicate the relative BE (in eV) with respect to the most
stable structure Td(S-S) which has been denoted in the figure as (S-S). The symbol (X-Y),,
indicates the cluster Td(X-Y),,, where X and Y represent the locations of the dopant atoms at
S (surface), V (vertex), and E (edge) and m is an integer which indicates the serial number of

different X-X, Y-Y and X-Y combinations.

The optimized structures of AugLi, clusters based on the tetrahedral structure of Auy, are

shown in Figure 2.2. We denote these doped clusters by Td(X-Y),,, where X and Y represent

the locations of the dopant atoms at S (surface), V (vertex), and E (edge) and m is an integer

which indicates the serial number of different X-X, Y-Y and X-Y combinations. The structures

in Figure 2.2 are arranged in the descending order of their stability. We note here that for

geometry optimization 15 pyramidal Au;gli, structures are chosen. It has been observed that

the parent structure of Auyy does not undergo any significant distortion when two Au atoms are

replaced by two Li atoms, as the atomic radius of Li (1.52 A) is comparable to that of Au (1.44

A) atom [19, 50].
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2.3.1.1 Analysis of Deformation

In conformity with the above observation Figure 2.2 clearly demonstrates that most of the
structures are not distorted much except for the structures in which one Li atom is located in
close proximity of another Li atom. For such clusters the distance between the two neighboring
Li atoms is in the range of 3.11 - 3.51 A which is higher than the average Au-Au and Au-
Li bond lengths in the AugLi, clusters as well as Li-Li bond length in Li, dimer (2.71 A). To
quantify the degree of deformation of the clusters we calculate the principle values of the tensor
R;j = >\ xixj, where x; = {x,y, z} represents the three dimensional coordinates of the i"" atom in
the cluster [121]. The summation is performed over all the atoms in the cluster. The principle
values R,,, Ry, and R_; of this tensor define the dimensions (R,, R, R;) of the cluster through

the relation R, = VR,/N ,R, = +/R,,/N and R, = +/R./N, where N is the total number

of atoms in the cluster. The calculated values for R,,, Ry, and R_; are listed in the Table 2.1.

TasLE 2.1: Principle value for R;; tensor of optimized pyramidal doped Au;gLi; clusters along
with Auyg (Ty) cluster. All the values are given in A2

System R.x R,, R,

Auy 81.44 | 81.44 | 81.44
Td(S-S) | 79.05 | 81.17 | 79.68
Td(S-E); | 80.38 | 80.43 | 79.65
Td(S-E), | 78.43 | 82.07 | 79.98
Td(S-E); | 78.41 | 79.52 | 83.19
Td(E-E); | 81.31 | 78.09 | 83.21
Td(E-E), | 79.65 | 80.68 | 82.64
Td(V-S), | 81.00 | 77.83 | 81.71
Td(V-S), | 80.52 | 80.52 | 79.68
Td(E-E); | 81.04 | 79.64 | 81.39
Td(E-E)4 | 79.46 | 89.94 | 75.39
Td(E-E)s | 81.18 | 81.40 | 79.91
Td(V-E); | 80.87 | 79.25 | 83.78
Td(V-E), | 78.54 | 86.05 | 79.46
Td(V-E); | 79.03 | 86.75 | 79.55
Td(V-V) | 80.64 | 81.93 | 82.08

These results show that all the doped structures except Td(V-E), (Figure 2.2) are triaxially (i.e.,
principle values of the tensor R;; are unequal) deformed. The structure Td(E-E); where two Li

atoms are the nearest neighbour along the edge, has highest degree of triaxial deformation. The
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doped cluster with two Li atoms located at any two surfaces (Td(S-S)) undergoes small triaxial
deformation. However, the structures Td(V-S),, Td(E-E); and Td(E-E)s; show triaxial oblate
type of deformation because two of the three principle values of the tensor R;; are almost same
but less than the third one. On the other hand, Td(V-E), and Td(V-V) has triaxial prolate kind
of deformation. For the structure Td(S-E), all the three principle values are very close to each

other (R, ~ Ry, = R.;), showing symmetric structure.

2.3.1.2 Analysis of Bond Length

To further study the structures of double-doped gold clusters we examine the bond lengths
between two Li atoms and their nearest neighbors (Au atoms). In Table 2.2 different Au-Li
bond lengths in the doped pyramidal Au;gLi, clusters are listed along with the corresponding
Au-Au bond lengths in the pure Au,, tetrahedral cluster. In this table dx.y denotes distance
between two atoms located at X and Y positions, where X, Y stand for S, V and E positions.
Furthermore, in this table dé_E and dl%:_E denote distances between two atoms which lie on the
different edges and on the same edge respectively. It can be seen from the Table 2.2 that

almost all the bond lengths, except d>

& g» undergo reduction in comparison to those of the pure

gold cluster. We note here that for Td(S-S) cluster maximum number (sixteen) of Au-Li bond
lengths undergo reduction of average 0.06 A. We wish to mention here that in the following
we will see that this result is consistent with the results for the BE and HOMO-LUMO gap

characterizing the stability of the clusters.

2.3.2 Electronic Properties of Tetrahedral Clusters

Having discussed the structures of possible isomers of double doped Au;gLi, clusters we now

discuss the results for various electronic properties of these clusters.
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2.3.2.1 Binding Energy

In order to characterize the stability of the Au;gli, clusters we calculate BE of these doped

clusters. The BE of these clusters are calculated using the formula given by

BE = —{E(AusL1,) — 18E(Au) — 2E(L1)} (2.2)

where E(Au;gli,), E(Au) and, E(Li) are the energies of AugLi, cluster, Au and, Li atoms

respectively. The binding energies of the pyramidal AugLi, clusters are listed in the third

TaBLE 2.3: Symmetry, binding energy (BE), energy gap between HOMO and LUMO (4g),
vertical ionization potential (VIP) and vertical electron affinity (VEA) for exohedrally doped
pyramidal Au;gLis clusters along with Auyg (T;) cluster. All the units are in eV.

System | Symmetry | BE Ay | VIP | VEA

Auy Ty 47.38 | 1.786 | 7.19 | 2.59
Td(S-S) Cy 48.40 | 1.742 | 7.09 | 2.53
Td(S-E), C 48.12 | 1.513 | 6.86 | 2.52
Td(S-E), Cs 48.06 | 1.533 | 6.91 | 2.52
Td(S-E)3 C 47.84 | 1.433 | 6.83 | 2.54
Td(E-E), &) 47.62 | 1.412 | 6.74 | 2.50
Td(E-E), C 47.62 | 1.399 | 6.73 | 2.49
Td(V-S), C 47.60 | 1.329 | 6.59 | 2.44
Td(V-S), GCs, 4759 | 1.272 | 6.55 | 2.47
Td(E-E); C 4758 | 1.370 | 6.77 | 2.52

Td(E-E), Ca 47.48 | 1.249 | 6.54 | 2.48
Td(E-E)s C, 47.46 | 1.507 | 6.85 | 2.42
Td(V-E), C, 47.18 | 1.321 | 6.57 | 2.41
Td(V-E), C, 47.15 | 1.215 | 6.42 | 2.38
Td(V-E); C, 47.14 | 1.336 | 6.41 | 2.28
Td(V-V) Ca 46.86 | 1.324 | 6.51 | 2.35

column of Table 2.3. From this table it can be seen that Au;gLi, cluster with two Li atoms
located at the surfaces of tetrahedral structure (Td(S-S)) possesses the highest BE (48.40 eV).
The BE of this cluster is 1.02 eV higher than that of Au,, pyramidal structure and 0.44 eV
more than that of the most stable isomer Td-S of singly doped AujgLi cluster [19]. We also
observe that for Au;gLi, cluster with both the dopant atoms situated at the vertex positions of
the pyramidal structure is the configuration with lowest BE (46.86 eV). All other doped clusters

with two Li atoms situated at different locations in the pyramid possess binding energies lying
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between these two extreme values. Following trend is observed for the BE of all the doped
pyramidal clusters: BE(Td(S-S)) >BE(Td(S-E))>BE(Td(E-E)) and BE(Td(V-S))>BE(Td(V-
E)) >BE(Td(V-V)). The reason for the increase in BE can be attributed to the larger bond
energy of Au-Li bond (3.05 eV) as compared to the Au-Au bond (2.32 eV) in their respective

dimer configurations.

2.3.2.2 HOMO-LUMO gap, Ionization Potential and Electron Affinity

We now discuss the results for HOMO-LUMO gap, IP and EA, which characterize chemical
stability of a cluster. The results for HOMO-LUMO gap of all the pyramidal Au,gLi, structures
are listed in the fourth column of Table 2.3. Similar to the results for BE, Td(S-S) cluster also
possesses the largest HOMO-LUMO energy gap of magnitude 1.742 eV, which is very close to
that of the Au,, pyramidal cluster (1.786 eV). Due to this large energy gap the Td(S-S) cluster
should be associated with high chemical stability. We wish to point out here that the HOMO-
LUMO gap of a singly doped Td-S cluster is 1.671 eV [19]. The corresponding result for
AuggLi; indicates that the HOMO-LUMO gap may be enhanced by doping more than one Li
atom at other surfaces of the pyramidal structure. This opens up a possibility that the HOMO-
LUMO gap can be tuned in desired fashion by multiple Li doping and this possibility will be
explored further in more detail later. We would like to mention that unlike Td(S-S) cluster, no

enhancement in HOMO-LUMO gap is observed for either Td(E-E) or Td(V-V) clusters.

Next, we focus our attention on IP and EA of the exohedrally doped clusters. Note that the
calculations of IP and EA are carried out with the assumption that the lowest-energy geometry
of a charged cluster is same as that of the neutral ones, and the quantities so calculated are
called as vertical IP (VIP) and vertical EA (VEA). The values of VIP and VEA are calculated

using the following two equations,

VIP = —{E(AbllgLiz) - E(Aulng;)} (23)

VEA = —{E(AugLiy) — E(AugLi)} (2.4)



Chapter 2. Structural and Electronic Properties of Li Doped Gold Nano-Clusters 36

where, E(AusLiy), E(AugLiy) and E(AugLi;) are the energies of the neutral, cationic and
anionic AugLi; clusters, respectively. The calculated values of VIP and VEA of the pyramidal
clusters are tabulated in the fifth and sixth columns of Table 2.3 respectively. The most stable
(both energetically and chemically) isomer Td(S-S) also has the highest VIP among all the
Auygli, isomers. We compare VIP and VEA values obtained in the present study with the
values reported for Td-S in Ref. [19] and find that with the second doping of Li atom at any of
the remaining three surface locations results in an increase in the VIP by 0.06 eV and a decrease
in the VEA value by 0.04 eV. This small increase in the value of VIP is due to the lowering
of the HOMO of the doped Td(S-S) cluster. However, it is observed that no enhancement in
VIP is observed for the clusters with Li atoms located at the two vertices or two edges, which
are found to be less stable. It is interesting to note that although VIP of Li atom is lower than
that of an Au atom, VIP of Td(S-S) cluster is higher than that of Td-S cluster. Clearly, it is
due to a stronger interaction of a Li atom located on the surface with the neighboring Au atoms

resulting in transfer of electronic charge from the Li atom to the Au atoms.

2.3.3 Properties of Cage-like Au,,_,Li,, n = 2 Clusters

Having discussed the results for various properties of tetrahedral AugLi, clusters we now fo-
cus our attention on the results for some of the highly stable cage-like structures of AugLi,
cluster with one doping at the endohedral location and the other one at one of the exohedral po-
sitions. In Figure 2.3 we display the optimized structures of 15 of these stable cage-like isomers
(AuygLiy(Cj), where j = 1 - 15) in the decreasing order of BE. We observe that the cage-like
structures with flat surfaces (Au;gLi>(C1) to Au;gLi,(C6), termed as flat cage-like structures),
which are constructed from the truncated tetrahedron, are energetically more stable than the
other cage-like isomers (Au;gli,(C7) to Au;gli,(C15)) with curved surfaces (termed as other
cage-like structures). The various properties of the cage-like structures are listed in Table 2.4.
The BE of these clusters are given in the third column of Table 2.4. The BE of the flat cage-like
structures dominates over the other cage-like structures. This is reflected in the lowering of the

average Au-Li bond length of the flat cage-like structures as compared to the other cage-like
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Ficure 2.3: Optimized geometries of cage-like doped Au;gLi; clusters ((C1)-(C15)) in decreas-
ing order of BE. The values within the parentheses indicate the relative BE (in eV) with respect
to the isomer Au;gLi>(C1) which is represented in the figure as (C1).

TaBLE 2.4: Symmetry, binding energy (BE), energy gap between HOMO and LUMO (4yy,), ver-
tical ionization potential (VIP) and vertical electron affinity (VEA) for doped cage-like Au;gLi;
clusters along with Auyg (Ty) cluster. All the units are in eV.

System Symmetry | BE | 4y, | VIP | VEA

Auy Ty 47.38 | 1.786 | 7.19 | 2.59
AuLi(C1) C, 48.05 | 0.984 | 6.66 | 2.79
AugLir(C2) C, 48.00 | 1.081 | 6.69 | 2.65
AugLiy(C3) C 4795 | 1.070 | 6.80 | 2.85
AusLi(C4) GCs, 47.87 | 0.968 | 6.64 | 2.81
AusLir(CS5) C 47.82 | 0.920 | 6.60 | 2.79
Au3Li,(C6) C 4778 | 1.052 | 6.54 | 2.61
AugLir(C7) O] 47.76 | 0.896 | 6.57 | 2.78
AugLiy(C8) C 4775 | 0.838 | 6.42 | 2.69
AugLir(C9) C 4773 1 0.962 | 6.59 | 2.74

Au3Li,(C10) C 4771 | 0.928 | 6.61 | 2.78
AusLix(C11) C 4771 | 0.928 | 6.61 | 2.47
AusLix(C12) G 47.64 | 0.866 | 6.51 | 2.75
AugLir(C13) G 47.55 0914 | 6.17 | 2.74
AugLir(C14) C 47.52 | 0.895 | 6.55 | 2.77
AusLi,(C15) C 47.38 | 0.764 | 6.17 | 2.52
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clusters. We note that the BE of the flat cage-like clusters are comparable with the BE of the

exohedrally doped tetrahedral AugLi, clusters.

Next, we discuss the HOMO-LUMO gaps of all the cage-like structures and find that these
are very small as compared to those of the exohedrally doped tetrahedral Au,gLi, clusters (see
Table 2.3 and Table 2.4). Comparison of the HOMO-LUMO gaps of the different cage-like
structures shows that except for AugLi,(C5) cluster, the HOMO-LUMO gaps of the flat cage-
like structures are in general higher than those of the other cage-like structures indicating a
larger chemical stability for the former. We find that there is no increase in the HOMO-LUMO
gap of the singly doped (at the endohedral site) cage-like structures after the doping of another

Li atom in any of the exohedral sites.

Having discussed the results for both tetrahedral and cage-like structures we wish to make few
remarks regarding the stability of the doped clusters with tetrahedral geometry. We reiterate
here that, in case of singly surface doped tetrahedral Td-S structures, a definite increase in the
HOMO-LUMO gap is observed as the number of Li doping at the surface sites is increased from
one to two, leading to the Td(S-S) cluster. We note that this cluster has the highest HOMO-
LUMO gap as well as the highest BE among all the isomers of Au;sLi, cluster. The stability
of Td(S-S) cluster can be understood by considering the nature of chemical bonding between
Li and Au atoms in the cluster. When a Li atom is doped in the clusters, at the dopant site a
positive charge centre is created due to the partial donation of the 2s-electron by Li. As a result
of this, the surrounding Au atoms become slightly negative in nature. This leads to strong
attraction between the Li atom and surrounding Au atoms. When we dope two Li atoms in the
system, it creates two positive charge centres surrounded by more negatively charged Au atoms.
If these two positive charge centres are not closely spaced and surrounded by more number of
Au atoms, then we get the more stable structures. On the other hand, when two positive centres
are not well separated then the stability is reduced due the repulsion between these two centres.
Hence, we find that the bi-doped cluster with Li atoms at any of the two surface sites of the

pyramidal Au,, cluster is the most stable one due to reduced Au-Li and Au-Au bond lengths.
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The average Au-Li bond length reduces by 0.06 A as compared to the corresponding Au-Au

bond length in Au,, cluster due to doping by two Li atoms at the two surface positions.

2.4 Effect of Doping of More Than Two Li Atoms

The increase in the HOMO-LUMO gap in the Td(S-S) cluster as compared to that of Td-S
system indicates that the gap may be enhanced by doping with more than two Li atoms at the
other surface sites. Moreover, from the calculated values of BE, VIP and HOMO-LUMO gap of
Auygli, isomers as discussed above, it is clear that the Li atoms favor to occupy the surface sites
in the pyramidal Auy cluster. This motivates us to probe the Li-doping in the pyramidal Auy

cluster beyond double doping. In Table 2.5 we present the result for symmetry, BE, HOMO-

TaBLE 2.5: Symmetry, binding energy (BE), energy gap between HOMO and LUMO (4g;) and
vertical ionization potential (VIP) for Auyg and Auyg_,Li, (n = 1 —4) clusters. All the units

are in eV.
System Symmetry | BE Ayp | VIP
Auy Ty 4738 | 1.786 | 7.19
Td-S GCs, 4796 | 1.671 | 7.03
Td(S-S) Cy, 48.40 | 1.742 | 7.09
Td(S-S-S) Cs, 48.78 | 1.819 | 7.18
Td(S-S-S-S) T, 49.14 | 2.117 | 7.34

LUMO gap (4y.), and VIP of different surface doped Auyg_,Li,,n = 1 —4) clusters along with
pure Auy cluster to show the effect of higher Li doping. Interestingly, we find that Li doping
at three surface sites results in an energy gap of 1.819 eV which is greater than that of Auyg
tetrahedral structure. We can see that the increase in BE and HOMO-LUMO gap continues up
to four Li doping and we achieve a highly symmetric (T,;) Td(S-S-S-S) cluster (all the four Li
atoms are located at the four surfaces of Auyj) with a very high HOMO-LUMO gap of 2.117
eV and BE of 49.14 eV. This shows that the Td(S-S-S-S) cluster has 0.331 and 1.76 eV higher
energy gap and BE, respectively, than those of Au,, pyramidal structure. This high stability of

the Td(S-S-S-S) cluster may be due to the highly symmetric charge distribution around each
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Li and Au atoms. This phenomenon of highly symmetric charge distribution leading to a high

stability is also observed in case of pyramidal Au,, cluster.

2.5 Density of Sates of Auyy_,Li,, n =1 - 4 Clusters

To gain more insight into the enhancement of stability of the doped clusters we study the density

of states (DOS) and its evolution with number of Li atom doping. In Figure 2.4 we plot DOS
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Ficure 2.4: Total DOS (blue) of the Auyg_,Li, (n = 0 — 4) clusters and partial DOS (green) of
Li atom in the corresponding cluster: (a) Auyg, (b) Td-S, (c) Td(S-S), (d) Td(S-S-S), and (e)
Td(S-S-S-S). The calculations of DOS have been carried out using a Lorentzian broadening of
0.1 eV. The dashed line indicates HOMO of the doped clusters. Note that to visualize the small
value of the partial DOS of Li atom we use two separate y-axes for total DOS (left side) and
partial DOS (right side) with different scaling.

for all the four surface doped clusters along with the DOS of the pure Auy, cluster. In this

figure the total DOS of the clusters and partial DOS corresponding to the contribution of Li

atom are shown by blue and green curves respectively. Note that the calculations of the total
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DOS (TDOS) and partial DOS (PDOS) are based on Mulliken population analysis. The PDOS
indicates the weight factor of a basis function in the molecular orbitals determined by means
of the Mulliken population analysis. It is very clear from this figure that the 2s electron of Li
atom is hybridized with the 5d and 6s electrons of Au atoms. This hybridization is the signature
of the interaction between Au and Li atoms. The amount of Li atom contribution to the total
DOS increases with the increase in the number of doped Li atoms. This increasing trend is in

conformity with the BE and HOMO-LUMO data presented in Table 2.5.

2.6 Vibrational Spectra of Auyy_,Li,, n =1 - 4 Clusters

The IR-spectroscopy is widely used to determine the geometrical structure of the neutral clus-

ters [46]. Hence, we present an analysis [122] of the IR-spectra of some of the most stable
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Ficure 2.5: IR-spectra of Auyg_,Li, (n = 0 — 4) clusters: (a) Auyg, (b) Td-S, (c) Td(S-S), (d)
Td(S-S-S), and (e) Td(S-S-S-S). These spectra are broadened by a Gaussian having a width
of 1 cm™!. The vertical arrows in the panel (b) to (e) indicate the positions of the Au-derived
peaks.

doped clusters along with the pure Au,, cluster and results are displayed in Figure 2.5. From
the absorption intensity plotted as a function of the vibrational frequency, we find distinct char-

acteristic features in the IR-spectra of the clusters in the series Auyy_,Li, (n = 0 —4). Itis
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observed that the pure Auy cluster has a strong peak at around 138 cm™!. This peak results
from a triply degenerate vibrational mode of the Au atoms. All the doped structures have addi-
tionally a few strong peaks beyond 138 cm ~!. The analysis of the vibrational modes shows that
these peaks arise mainly because of the presence of the guest Li atom which has a much smaller
mass compared to the Au atom and due to the strong bonding between the Au and Li atoms. The
Li atom at the surface can vibrate in different ways giving rise to different vibrational modes
which we proceed to discuss below. In the single Li atom doped Td-S cluster, which has a
lower symmetry (C;,) than T, symmetry of Au, cluster, the triply degenerate vibrational mode
of pure Auyy is split into two degenerate (136 cm™') and one non-degenerate (139 cm™") mode.

1

Another peak at around 224 cm™ arises due to the vibration of Li atom perpendicular to the

plane of the surface of the cluster. Furthermore, a doubly degenerate peak at around 328 cm™
is found, which is due to the vibration of the Li atom parallel to the surface of the cluster. For
the double Li atom doped Td(S-S) cluster, the symmetry of the cluster is reduced further (C,,)
which leads to splitting of the Au-related peak at around 138 cm™! into three non-degenerate
peaks (134, 136, 138 cm™!). A motion corresponding to a simultaneous vibration of the two Li
atoms perpendicular to the plane but in opposite direction yields a peak at around 162 cm™!. On
the other hand, a simultaneous vibration of the two atoms which is perpendicular to the plane
and in same direction (both Li atoms being in- or out-bound) gives rise to a peak at around 214
cm™~'. Two major peaks at around 324 cm™' and 336 cm™! are due to the symmetric vibration
of the Li atoms parallel to the surface while an asymmetric vibration of the Li atoms gives rise

1

to a small peak at around 315 cm™". In Td(S-S-S) cluster the asynchronous vibrations of the

Li atoms perpendicular to the plane result in two peaks: a doubly degenerate peak at 171 cm™!

1

and another one at 175 cm™". On the other hand, a concurrent motion of the three Li atoms

1

perpendicular to the surface yields a peak at 226 cm™". The vibrations of the Li atoms parallel

to the surface give rise to three peaks, which consist of two degenerate modes each at around

-1, The most stable and

313 cm™! and 321 cm™! and a non-degenerate mode at around 332 cm
tetrahedrally symmetric structure Td(S-S-S-S) shows three triply-degenerate peaks at around
134, 193 and 317 cm™!. The first one corresponds to Au atoms, the second and the third ones,

which are very strong, arise due to the vibration of the Li atoms perpendicular and parallel to
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the plane of the surface of the cluster, respectively. This IR-spectrum analysis shows that Li-
doped Auyy_,Li, (n = 1 — 4) clusters exhibit strong absorption in the frequency range 300-350
cm™! which is absent in the case of the pure Auy cluster. This difference in the infrared spectra

may be exploited in the structure determination of the doped clusters.

2.7 Conclusions

In summary, we have investigated the structural and electronic properties of the Li doped gold
nano-clusters. In addition, we have discussed the IR-spectrum of the stable structures to pro-
vide a spectroscopic signature characterizing these structures. We have found that the dopant
Li atoms prefer the surface positions of the pyramidal structure of Auy, cluster. The thermo-
dynamic stabilities of these structures are found to be very high as compared to the pyramidal
Auy cluster. On the other hand, the chemical stability follows an interesting trend. It is ob-
served that the HOMO-LUMO gap of the single Li atom doped Td-S cluster is less by around
0.1 eV as compared to that of the pure Au,y cluster. Whereas, the chemical stability (HOMO-
LUMO gap) of two Li atoms doped Td(S-S) cluster is almost similar to that of the pyramidal
Auy cluster. This indicates that the chemical stability of the Li doped clusters increases as we
increase the number of dopant Li atoms. We have observed that the enhancement in thermody-
namic stability of doped cluster with increasing number of dopant Li atom can be attributed to
the increase in the ionic nature of the Au-Li bonds. We have found that the doped Td(S-S-S-S)
cluster with highly symmetric (T,) structure possesses significantly higher BE (49.14 eV) and
HOMO-LUMO gap (2.12 eV), as compared to those of pure Au,, cluster. These results show
that Li doped gold clusters Auy,_,Li, (n =1 - 4) offer a possibility of tuning the HOMO-LUMO
gap by placing the Li atoms at appropriate positions in the tetrahedral Au,, cluster. Overall, it is
observed that the single Li doped Td-S cluster possesses the lowest HOMO-LUMO gap among
all the most stable Li doped 20-atom gold clusters. It is then expected that a single Li atom
doped Au,yLi cluster will exhibit higher chemical reactivity. In the next chapter we present the

results for the detailed study on the chemical reactivity of Li doped AujoLi cluster.






Chapter 3

Chemical Properties of Li Doped Gold

Nano-Clusters

In the previous chapter we predicted that the chemical reactivity of the single Li doped AuyLi
cluster will be higher due to its lower HOMO-LUMO gap. In order to check our prediction,
in the present chapter we discuss the chemical properties of the AujgLi cluster. We check the
chemical reactivity of the AuyyLi cluster using CO molecule as a probe. We wish to mention
here that the catalytic activity of the pure Au,, cluster towards CO and O, absorption has been
studied both experimentally and theoretically by various research groups [14, 58, 123] and it
has been found that these molecules interact weakly with the free Au,, cluster [14, 58]. The
effect of support on the structure of Auy cluster and its reactivity towards CO and O, molecules
have also been reported in the literature [14, 60, 61, 65]. It has been demonstrated that with
appropriately chosen support, charge transfer from support to Auy, cluster can be enhanced,
which in turn leads to its structural change as well as an increase in its reactivity towards CO
and O,. On the other hand, in another recent experimental report, Haeck et al. found that
the doping of Ag in the Auy cluster (Auj9Ag) leads to decrease in the reactivity towards CO
oxidation as compared to that of pure Au,, cluster [124]. It is well known that the chemical
activity of gold clusters can be modified by doping another atom in the cluster [20, 53, 125].

For Example, in a study, Jena et al. found that the interaction of CO with small gold clusters

45
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(2-8 atoms) may be enhanced by doping gold clusters with H and Li atoms [126]. In the present
chapter we investigate the effect of doping of Li atom on chemical reactivity of the larger gold

cluster by studying the CO adsorption behavior of the AujgLi clusters.

3.1 Computational Details

All calculations presented in this chapter have been carried out by employing the theory as
described in Chapter 2 except the XC-functional. In this chapter all the structures are optimized
within GGA level with Perdew-Burke-Ernzerhof (PBE) XC (XC) functional [92]. Note that this
functional gives quite accurate results for structural and electronic properties of gold clusters
and hence widely used to investigate pure as well as doped gold clusters [15, 103, 127, 128]. In
order to check the suitability of the PBE XC-functional for the AujgLi systems we also employ
other GGA XC-functionals like PW91, BP86 and Meta-GGA type TPSS XC-functional to

calculate the binding energies of the bimetallic clusters [98, 129-131].

In order to characterize the strength of interaction between CO molecule and pure or bimetallic

gold clusters we calculate the adsorption energy, E,,; using the equation,
E.; = —[E(cluster — CO) — E(cluster) — E(CO)] (3.1

where E(cluster — CO) , E(cluster), and E(CO) are the energies of the cluster-CO complex,
most stable tetrahedral parent Auy, or bimetallic Au;yLi cluster on which CO molecule has been
adsorbed, and a bare CO molecule, respectively. The higher values of E,; indicate stronger in-
teraction between CO and the cluster. In the following we present the results of our calculations

and discuss various electronic properties to comprehend these results.
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3.2 Structural Properties of Au;yLi-CO Complexes

To study the adsorption of CO molecule on the bimetallic Au,oLi clusters first we need to know

correct geometric structures of these systems. To obtain optimized geometries of Au;oLi-CO
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Ficure 3.1: Optimized geometries of AujgLi clusters. The arrows indicate the non-equivalent
positions for CO molecule adsorption. The numbers within the parenthesis indicate the relative
energies (eV) of the corresponding structure with respect to the most stable Td-S cluster. The
relative binding energies presented here are calculated using PBE functional.

complexes we consider three distinct possible exohedrally doped tetrahedral and two of the
most stable endohedrally doped cage-like AuyyLi structures, which are displayed in Figure 3.1.
These geometries have been taken from our previous studies on the structures and electronic
properties of gold-alkali and gold-coinage bimetallic AujoM (where M = Li, Na, K, Rb, Cs, Ag,
Cu) clusters [19, 20]. As discussed in the previous chapter that we denote the exohedrally doped
tetrahedral AuygLi clusters by Td-X, where Td stands for tetrahedral geometry and X refers to
the location of the dopant atom (Li), where X = E, S, and V stand for doping at an edge site,
a surface site, and a vertex site respectively, and X=0 represents a pure Auy cluster. The two
cage-like Aujgli clusters where the dopant Li atom is placed at the endohedral positions are
named as Cgl and Cg2 respectively (see Figure 3.1). In the previous chapterwe observed that
the cluster Td-S is the most stable one among all Au;gLi structures [19, 20]. To make our search
more exhaustive for the most stable Au9Li cluster we calculate the relative binding energies of
all the five isomers of Aujgli cluster with respect to the most stable Td-S structure with four
different XC-functionals and the corresponding results are listed in Table 3.1. From these re-
sults we can see that the energy ordering of the bimetallic Au9Li clusters does not change due

to the use of different XC-functionals. The relative stabilities of Au;gLi clusters are almost the
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TaBLE 3.1: Relative energies (in eV) of the five isomers of AujgLi cluster.

system Relative energy (in eV) with different XC-functionals
PBE PWI1 BP86 TPSS
Td-S | 0.00 0.00 0.00 0.00
Td-E | 0.46 0.45 0.47 0.34
Td-V | 0.92 0.93 0.95 0.71
Cgl | 0.11 0.12 0.17 0.09
Cg2 |0.50 0.52 0.58 0.47

same for all the XC-functionals used in our calculations. However, the values of binding energy
for each isomer obtained by using TPSS are consistently lower than the corresponding values
calculated using the other three XC-functionals. As the binding energies for PBE functional
is quite consistence with the energies calculated with other functionals like PW91, BP86 and
TPSS, we discuss our main results obtained with PBE functional only. In the following we ana-
lyze the relative binding energy data further at PBE level. At this level we find that the energies
of the structures Td-E and Td-V are less by around 0.46 and 0.92 eV respectively, as compared
to that of Td-S structure. However, the cage-like structure Cgl is found to be energetically very
close to Td-S (difference of just around 0.11 eV), whereas, Cg2 is found to be 0.50 eV less
stable as compared to that of Td-S. These results indicate that the structures Td-S and Cgl are
most likely to exist with equal probability in the experimental generation of AuyLi cluster and
the structures Td-E and Cg2, which are slightly less favorable, are also equally probable to be
observed in the experiments. In order to understand the electronic structures of the selected five
isomers of Aujgli clusters we plot the energy levels corresponding to the frontier molecular
orbitals of the five isomers of AuyLi cluster and pure Auy cluster in Figure 3.2. From this fig-
ure we can see that the pure Auy cluster possesses the highest HOMO-LUMO gap, whereas,
the bimetallic Cg2 cluster has the lowest value of HOMO-LUMO gap and the HOMO-LUMO
gaps of the other isomers of the bimetallic AujgLi clusters lie in between these two extreme
values. It is also very clear from the Figure 3.2 that the presence of a Li atom shifts the HOMO
of the bimetallic AuygLi clusters towards the higher energy. Thus the lower value of HOMO-

LUMO gap and the higher energy state of HOMO of the bimetallic clusters can increase the
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Ficure 3.2: Energy level diagram of AujgLi and Auyg clusters. The top most level below -4.75
eV is the HOMO and the bottom most level above -4.25 eV is the LUMO of the clusters.

chemical reactivity of these bimetallic clusters, which is the main focus of the study of the
present chapter. Now, to study the adsorption of CO molecule on the five (three tetrahedral
and two cage-like) isomers of AujoLi cluster various possible structures of cluster-CO complex
have been generated by placing the CO molecule at different non-equivalent positions of these
isomers. The non-equivalent adsorption sites for CO molecule are indicated by the arrows in
Figure 3.1. A CO molecule can interact with the Au atom in the cluster either via C atom (CO
mode) or via O atom (OC mode). We find that the CO molecule prefers to interact with Au
clusters through CO mode. So all the calculations in the present study have been carried out
considering cluster-CO type of configurations only. This consideration leads to more than 50
possible geometries of Au;9Li-CO complex, which are taken as initial geometries for the deter-
mination of the correct structures. All these structures are then optimized at GGA level using
PBE XC functional in the framework of DFT. The geometries of all the structures of tetrahedral
AuygLi-CO complex are shown in Figure 3.3. Following the notations for parent structures, we

denote the various tetrahedral isomers of cluster-CO complex by Td-X-Yj, where Y refers to
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Ficure 3.3: Optimized geometries of the tetrahedral Auj9Li—~CO complexes.
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the site of CO adsorption like E, S and V and the index j, which takes integral values indicates
different Y sites in the tetrahedral geometry. From Figure 3.3 we observe that the tetrahedral
structures of all the Aujoli isomers (except for Td-V-S1) undergo a very small change when
a CO molecule is adsorbed on these clusters. However, we note here that for CO adsorbed at
the surface sites, the gold atoms lying on this surface are pulled out leading to distortion of the
pyramidal structure. As a result of this, maximum distortion is observed for Td-V-S1 structure.
Moreover, we note here that the adsorption of CO on the surface of AuyLi clusters occurs at
an angle with respect to the normal to the surface. In contrast to this for the pure Au,, cluster
the adsorbed CO molecule points in the vertically outward direction. We also observe that for
a Li atom located at one of the edge or vertex sites, CO molecule prefers to occupy a position
in between the nearest Li-Au bond. This configuration is found for two structures, which we

designate as Td-E-E7-bridge and Td-V-V2-bridge (see Figure 3.3).

Having discussed the optimized tetrahedral structures of cluster-CO complex we next focus our
attention on the cage-like structures. As mentioned before we consider two most stable cage-
like geometries of AuygLi cluster from our earlier study [19]. In fact these two endohedrally
doped cage-like structures (Cgl and Cg2) possess slightly higher binding energy than a pure
Auyg cluster. To study CO adsorption on these cage-like structures a CO molecule is placed at
different sites of these two cage-like cluster. For Cgl structure CO molecule is placed at six
unique positions (shown by arrows in Figure 3.1) to generate six possible structures of cluster-
CO complex, which are denoted by Cgl_i (i = 1 - 6). On the other hand, for Cg2 structure there
are seventeen non-equivalent Au positions, which are considered for CO absorption. These
seventeen structures are denoted by Cg2_i (1 = 1 - 17). All the optimized geometries of the
cluster-CO complexes for the cage-like structures are shown in the Figure 3.4. Note that we do
not get converged results for Cg2_17 complex and hence the geometry corresponding to this
complex is not listed in this figure. From Figure 3.4 it can be again seen that a CO molecule
favors the low coordinated sites of the bimetallic cluster for adsorption on it. As a result of
this less symmetric Cg2_i cage-like structures undergo significant distortion in their shapes as

compared to more symmetric Cgl_i structures.
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Ficure 3.4: Optimized geometries of the cage-like Auj9Li—CO complexes.

In the next section we next present the results for the interaction energy and the other electronic

properties of above mentioned isomers of the cluster-CO complex.

3.3 Interaction of CO Molecule with Au;¢Li Clusters

Before we discuss the results for the interaction of CO molecule with AugLi cluster we first

present the results for the interaction of CO molecule with Au, cluster to establish the accuracy

of our calculation as well as for completeness. The results for the adsorption energy of CO

on pure Auy, clusters are compiled in Table 3.2 along with the corresponding data from the
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TaBLE 3.2: Adsorption energy (Ead), the distance between Au and C and C-O bond length
(day—c and d¢—p respectively) and Au-C and C-O bond stretching frequencies (v4,—c and ve—op
respectively) for Auyy-CO complex.

system | adsorption en- | bond length analysis (A) | frequency analysis (cm™")
ergy, Eqa(eV)

dau—c de-o YAu-C Yc-o
Td-0-E | 0.45 (O.54)b 2.021 1.147 319 2027
Td-0-S | 0.37 (0.38)” 1.986 1.144 335 2056
Td-0-V | 0.82 (0.84)b 1.977 1.144 354 2063

4Td-0-E, Td-0-S and Td-0-V are the Au20-CO complexes where the CO is adsorbed at edge (E), surface
(S) and vertex (V) respectively.

bThe values within the parenthesis are taken from Ref. [14].

already published work [14]. It can be seen from this table that our results for E,; match quite
well with those of Ref. [14] except for the case of CO molecule adsorbed at the edge site. This
discrepancy in the results may be due to the use of different methods employed and different

choice of XC functionals in the two calculations. Now, we discuss the results for the adsorption

energy of CO molecule on various isomers of Aujgli clusters.

3.3.1 Adsorption of CO on Tetrahedral Au;yLi Clusters

The energy corresponding to the adsorption of a CO molecule on exohedrally doped tetrahe-
dral isomers of AujoLi cluster are listed in Table 3.3. These results clearly indicate that a CO
molecule always favours to get adsorbed at a vertex site (only Au occupied) of the pyramidal
structure, which has the lowest number of nearest neighbours (minimum co-ordination), irre-
spective of the location of the dopant Li atom in the cluster. Among all possible exohedrally
doped tetrahedral isomers we find that a configuration with Li atom at the vertex site and a CO
molecule adsorbed at another vertex location (Td-V-V1), yields highest value of E,; = 0.91 eV,
which is around 0.1 eV higher than the adsorption energy of CO molecule on Au,y vertex. On
the other hand, we observe no adsorption of CO molecule at the vertex site if it is already occu-
pied by a Li atom, rather, in this case the CO molecule prefers to reside at the middle of Au-Li

bond which leads to appearance of bridge-like structures (Td-V-V2-bridge) with E,; = 0.61 eV.
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TaBLE 3.3: Adsorption energy (E,,) for the tetrahedral Au;9Li-CO complexes

System Adsorption energy (eV)
Td-S-V1 0.82
Td-S-V2 0.80
Td-S-El 0.46
Td-S-E2 0.45
Td-S-E3 0.39
Td-S-S1 0.37
Td-S-S2 0.22
Td-E-V1 0.82
Td-E-V2 0.81
Td-E-V3 0.74
Td-E-E1 0.66
Td-E-E2 0.46
Td-E-E3 0.45
Td-E-E4 0.45
Td-E-E5 0.44
Td-E-E6 0.42

Td-E-E7-bridge 0.40
Td-E-S1 0.43
Td-E-S2 0.37
Td-E-S3 0.33
Td-V-V1 0.91

Td-V-V2-bridge 0.61
Td-V-E1 0.58
Td-V-E2 0.47
Td-V-E3 0.46
Td-V-S1 0.43
Td-V-S2 0.29

Unlike a vertex site, a surface site which has six nearest neighbours is generally found to be
less favourable site for CO adsorption with adsorption energy varying from 0.2 - 0.4 eV. We
note that adsorption of a CO molecule on the top of Li atom occurs when it is located at one of
the surface site of tetrahedral with a very low value of adsorption energy (E,; = 0.22 eV). From
the results presented in Table 3.3 we conclude that CO molecule prefers a lowest-coordinated
site for adsorption on the exohedrally doped tetrahedral AuyLi cluster. Note that the prefer-
ence of the low-coordinated site for adsorption of CO molecule in various pure and doped gold
clusters has already been emphasized in the previous works [132—134]. In this context we wish
to mention that it has already been shown that Na atom doped at the endohedral location in the

tetrahedral structure of Au,, cluster exhibits a strong tendency to adsorb CO molecule at the
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vertex site [14].

3.3.2 Adsorption of CO on Cage-like Au 9Li Clusters

Having discussed the adsorption energies of tetrahedral isomers of Au;9Li-CO complex we now
present the results for cage-like isomers of the same complex. The results for the adsorption

TaBLE 3.4: Adsorption energy (E,,) for the cage-like Auj9Li-CO complexes

System | Adsorption energy (eV)
Cgl_1 1.01
Cgl_2 0.74
Cgl_3 0.61
Cgl_4 0.57
Cgl_5 0.51
Cgl_6 0.39
Cg2_1 1.15
Cg2 2 1.04
Cg2_3 0.90
Cg2 4 0.88
Cg2 5 0.82
Cg2 6 0.79
Cg2 7 0.72
Cg2 8 0.70
Cg2 9 0.70
Cg2 10 0.70
Cg2_11 0.67
Cg2_12 0.67
Cg2 13 0.63
Cg2_14 0.62
Cg2 15 0.58
Cg2_16 0.58

energy of CO molecule on cage-like isomers of AujyLi cluster are compiled in Table 3.4. We
observe from this table that seven cage-like isomers, namely, Cgl_1, Cg2_1, Cg2_2, Cg2_3,
Cg2_4,Cg2_5, and Cg2_6 show very strong affinity towards adsorption of CO molecule which
are comparable or higher than that observed for CO adsorption on pure Au,, cluster. The high-
est value of E,; = 1.15 V is found for the case of Cg2_1 isomer of AujoLi cluster. Note that this
value of adsorption energy is significantly higher (around 40 percent) than the corresponding

value for pure Au,, cluster. Similarly Cgl_1 isomer also interacts quite strongly (E,; = 1.01
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eV) with the CO molecule. Like tetrahedral isomers, for cage-like isomers also we observe
that the CO molecule prefers to interact with the Au atoms at the low-coordinated cluster sites.
From the results of Table 3.3 and 3.4 we conclude that doping of gold cluster with Li atom
results in enhancement of CO adsorption energy. Moreover, we also observe that the endo-
hedrally doped AujgLi clusters exhibit significantly better adsorption of CO molecule than its
exohedrally doped tetrahedral counterpart. The higher value of CO adsorption energy for the
endohedrally doped Cg2_1 cluster may be attributed to the lower value of HOMO-LUMO gap
(0.957 eV, also see Figure 3.2) of this cluster as compared to the corresponding exohedrally
doped isomers (1.671 - 1.402 eV) [19]. We note here that the bimetallic cluster Cg2 which
shows the highest propensity towards CO adsorption is slightly less stable as compared to the
most stable Td-S structure but it is more stable than pure Au,, cluster. Thus it is possible that
Cg2 will be produced in the gas phase along with the other isomers of AujgLi cluster. Alterna-
tively, it is established that by choosing a suitable solid surface as a support even energetically
less favourable isomers can be stabilized [17]. It is then quite clear that the energy ordering of
the adsorbed clusters will be different as compared to that of the free clusters, and it might be

possible to observe Cg2 experimentally.

3.3.3 Electronic Structure of Cluster-CO Complexes

In order to get better insight into the mechanism of CO adsorption on AujgLi cluster we now
carry out analysis of charge distribution, relevant bond lengths, and vibrational frequencies
of cluster-CO complexes. The results for the charge distribution at the adsorption site, Au-C
(dau—c) and C-O (d¢-p) bond lengths after adsorption, and their stretching frequencies (va,—c
and vc_p) are listed in Table 3.5. Note that we present the results for only those structures,
which possess CO adsorption energy comparable or higher with respect to that of Au,,-CO
complex (0.82 eV) The charge distributions are obtained by employing Mulliken population
analysis. It can be clearly seen that for all the isomers (both exohedrally doped tetrahedral
and endohedrally doped cage-like) with large value of adsorption energy, the adsorption sites

are associated with anionic character. After adsorption of CO molecule, the Au atom at the
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TaBLE 3.5: Mulliken charges, the Au-C bond distance (d4,-¢) and C-O bond length (d¢—¢p), Au-
C and C-O bond stretching frequencies (v4,—¢c and v¢_g respectively) for the selected AujgLi-
CO complexes.

System | Mulliken charge analysis Bond length anal- | Frequency analy-
ysis (A) sis (cm™h)
Charge on Ad- Charge on
sorption site CO  after
adsorption

Before After

CO ad- | CO ad-
sorption | sorption
dau—c de-o VAu-C Vc-0
Td-S-V1 | -0.0718 | 0.0889 0.0109 1.977 1.143 355 2066
Td-S-V2 | -0.0682 | 0.1006 0.0086 1.977 1.144 355 2062

Td-E-V1 | -0.0694 | 0.0941 0.0057 1.978 1.144 355 2062
Td-E-V2 | -0.0833 | 0.0946 -0.0158 1.982 1.146 359 2043
Td-V-V1 | -0.0773 | 0.1148 -0.0047 1.963 1.145 372 2057

Cgl_1 | -0.0307 | 0.1142 0.0003 1.963 1.145 374 2070
Cg2_1 | -0.0019 | 0.1184 -0.0234 1.962 1.146 374 2047

Cg2_2 | -0.0327 | 0.0999 -0.0305 1.953 1.147 386 2042
Cg2_3 | -0.0421 | 0.1100 -0.0128 1.96 1.146 373 2053
Cg2 4 | -0.0737 | 0.1120 0.0009 1.962 1.145 372 2061
Cg2 5 | -0.0415 | 0.0983 -0.0186 1.972 1.146 363 2045
Cg2 6 | -0.0302 | 0.1468 -0.0080 1.971 1.145 363 2056

adsorption site transfers a fraction of its charge to the neighbouring atoms in the cluster and
also to the CO molecule. However, we do not observe any correlation between the charge
transfer from cluster to CO molecule and the adsorption energy. For example, we find that
for the case of isomer Cg2_1 with the highest value of adsorption energy, charge transfer has
taken place from cluster to CO, whereas for Cgl_1 with the third highest adsorption energy,
a charge transfer in the reverse direction is observed. Similarly, no definite trend is observed
for other isomers. Furthermore, we observe that the isomers for which CO molecule acts as
electron acceptor (Td-E-V2, Td-V-V1, Cg2_1, Cg2_2, Cg2_3, Cg2_5, Cg2_6) the C-O bond
length undergoes elongation by 0.01 A or more (except for Td-V-V1 and Cg2_6, where the
charge transfers to CO is very small) in comparison to the free CO molecule bond length (d¢-o
= 1.136 A). This increase in C-O bond length may be attributed to the back donation from the

cluster to the 27" anti-bonding orbital of CO molecule [17, 133, 134]. On the other hand, for
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CO molecule acting as electron donor, the increase in C-O bond length is less (< 0.01 A) as
compared to that observed in the case where CO acts as electron acceptor. Moreover, a higher
red-shift in the CO stretching frequency with respect to free CO frequency (ve_p = 2122 cm™)
is observed for the case when CO molecule act as an electron acceptor than the case when it

acts as an electron donor.
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Ficure 3.5: Energy level diagram of Cg2 and Cg2_1 clusters.

In order to understand the electronic structures of Cg2_1 complex we plot the energy levels
of the frontier molecular orbitals of this complex and its parent structure Cg2 in Figure 3.5.
From this figure it is very clear that when a CO molecule is adsorbed on Cg2 cluster results in
larger HOMO-LUMO gap as the HOMO shifts towards the lower value, whereas, LUMO shifts
towards the higher energy. This indicates that the chemical stability of Cg2 cluster increases
as a CO molecule is adsorbed on it. This in turn also suggests that the isomer Cg2 of AujgLi

cluster may act as good catalytic agent for CO oxidation reaction.
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3.4 Conclusions

In summary, we investigate the CO adsorption on bimetallic AugLi cluster by employing ab-
initio density functional theory based method. We observe that the CO adsorption on AuyLi
cluster is highly dependent on the site of the adsorption. The Li sites are least favorable,
whereas, the Au occupied low coordinated and anionic sites are the most favorable for CO
adsorption among all the bimetallic cluster-CO configurations. In accordance with our predic-
tion in the previous chapter, here we observe that Li doping can enhance the adsorption energy
of CO molecule with AujgLi cluster over that of pure Auy, cluster. In particular, we find that
Cg2_1 complex possesses very high adsorption energy of 1.15 eV, which is 40 percent higher
than that of pure Auy-CO complex. The back donation, which is one of the most important
factors for CO oxidation is also found to be occurring for Cg2_1 complex. We observe that
for some of the exohedrally and endohedrally doped Au;9Li isomers, C-O bond length under-
goes elongation leading to red shift in C-O stretching frequency. This elongation in C-O bond
length is attributed to the back donation from the cluster to the anti-bonding 27" level of CO,
which leads to the weakening of C-O bond. Specifically, we find that for endohedrally doped
cage-like Cg2_1 isomer of AujgLi cluster, CO adsorption results in a back donation of charges
from the cluster to CO molecule, which results in an elongation of the C-O bond length by
0.01 A and a red-shift of 75 cm™" in the C-O stretching frequency. These results indicate that
by doping Li atom at endohedral location in cage-like structure of Auy cluster, it is possible
to enhance the adsorption energy of CO molecule on this cluster and also to increase the C-O
bond length. Consequently, it may be expected that such bimetallic cluster may be a suitable
catalytic agent for carrying out CO oxidation reaction. Here, we wish to point out that our
present study indicates that the tetrahedral structure of AujgLi cluster may be lost when a CO
molecule is adsorbed on it. Therefore, we ask the question whether the chemical reactivity of
the 20-atom gold cluster can be enhanced or not keeping the tetrahedral geometry intact. In the

next chapter we will address this question.






Chapter 4

Structural and Chemical Properties of Pt

Doped Gold Nano-Clusters

The results presented in the previous chapter indicate that the chemical reactivity of the 20-
atom gold cluster can be enhanced by doping it with a single Li-atom. In contrast to this it has
been reported in Refs. [124, 125] that the doping of coinage metals like Cu and Ag in gold
clusters results in reduction of reactivity of these clusters toward CO adsorption. On the other
hand, the studies on the interaction of CO molecule with Pt doped small gold clusters (Au,Pt)
with maximum up to 13 atoms unanimously concluded that the presence of Pt atom always
enhances the adsorption of CO molecule on the gold clusters [51, 52, 135-137]. Moreover,
it has also been found that the Pt site is more favorable for CO adsorption when both Pt and
Au sites are available for CO adsorption. For example, Morrow et al. reported that the CO
adsorption energy on the Pt site is more than 1 eV higher than that of adsorption on Au site
[136]. Furthermore, it is important to note that adsorption of CO molecule on Au atoms located
in the neighborhood of a Pt atom also shows marked improvement as compared to the case when
Au atoms are present in pure cluster. The explanation for the enhancement in CO adsorption on
Pt doped gold clusters is given in terms of charge transfer from the cluster to the CO molecule
and the shift in d-band center of the adsorbing atom [136]. From these results we infer that the

doping of Pt atom in the gold clusters can provide more number of active adsorption sites in
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the doped gold clusters as compared to those in the pure ones. Overall, it is very clear that the
presence of Pt in the gold clusters of smaller sizes is very promising for enhancing the catalytic
activities of these clusters towards CO oxidation reactions. In conformity with the theoretical
predictions, in an experiment by Pedersen et al. it was observed that CO adsorption on Pt atom
of Au-Pt mixed island on Au(111) is stronger as compared to that on clean Pt(111) surface
[138]. This strong reactivity of the supported island was explained in terms of the shift of d-
band centre of the adsorbate. The results of this experiment demonstrated that the presence of
Au atoms can stimulate the reactivity of Pt atom. Moreover, the supported Au-Pt nano-particles
of core size ~2 - 4 nm with different mixing proportion are also synthesized and their reactivity
have been investigated using CO molecule as a probe [139, 140]. These authors observed a
significant enhancement of CO adsorption on these bimetallic nano-particles. However, to the
best of our knowledge no detail theoretical analysis to explain the reactivity of the Au-Pt nano-
particles exists in the literature. We expect that the theoretical electronic structure investigations
of Au-Pt clusters of larger size may help to understand the experimental observations for the

Au-Pt nano-particles.

Note that in an earlier report by Leppert ef al. [18] devoted to the study of the core-shell (Pt
atoms occupy the core position surrounded by Au atoms) growth of 20 and 40-atoms Au-Pt
bimetallic clusters only the tetrahedral structure of Auy, and one cage-like structures of Pty
were explored for determination of ground state geometries of Au;oPt cluster. These authors
reported only the exohedral-Pt structures of AujgPt cluster and no endohedral-Pt structure was
considered. Whereas, our study is more focused on the structural and chemical properties
of AuyoPt cluster. We have considered both exohedral and endohedral structures of Au;oPt
cluster which are based on the tetrahedral, cage-like and tube-like geometries of Auyy and Aug
clusters. Moreover, the higher reactivity of the bimetallic Au-Pt clusters was mentioned in the
earlier reports by Leppert el al. [18, 141], but the detail study on the reactivity was missing.
The present chapter provides a complete understanding of not only the structural aspects of the
AuyoPt clusters but also the chemical property of the Au,9Pt clusters using CO as a probe, which

will be helpful to develop new catalyst in this size range and beyond. To this end, we study the
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electronic properties of the Au;yPt cluster by calculating various bond lengths, binding energy
(BE) and HOMO-LUMO gap of the Au;9Pt cluster. To study the catalytic activity of bimetallic

AuyoPt cluster we investigate the adsorption characteristic of CO molecule on this cluster.

4.1 Structural and Electronic Properties of Bimetallic Au,9Pt

Clusters

All calculations presented in this chapter have been carried out by employing the same theory
as described in Chapter 2 with PBE XC functional. In order to check the accuracy of our
choice of basis set and XC functional we first carry out calculations for BE, bond length and
bond stretching frequency of Au, and AuPt dimers and CO molecule. The results of these
calculations are complied in Table 4.1 along with the previously reported experimental and
theoretical data. From this table, we conclude that our choice of XC functional (PBE) and the

TaBLE 4.1: Calculated and experimental values of the binding energy, bond length and bond
stretching frequency of Auy, AuPt dimers and CO molecule.

System | Binding energy (eV) Bond length (A) Frequency (cm™)
Present Reported Present Reported Present Reported
work work work

Au, 2.30 | 2.36%[2.29 (+0.02)"] | 2.527 | 2.52¢[2.472°] 175 [191]°
AuPt | 2.62 2.55¢ 2479 | 2.479[2.60°] 183 1704
CcO 12.13 [11.24¢] 1.136 | 1.13/[1.13¢] 2122 | 2212/[2143¢]

ab.c.de.f-8The values are taken from Refs. [102, 136, 142—146]. The numbers within the square brackets
indicate the experimental values.

basis set (TZ2P) can provide satisfactory results for gold and gold-platinum bimetallic systems.
Therefore, we make use of above mentioned XC functional and the basis sets for all calculations

discussed in this chapter.
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4.1.1 Properties of Tetrahedral Isomers of Au;oPt Cluster

In order to get the ground state geometry we consider several structures of Au,y and Auyy clus-
ters (tetrahedral, tube- and cage-like), and generate from them starting geometries of AujoPt
cluster either by replacing an Au atom with a Pt atom in Auy cluster or by adding a Pt atom
in Auy cluster. The details of this generation of the initial structures of the single atom doped
clusters are described in Chapter 2. All these initial structures of AuoPt cluster are then opti-
mized at GGA level (PBE XC functional) for two different values of spin multiplicity namely 2
(doublet) and 4 (quartet) to obtain the spin multiplicity of the ground state. After geometry op-
timization we also calculate the vibrational frequencies to check the stability of these structures.
The optimized structures of tetrahedral Au,9Pt cluster which are obtained for doublet spin state
are shown in Figure 4.1. Following the same notational convention as discussed in Chapter
2 we denote the exohedrally doped tetrahedral Au;oPt clusters by Td-X, where Td stands for
tetrahedral geometry and X (X = S, E, and V) refers to the location of the dopant atom Pt and

X=0 represents a pure Au,, cluster. The structures in Figure 4.1 are arranged in the descending

Td-S A Td-E Td-V /\
1/ |\l /) ﬁ( )“ W \
L4222 A g b4 a2 222l a2 222

(0.00) (0.04) (0.45)

Ficure 4.1: Optimized geometries of pyramidal bimetallic Au9Pt clusters in decreasing order
of BE. The values within the parentheses indicate the relative energy (in eV) of the correspond-
ing structures. Here, the relative energy (in eV) is calculated with respect to the most stable
Td-S structure.

order of their BE. It has been observed that the parent structure of Au,y does not undergo any
significant distortion when an Au atom is replaced by a Pt atom. This observation implies that
the size of Pt (1.39 A) atom, which is comparable to that of Au (1.44 A) atom is geometrically
suitable for doping in the tetrahedral Auy cluster. As mentioned in Chapter 2, the doping with
Li (1.52 A) atom also does not lead to any distortion in the tetrahedral structure of Auyy. To

further study the structures of the bimetallic tetrahedral Au,9Pt cluster we analyze the bond
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TaBLE 4.2: Bond length between Pt atom and its nearest neighbor Au atom.*

Pairs Bond length (1&)
Au-Au | Au-Pt
Pt(E)-Aufedgel] | 2.936 | 2.824
Pt(E)-Auledge2] | 2.682 | 2.664
Pt(E)-Au[surface] | 2.815 | 2.697
Pt(S)-Au[vertex] | 4.682 | 4.676

Pt(S)-Auledge] 2.815 | 2.772
Pt(V)-Auledge] 2.713 | 2.607

“Auledgel] and Au[edge2] denote Au atom in the same and different planes, respectively, with respect
to the dopant Pt atom.

distances between the dopant Pt atom and its neighboring Au atoms. These bond distances are
listed in Table 4.2. In the first column of this table the entry in the square bracket denotes the
nearest Au atoms with which the bond distances are calculated. For the sake of comparison
the corresponding Au-Au bond distances are also given in the second column of the Table 4.2.
From this table we find that all the Au-Pt bond distances (2.607 - 2.824 A) are shorter as com-
pared to the corresponding Au-Au bond distances (2.682 - 2.936 A) in pure Auy cluster. In
particular, the Au-Pt bond distance for the case where the Pt atom makes bond with the surface
Au atom reduces by 0.117A as compared to the corresponding Au-Au bond distance in pure
Auy cluster. The reduction in bond distances is attributed to the strong interaction between Au

and Pt atoms, which will be discussed further later in this chapter.

Next, we present the results for BE, HOMO-LUMO gap and magnetic moment of the optimized
isomers of the bimetallic tetrahedral Au;¢Pt cluster. First, we focus our attention on the BE of
these clusters which characterises the thermodynamic stability of the clusters and it is calculated

by employing the equation given below,

BE = —{E(Au,oPt) — 19E(Au) — E(Pt)} (4.1)

where E(AuyPt), E(Au) and, E(Pt) are the energies of Au;oPt cluster, Au and, Pt atoms respec-

tively. The calculated binding energies of Au;oPt clusters have been tabulated in the second
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TaBLE 4.3: Binding energy, HOMO-LUMO gap, and magnetic moment of the pure (Td-0) and
bimetallic tetrahedral Au;9Pt cluster.

System | Binding | HOMO-LUMO gap (eV) | Magnetic

energy moment(ug)
(eV)
Spin up Spin down
Td-0 | 46.81 1.771 - -
Td-S | 48.10 1.430 0.128 1
Td-E | 48.06 1.546 0.037 1
Td-V | 47.65 1.782 0.089 1

column of the Table 4.3. From this table we find that binding energies of all bimetallic Au;9Pt
clusters (47.65 - 48.10 eV) are greater than that of pure Au,, cluster (46.81 eV). We thus infer
that the doped Au,yPt clusters are energetically more favorable as compared to the pure Auy
cluster. In particular, the BE of Td-S structure is the highest among all the isomers of AugPt
clusters which are considered in this present study and it is 1.29 eV higher than that of pure
Auy cluster. The second most stable isomer of Au;yPt cluster is Td-E and its BE is just 0.04
eV lower than the most stable Td-S isomer. Note that the relative stabilities observed here are
in good agreement with the previous study by Leppert et al. [18], where the authors have in-
vestigated the core-shell growth pattern of 20 and 40-atoms Au-Pt bimetallic clusters. Thus we
conclude that the dopant Pt atom favors almost equally both the surface and edge positions of
the tetrahedral Au,, cluster. We wish to point out here that the enhancement in the BE due to Pt
doping is more than twice that of due to Li doping (0.58 eV) with respect to pure 20-atom gold
cluster [19]. This drastic difference in the BE of Au9Pt in comparison to the AujgLi may be
attributed to the fact that interaction of Au atom with Pt is more of a covalent nature whereas

with Li atom it is more ionic in character [19, 20].

Having discussed the thermodynamic stability of the isomers of the bimetallic Au;oPt clusters,
we now focus our attention to the chemical stability of these isomers, which is quantified in

terms of HOMO-LUMO gap. For the open shell cluster we can define HOMO-LUMO gap

spin—down
gap

spin—up

separately for spin-up (E,,, ) and spin-down (E ) electrons as,
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ESPinmup — _(HOMOP"™™P — LUMO*P"~7) 4.2)

gap

Espin—down — _{HOMOspin—down _ LUMOSpin—down} (43)

gap

where HOMO*P"=4r (HOMOQ??n=4owm) ‘and LUMOQ??n~-4» (LUMQ?*Pi*~4o"") are Kohn-Sham eigen-
values for HOMO and LUMO, respectively, for the spin-up (spin-down) electrons. The HOMO-
LUMO gaps for the spin-up and spin-down electrons corresponding to the tetrahedral Au9Pt

cluster are listed in the third and fourth columns of Table 4.3 respectively. From this table it

Espin—down

2ap . This indicates that the

is observed that Ej5" " is always much higher than that of
transfer of electron trough the spin-down channel is much easier than the spin-up channel. In
Figure 4.2 we display the molecular orbital corresponding to HOMO of spin down electrons

of the bimetallic tetrahedral Au;¢Pt cluster. From this figure clearly we see that the HOMO of

Ficure 4.2: Representation of HOMO of spin down electrons corresponding to the tetrahedral
AuygPt clusters.

the bimetallic Au9Pt clusters are localized around the dopant Pt atom. The gold atoms in the
surroundings of the dopant Pt atom also contribute to the HOMO of the clusters. This indicates
that there is a strong possibility of electron exchange from the Pt sites as well as Au sites which
are neighborhood of Pt, during the chemical reaction. To explore this possibility of modula-
tion of reactivity of the Pt doped clusters we study adsorption of CO on all the isomers of the

bimetallic tetrahedral Au9Pt cluster and results are presented in Section 4.2.

Due to unfilled d-orbital in Pt atom it is expected that the Pt doped gold cluster to have finite

magnetic moment. In order to check this we calculate the magnetic moments of these clusters,
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which are listed in fifth column of the Table 4.3. From this table it is clear that the substitution
of Pt atom in Auyg cluster gives rise to the magnetic moment of 1 up in the doped clusters. For
more insight into the origin of this magnetic moment we plot the magnetization density of the

doped clusters, which is shown in Figure 4.3. This figure shows that the magnetic moments

Td-S

Ficure 4.3: Magnetization density (spin-up charge density - spin-down charge density) plot of
Td-S, Td-E and Td-V clusters.

of all the isomers of Pt doped gold cluster are localized around dopant Pt atom. The value of
magnetic moments for Pt atom in Td-S, Td-E and Td-V clusters are found to be 0.46, 0.51,
and 0.36up respectively, while for bare a Pt atom it is 2.0 ug. Thus we infer that the magnetic
moment of Pt atom is quenched when it is doped in the gold cluster. Moreover, the total
magnetic moments of the bimetallic Au;gPt clusters are not solely due to the dopant Pt atom

rather, it is a collective effect which comes from the different Au atoms and Pt atom.

In order to rationalize the existence of strong interaction between Au and Pt atoms in Au;oPt
clusters we plot partial density of states (PDOS) of the s- and d-orbitals of Pt and Au atoms of
AuyoPt cluster. The PDOSs are displayed in Figure 4.4 (a), (b) and (c) corresponding to Td-
S, Td-E and Td-V clusters respectively. This plot clearly shows the presence of hybridization
between the s- and d-orbitals of Au and Pt atoms in the energy range O to -5 eV. It is this
hybridization which leads to a strong bonding between the dopant Pt atom and the host Au
atoms. For the surface- and edge-doped Au,9Pt clusters the hybridization occurs in a wider
range as compared to that observed in vertex-doped Au;oPt cluster. As a result Td-S and Td-
E clusters are energetically more stable than Td-V cluster. Moreover, for the case where the

Pt atom is doped at the vertex position of the tetrahedral Auy, cluster the unfilled d-orbital
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Ficure 4.4: PDOS for s- and d-orbitals of Au (dashed lines) and Pt (solid lines) atoms in Td-S

(a), Td-E (b) and Td-V (c) clusters.
of Pt atom is almost localized at the HOMO of the cluster. Whereas for surface- and edge-
doped AujoPt clusters the unfilled d-orbital of Pt atom is distributed around the HOMO. This
indicates that the vertex site occupied by Pt atom in the isomers of Au;yPt cluster may show
maximum chemical reactivity which is investigated in the next section (Section 4.2) by studying

the adsorption of CO molecule on these clusters.

4.1.2 Properties of Cage-like Isomers of Au;oPt Cluster

In order to make our search for the minimum energy structure of Au9Pt cluster we now focus

our attention on the non-tetrahedral isomers of this cluster. To this end, like Li case here also
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(0.60) (0.61)

(1.13) (1.21) (1.31) (1.41) (2.05)

Ficure 4.5: Optimized geometries of cage and tube like Au;9Pt clusters in the decreasing order
of BE. The values within the parentheses indicate the relative energy (in eV) of the correspond-
ing structures. Here, the relative energy (in eV) is calculated with respect to the most stable
Td-S structure.

we consider seven cage-like isomers of AuoPt cluster where the dopant Pt atom is placed at
the endohedral as well as exohedral positions of the cage. Along with these cage-like isomers
of Au 9Pt we also consider a tube-like isomer of Au,yy and replace an Au atom with a Pt atom
from the three non-equivalent positions of the tube to generate three tube-like isomers of AugPt
cluster. The cage-like isomers are denoted by C_i, where 1 = 1 - 12 and the tube-like isomers
are represented by T_i, where i = 1 - 3. All these isomers of Au9Pt cluster are the optimized
at the similar level of theory as employed for obtaining optimized tetrahedral isomers. Selected
optimized geometries of the cage-like and tube-like isomers of AujoPt cluster are shown in
Figure 4.5. In this figure the values within the parentheses below each structure indicate the
relative energies of the cage- and tube-like isomers of AujoPt cluster with respect to the most
stable Td-S cluster. In order to make our search more extensive for the most stable isomer of
AuyPt cluster, we carry out a calculation of relative energies and binding energies of all the
isomers with different XC functional (PBE, PW91 and BP86) as well as for two different spin

states (doublet and quartet). These results are compiled in Table 4.4. From this table we observe
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TaBLE 4.4: Binding energies of the bimetallic Au 9Pt clusters with different XC functionals and
spin states.

System | Binding energy (in eV) with different spin | Relative energy (in
states eV) with different XC
functionals®

Doublet Quartet? E;_q PBE | PW91 | BP86
Td-S 48.10 46.70(46.79) 1.41 0.00 | 0.00 0.00
Td-E 48.06 46.60(46.73) 1.47 0.04 | 0.02 0.01
Td-V 47.65 45.87(46.01) 1.78 045 | 043 0.41
C_1 47.50 46.23(46.65) 1.27 0.60 | 0.60 0.65
C2 47.49 46.22(46.44) 1.28 0.61 | 0.61 0.66
C3 47.34 | 45.997(46.190) 1.34 0.76 | 0.75 0.80
C_ 4 47.30 46.05(46.22) 1.24 0.81 | 0.80 0.85
T 1 47.27 46.37¢ 0.90 0.84 | 0.78 0.72
T2 47.24 46.27¢ 0.98 0.86 | 0.80 0.76
T 3 47.20 46.13¢ 1.06 091 | 0.85 0.79
C.5 47.19 45.97(46.09) 1.22 0.92 | 091 0.96
C_6 47.18 45.97(46.12) 1.21 0.93 | 0.92 0.97
C_7 47.11 46.11(46.48) 1.00 1.00 | 0.98 1.03
C_8 46.97 46.04(46.34) 0.94 1.13 | 1.12 1.19
C9 46.90 45.44(45.71) 1.46 1.21 | 1.20 1.24
C_10 46.79 46.05(46.36) 0.74 1.31 | 1.30 1.30
C_11 46.68 46.37(46.51) 0.31 1.42 | 141 1.51
C_12 46.05 45.65(46.22) 0.41 2.05 | 2.04 2.10

“The relative energy (in eV) is calculated with respect to the most stable Td-S structure.

bThe values indicates the binding energies calculated at the doublet spin state geometries and values
within the parentheses indicate the binding energies calculated from optimized geometries with quartet
spin state.

"The energy difference between doublet and quartet spin states.

“These geometries do not converge with quartet spin state.

that binding energies of all the doped Au;oPt clusters with doublet spin state are around 1 eV
higher as compared to those with the quartet spin state. This indicates that for Au;¢Pt clusters
the higher spin multiplicity other than doublet is not favorable. Furthermore, from the last three
columns of Table 4.4 we observe that for all the three XC functional Td-S is the most stable
isomer of AujoPt cluster. It is also very clear that the relative stabilities of all the isomers of
AuoPt cluster are almost same for different XC functionals. Moreover, from this table we

can see that all the tetrahedral isomers of Au;yPt cluster are more stable than any other non-

tetrahedral isomers of Au;yPt cluster. For example, the BE of tetrahedral isomer Td-S is 0.6
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eV higher than the most stable endohedrally doped cage-like isomer C_1. From these results
we infer that the cage-like core-shell segregated structure, which is often observed for Au-Pt
bimetallic clusters [18, 135, 141, 147], is not observed for the single Pt doped 20-atoms Au-Pt
bimetallic cluster. Due to very high symmetry (T;) of Au, cluster and the comparable sizes of
Au and Pt atoms this cluster can be doped with Pt atom without causing appreciable distortion
of the pyramidal structure. Note that earlier Leppert et al. [18] studied the core-shell growth
pattern for 20 and 40-atoms Au-Pt clusters. Similar to our result these authors also found that a
tetrahedral structure of a single Pt atom doped at surface location as the most stable structures
among all the structures of Au9Pt cluster considered in their paper. Moreover, these authors
also noted the absence of definite signature of formation of core-shell system in case of singly
doped AujoPt cluster. Nevertheless, they have considered only one cage like structure for the
Auy9Pt cluster. On the other hand, in the present work we consider 12 cage-like and 3 tube-
like structures, in addition to all the tetrahedral structures. Due to the large energy difference
between tetrahedral and other isomers of Au;yPt cluster we consider only the former one to

investigate the interaction of CO molecule with this cluster.

4.2 Chemical Properties of Bimetallic Au;oPt Clusters

To study the chemical reactivity of AuoPt cluster we systematically investigate the adsorption
of CO molecule on various isomers of this cluster. As mentioned before for this purpose we
consider only the tetrahedral isomers of Au;gPt cluster. To get the initial geometries for the
cluster-CO complex we place a single CO molecule on various non-equivalent positions of the
three bimetallic tetrahedral isomers namely Td-S, Td-E and Td-V. Note here that a CO molecule
can interact with Au/Pt atom in the cluster either via C atom (CO mode) or via O atom (OC
mode). Like the case of Li doping as described in the previous chapter here also we find that
CO molecule prefers to interact with Pt/Au atom in CO mode. So we consider this mode of
interaction and find that there are 27 different possible configurations for CO to interact with the

isomers of AugPt cluster. The optimized geometries of tetrahedral Au;oPt-CO complexes are
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shown in Figure 4.6. Following the notations adopted for the case of Li doping, we denote the
various tetrahedral isomers of cluster-CO complex by the symbol Td-X-Yj, where Y refers to
the site of CO adsorption like S, E and V and the index j, which takes integral values indicates
different Y sites in the tetrahedral geometry. In the following we focus our attention on the
three most stable cluster-CO complexes namely Td-S-S1, Td-E-E1 and Td-V-V1 where CO
molecule is adsorbed on the surface-, edge-, and vertex-Pt atoms respectively. It is observed
that the binding energies of these cluster-CO complexes change drastically after the adsorption
of a CO molecule. We find that the most stable Td-S cluster becomes the least stable among
these three structures after adsorbing a CO molecule on the surface Pt atom. On the other hand,
Td-V-V1 is 0.15 eV more stable as compared to Td-S-S1 configuration, while, parent Td-V
cluster is 0.45 eV less stable than Td-S cluster. The configuration Td-E-E1 turns out to be the
most stable one with a energy difference of 0.34 eV as compared to the least stable Td-S-S1
complex. This change in the energy ordering of the cluster-CO complexes occurs due to the
strong interaction of CO molecule with the vertex and edge Pt atoms as compared to that with
surface Pt atom. The results pertaining to the interaction of CO with the isomers of Au;gPt
cluster is discussed below in this section. From Figure 4.6 we can see that the adsorption of
CO molecule results in minimal changes to the geometries of the parent structures of the doped
clusters. However, we observe that due to the adsorption of CO molecule the surface Pt/Au
atom is slightly pulled out from the cluster. Interestingly, we observe that Pt-C-O angle in all
the three cases (see Figure 4.6) lies in the range 177.1 - 179.9°. This indicates that the cluster
repels O atom of CO molecule and try to keep it away from cluster which may lead to the

weakening of C-O bond and implication of this result is discussed below.

To further analyze the structure of cluster-CO complex we examine various bond lengths which
are compiled in Table 4.5. From this table we observe that the Au-C distance ranges from
1.986A - 2.020A for the cases where the CO molecule is adsorbed on the Au atom of a pure
Auy cluster. Whereas, for CO adsorption on Au;yPt cluster the Pt-C distance reduces to the
range 1.841A- 1.852A. This result clearly indicates that the interaction between CO molecule

and the Pt atom in the doped cluster is significantly stronger as compared to that between CO
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FiGure 4.6: Optimized geometries of pyramidal Auj9Pt-CO complex.



Chapter 4. Structural and Chemical Properties of Pt Doped Gold Nano-Clusters 75

TaBLE 4.5: Bond length and bond stretching frequency of the cluster-CO complexes.

System Bond length (A) Frequency (cm™)
metal-C* (A) | C-O (A) | Voerarc | veoo
Td-0-S 1.986 1.144 335 2056
Td-0-E 2.020 1.147 319 2027
Td-0-V 1.977 1.144 355 2063
Td-S-S1 1.841 1.156 507 2018
Td-E-E1 1.852 1.158 501 2001
Td-V-V1 1.850 1.157 504 2016

“metal-C indicates either Au-C or Pt-C distances.

molecule and Au atom in pure cluster. Moreover, we note that the decrease in Pt-C bond
length is also accompanied with an increase (~ 0.02 A) in C-O bond length as compared to
that of the free CO molecule (1.1361&) when a CO molecule is adsorbed on the Pt atom. A
maximum increase by 0.022A in C-O bond length is observed for the case where CO molecule
gets adsorbed on Pt atom of Td-E cluster. On the other hand, in the previous chapter we have
shown that a small increase (~ 0.01A) in C-O bond length occurs when CO molecule is allowed
to get absorbed on bimetallic AujyLi and on pure Au,, clusters. Thus, from these C-O bond
length data it is very clear that the activation of C-O bond is much higher in the present case
of CO adsorption on bimetallic Au;yPt cluster in comparison to our previous work [22]. This
indicates that the bimetallic Au;oPt cluster has higher potential to be a good catalytic agent
in CO oxidation reaction. To get more insight into the effect of cluster-CO interaction on the
metal-C and C-O bond lengths we also calculate their stretching frequencies which are listed in
fourth and fifth columns of Table 4.5 respectively. These results show that the C-O stretching
frequency suffers a red-shift when CO molecule is adsorbed on both pure (Auy-CO) and Pt
doped (Au;oPt-CO) cluster. However, the magnitude of the red-shift is significantly more when
the CO molecule is adsorbed on the Pt sites in the AuoPt clusters. For this case the red-shift

. These results indicate that

in the C-O stretching frequency lies in the range 104 - 121 cm™
the adsorption of CO on Pt atom significantly changes the electronic structure of CO molecule.
This change in electronic structure of CO molecule is further elucidated by the Mulliken charge

analysis and the results of this analysis are discussed below. First, we evaluate the charge on



Chapter 4. Structural and Chemical Properties of Pt Doped Gold Nano-Clusters 76

Pt atom on which the CO molecule has been adsorbed and also on the adsorbed CO molecule

and these results are compiled in Table 4.6. From this table it can be clearly seen that the

TaBLE 4.6: Mulliken Charge on Pt Site and the Total Charge on the Adsorbed CO Molecule.

System Mulliken charge analysis
Charge on adsorption sites
Before CO ad- | After CO ad- Charge | Total charge on CO
sorption sorption transfer
Td-S-S1 -0.0306 0.0937 0.1243 -0.0252
Td-E-El -0.1429 -0.0091 0.1338 -0.0757
Td-V-V1 -0.1893 -0.0513 0.1380 -0.0695

Pt atom looses a fraction of its charge and this is transferred partly to the neighboring Au
atoms and partly (~50%) to the adsorbed CO molecule. We observe that the amount of charge
received by CO molecule depends on the location (S, E, and V) where it gets adsorbed. For
example, the highest charge (-0.0757) transfer takes place when CO molecule gets adsorbed
on Pt atom located at the edge site of Td-E cluster. This excess charge is transferred to empty
27" anti-bonding orbital of CO molecule, which in turn leads to the weakening of the C-O
bond. Consequently, we observe an increase in C-O bond length as well as a red-shift in the
C-O stretching frequency which are discussed earlier. Moreover, we find that the maximum
increase in C-O bond length is observed in the case where CO molecule is adsorbed on Pt atom
located at edge site, which is consistent with the highest charge transfer corresponding to this
adsorption. Furthermore, in our earlier study [22] on adsorption of CO on AuylLi cluster we
observed that the maximum charge transfer from the cluster to CO is -0.0305 which is almost
half of that which is observed in our present study (-0.0757). As a result, we find that the
increase in C-O bond length is almost double for Au;oPt cluster (0.022 A) as compared to that
of AujLi cluster [22] (0.011 A). This also clearly indicates that the charge transfer from the
cluster to the adsorbed CO has an important role in the increase of C-O bond length and which

in turn leads to the activation of C-O bond.
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To quantify the strength of adsorption of CO molecule on Au;oPt cluster we calculate the ad-

sorption energy (E,;) using the following expression,

E.; = —{E(cluster — CO) — E(cluster) — E(CO)} “4.4)

where E(cluster — CO), E(cluster), E(CO) are the energies of the cluster-CO complex, pure/-
doped gold cluster on which CO is adsorbed and a bare CO molecule respectively. The higher
value of E,; indicates the stronger adsorption of CO molecule on the cluster. We observe that
the adsorption energy of a CO molecule at the Pt site, irrespective of the position in the cluster,
is much higher as compared to that on the Au sites in the pure as well as doped clusters. This is
in contrast to our earlier report [22] where we observed that the Li sites in Auj9Li clusters show
least propensity towards CO adsorption. The values of E,; for adsorption of CO molecule at

various locations of the tetrahedral Au;oPt cluster are reported in Table 4.7. From this table we

TaBLE 4.7: CO Adsorption energy (in eV) for the pure and the bimetallic Au;9Pt clusters.

Adsorption Pure cluster Bimetallic cluster
site
Adsorption on Au | Adsorption on Pt | Adsorption on Au atom*
atom atom
Surface 0.37 1.68 0.39-0.56
Edge 0.46 2.06 0.44 - 0.89
Vertex 0.82 2.28 0.81-1.03

“The adsorption energy is given in a range for Au atom which possesses similar position in different
tetrahedral Au9Pt clusters.

observe that the CO adsorption energy increases by more than 1.3 eV when the CO molecule
gets adsorbed on Pt site in AuoPt cluster as compared to the adsorption on corresponding Au
atoms in pure Au,, cluster. Furthermore, we find that among all the three locations (E, S, and
V) of Pt atom in Au;oPt cluster the vertex site is the most favorable site for the adsorption of a
CO molecule with E,; = 2.28 eV which is 1.46 eV greater than the adsorption energy of CO

molecule on vertex Au atom of pure Auy cluster. Thus it is very clear that a CO molecule
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exhibits higher propensity to get adsorbed on vertex sites which has minimum number of near-
est neighbors (lowest co-ordination site) [132]. Moreover, we note here that HOMO of Td-V
is highly localised near the Pt atom (see Figure 4.2) and hence it can interact strongly with
CO molecule yielding very high adsorption energy. Thus we conclude from the above results
that combined effect of low coordinated site for Pt atom and localization of HOMO at Pt atom
results in significant enhancement of the adsorption energy. On the other hand, the adsorption
of CO on the surface- and edge-Pt atoms is also significantly strong (>1.3 eV) as compared to
that on the corresponding sites in the pure Auy, cluster. But, the adsorption energy for these
two cases 1s slightly smaller (~ 0.6 eV) as compared to that of Td-V-V1 complex where CO is
adsorbed on vertex-Pt atom. This lowering in adsorption energy may be attributed to the higher
(more than 6) coordination number of the surface- and edge-sites. In Table 4.7 (column 4) we
also present the results for the adsorption energy when CO molecule is adsorbed on various
Au sites in AujoPt cluster. These results clearly indicate that the presence of Pt atom generally
enhances the adsorption energy in comparison to the cases of corresponding adsorption of CO
on pure Auy cluster. The maximum enhancement in the CO adsorption energy on Au sites in
the bimetallic Au;oPt cluster is observed for Au atoms which are located nearest to the dopant
Pt atom. This increase in adsorption energy can be attributed to the effect of localization of
HOMO at Pt and the adjoining Au atoms (see Figure 4.2). Thus our study clearly demon-
strates that not only Pt site but also adjoining Au sites in AuoPt cluster favor adsorption of
CO molecule thereby providing a more number of active sites as compared to the pure Auy
cluster. We note here that the bimetallic cluster Td-V is slightly less stable (see Figure 4.1) as
compared to the most stable Td-S structure but it is more stable than pure Auy, cluster. Hence,
the production of Td-V cluster along with other isomers of Au;oPt cluster may be possible in
the experiments. We note here that the less favorable isomers can be stabilized by depositing on
a suitable solid surface [17]. It is then quite clear that the energy ordering of the CO adsorbed
cluster complexes will be different as compared to that of the free clusters, and it might be

possible to observe Td-V experimentally.

To get further insight into the interaction of CO and the cluster we analyze PDOS (Figure 4.7)
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Ficure 4.7: PDOS of s-and p-orbitals of CO (dashed line) and s- and d-orbitals of Pt atom

(solid line) in (a) Td-S-S1, (b) Td-E-E1 and (c) Td-V-V1 complexes.
corresponding to s- and p-orbitals of CO and s- and d-orbitals of Pt atom in Td-S-S1, TD-E-El
and Td-V-V1 isomers of cluster-CO complexes. From Figure 4.7 we can see that the interaction
between CO and Pt atom in all these cluster-CO complexes occurs in a wide range below the
HOMO. In particular, the interaction between sp orbitals of CO and sd orbitals of Pt is very
strong near -2 and -6 eV. This leads to the strong adsorption of CO on the bimetallic Au;oPt
clusters and hence these clusters may exhibit better catalytic activity. Here, we wish to mention
that the catalytic activity of Au-Pt bimetallic cluster may change towards betterment with the
increasing content of Pt [18, 141]. This is because of the increase in DOS at the HOMO due to
the increasing content of Pt. Similarly, in the present study we also observe that the population
of d-orbital of Pt atom near the HOMO (see Figure 4.4 where the solid curve is dominated

by the d-orbital of Pt) leads to the enhancement of CO adsorption energy which is generally
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considered as an indicator for a better catalytic activity. Note that for Au;oPt cluster the Pt
site is directly exposed to the external molecules whereas for cage-like core-shell segregated

Aug.;-Pt.,re clusters the Pt atoms is not directly available to react with the external molecules.

4.3 Conclusions

In summary, we study the structural and chemical properties of bimetallic Au;oPt cluster. We
find that Au,yPt cluster also prefers the tetrahedral geometry as observed for the pure Auyg
cluster as well as for Li doped AuygLi cluster. The binding energies of all the three possible
tetrahedral isomers (Td-S, Td-E, and Td-V) of Au; Pt cluster are found to be higher than that
of pure tetrahedral Auyy and Li doped AuyyLi clusters. In particular, BE of the isomers with
Pt atom doped at one of the four surfaces or one of the twelve edges of the tetrahedron are
significantly higher (around 1.3 eV) as compared to that of the pure Au,, cluster. The high
stability of the bimetallic Au,oPt cluster can be attributed to the strong interaction between Au
and Pt atoms, which is caused by the hybridization of s- and d-orbitals of dopant Pt and the host
Au atoms lying in the energy range 0 to -5 eV. Moreover, PDOS analysis shows that the unfilled
d-orbitals of the doped clusters are localized near the HOMO level making them good electron
donors, which results in higher chemical activities of these doped clusters. We verify this by
investigating the chemical reactivity of the doped clusters using CO adsorption as a probe. We
find that the Pt sites in Au;oPt clusters are much more reactive than Au sites. In particular,
the low coordinated vertex-Pt atom shows maximum reactivity (E,; = 2.28 eV) towards CO
adsorption. This happens due to the fact that for the case of Pt atom located at the vertex
site its unfilled d-orbital is more localized at the HOMO in comparison to the cases where Pt
atoms occupy the surface or edge sites of Auy, cluster. Moreover, we observe that due to the
charge transfer from the cluster to the CO molecule C-O bond length increases around 0.02
A which causes a substantial amount of red shift (104-121 cm™") in C-O stretching frequency.
In particular, the increase in the C-O bond length and its stretching frequency are found to be

maximum (0.022 A and 121 cm™!) for CO molecule adsorbed on edge-Pt atom. Moreover,
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the adsorption energy of this edge-doped Au;oPt-CO complex (Td-E-El) is also significantly
higher than the corresponding Au,,-CO complex. Hence, we expect that the edge-doped Au,9Pt
cluster (Td-E) will be a good catalytic agent in the CO oxidation reaction. Moreover, we
conclude that all the Pt doped tetrahedral Au;oPt clusters are more suitable for catalysts in
the CO oxidation reaction as compared to that of pure Au,, cluster. Overall, the comparison
between chemical properties of the AujoPt and Aujgli indicates that the former has higher
catalytic activity than that of the later one. Hence, to check the catalytic activity of the Au9Pt
cluster in the next chapter we carry out a systematic investigation on the catalytic activity of

Au;oPt cluster for the oxidation reaction of the CO molecule.






Chapter 5

Catalytic Activity of Pt Doped Gold

Nano-Clusters

This chapter is devoted to the study of the oxidation reaction of CO molecule on Au,¢Pt cluster.
In the previous chapter we have discussed the adsorption behavior of CO on Au;gPt cluster
which is a part of the above mentioned oxidation reaction. It was shown that the adsorption
energy of CO on this cluster is more than 1 eV higher than that on pure Auy cluster and the
C-0O bond is activated by around 0.02 A. In accordance with the general belief that both CO and
O, activations are important factors in the process of oxidation of CO, we expect that Au;oPt
cluster may serve as good catalytic agent for this process [49, 136, 148—152]. In the present
chapter, we explore this possibility by carrying out a systematic study on the catalytic activity
of AuyyPt cluster for the CO oxidation reaction. To this end, in addition to CO adsorption we
further investigate adsorption characteristics of both O, and CO+0O, on this bimetallic cluster
and calculate the corresponding reaction barriers. Moreover, we also study the relationship
between the extent of O, activation and the CO oxidation process to search for the optimal
activity as expected on the basis of the Sabatier principle [153]. For this purpose, we choose
two structurally similar and energetically almost degenerate isomers of the Au;yPt cluster and

investigate their catalytic activities for the oxidation of CO.

83
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5.1 Computational Details

All the results presented in this chapter are calculated at the same level of theory as used in
previous chapter (Chapters 4). The transition states for the oxidation reaction of CO are ob-
tained using ‘climbing image nudged elastic band’ (CI-NEB) [100] method as implemented in
ADF package. For completeness we also carry out geometry optimization of the states obtained
through CI-NEB method by employing the transition state optimization procedure available in
ADF package. The transition state is identified as the structure having a vibrational mode with

highly negative frequency.

5.2 Isomers of Au;oPt Cluster

In the previous chapter, we found that the Td-S and Td-E isomers are energetically very close
and more stable than the pure Auy, cluster, while Td-V is less stable by around 0.4 eV as
compared to both Td-S and Td-E. Therefore, we choose to study the catalytic activity of Td-S
and Td-E isomers of AuoPt cluster in the oxidation reaction of CO. Since the adsorption of
O, and its bond activation [49, 148, 149, 151] is considered to be a key step for the oxidation
reaction of CO, we start our investigation with the adsorption of O, on Td-E and Td-S isomers
of Auy9Pt cluster. For the sake of completeness and comparison we also consider Td-V isomer

and investigate the adsorption of O, on it.

5.3 Adsorption of O, on Au;yPt Clusters

In order to investigate the O, adsorption behavior of AugPt cluster first we allow one O,
molecule to get adsorbed at different non-equivalent positions within this cluster which re-
sults in 27 different possible initial geometries of Au;9Pt-O, complexes. All these geometries
are then locally optimized at GGA level with PBE XC functional. Note that, here all the ge-

ometries are optimized considering two possible spin states namely doublet and quartet. We
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find that the ground state spin configuration is doublet and all the results presented here have
been obtained with the doublet spin state of the Au;9Pt-O, complexes. Following the notation
employed in Chapter 4 we denote the cluster-O, complexes by the symbol Td-X-Yj, where Td
denotes tetrahedral geometry, X and Y indicate the positions (edge (E), surface (S) and vertex
(V)) of Pt and O, respectively, and j is an integer which denotes the different Y site in the
tetrahedral geometry. All the optimized geometries of the Au;oPt-O, complexes with doublet
spin state are shown in Figure 5.1. From this figure we observe that like CO as discussed in
Chapter 4, the adsorption of O, also does not lead to any significant distortion of the parent
structure of the AuoPt cluster. It implies that the bimetallic Au;yPt cluster can accommodate
both CO and O, without much deformation in its structural property, which is a positive feature
as far as prediction of catalytic activity is concerned. Furthermore, looking at the geometries
of the AuoPt-O, complexes (Figure 5.1) we observe that the Pt-O-O angle is close to 116°,
whereas in the case of CO adsorption the corresponding angle is close to 180°. It indicates
that adsorption of CO and O, on Au;oPt cluster exhibits distinctly different characteristics. For
further analysis of the adsorbed O, molecule we calculate the O-O bond length, corresponding
stretching frequency, and the Mulliken charges on it. These results are compiled in Table 5.1.

From this table we find that the O-O bond length of the adsorbed O, molecule increases by

TaBLE 5.1: O-O bond lengths (Rp-p), corresponding stretching frequencies (vp_¢) and the
atomic charges (Qp,) on the adsorbed O, for the selected tetrahedral Auj9Pt-O, complexes
along with the corresponding values for a free O, molecule

System | Ro_o (A) | vo—o (em™) [ Qo,
Free O, 1.222 1538 0.0000
Td-V-V1 1.280 1204 0.2889
Td-E-E1 1.281 1188 0.2821
Td-S-S1 1.267 1234 0.2123
Td-E-V1 1.263 1272 0.2002
Td-S-E3 1.259 1286 0.1782
Td-V-E1 1.256 1286 0.1684

more than 0.04 A as compared to that of a free O, molecule. The increase in O-O bond length
is also observed when the O, is adsorbed on the Au sites in the neighborhood of the Pt atom.

This increase in O-O bond length is attributed to the charge transfer from the cluster to the
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Ficure 5.1: Optimized geometries of the Au;9Pt-O;, complexes

27" anti-bonding state of O,. Here, we find that maximum charge transfer occurs when the O,
molecule is adsorbed on the vertex-Pt atom. However, for CO adsorption the maximum charge
transfer was observed for the case where CO is adsorbed on the edge-Pt atom. Overall, our

studies indicate that the charge transfer to the adsorbed species is responsible for the increase
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in their bond lengths. Such lengthening of the O-O and C-O bond lengths indicates the activa-
tion of the corresponding bond. To further quantify the activation of the O-O bond we calculate
the corresponding bond stretching frequencies which are listed in the third column of Table
5.1. These results show significant amount of red shift (250-350 cm™') in the O-O stretching
frequency, which is also a signature of the activation of the O-O bond. From the bond length
and the stretching frequency data we can conclude that the maximum activation in O-O bond
occurs when O, is adsorbed on the edge-Pt atom. Moreover, we observe from Table 5.1 that
the activation of O-O bond occurs not only for O, adsorbed on the Pt site but also for the cases
where the O, is adsorbed on the Au sites in the neighborhood of the Pt atom. Such bond acti-
vation is important for facilitating the oxidation reaction of CO, which is discussed later in this
chapter. In addition to the bond activation, O, adsorption energy is also an important parameter

for oxidation reaction of CO and in the following we discuss the results for this parameter.

In order to understand the interaction between an O, molecule and the bimetallic Au;9Pt cluster

we calculate the adsorption energy by using the following equation,

E.. = —{E(cluster — O,) E(cluster)"E(O,)} 5.1

where E (cluster-O;), E (cluster), and E (O,) are the energies of the cluster-O, complex, the
parent Auy, or bimetallic AujoPt on which O, molecule has been adsorbed, and a bare O,
molecule, respectively. The higher value of E,; indicates a stronger interaction between O, and
AuyoPt cluster. The adsorption energies of O, on the bimetallic Au;9Pt cluster are compiled in
Table 5.2. For the sake of comparison we also list E,; for adsorption of CO on Au;9Pt/Auy
clusters [14, 22]. From Table 5.2 we infer that all the Pt sites are more active as compared to
the Au sites in the bimetallic Au;oPt clusters. In particular, the vertex-Pt atom is the most active
site for both O, and CO adsorption. Moreover, we find that the adsorption of O, and CO on
the bimetallic Au9Pt cluster is much stronger as compared to that on a pure Auy cluster [14].
To get more insight into the adsorption behavior of the doped clusters we plot in Figure 5.2
the variation of O, and CO adsorption energies with the d-band centre of the atoms (Pt/Au) on

which the respectively molecules are placed for adsorption. From this figure it can be clearly
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TaBLE 5.2: Adsorption energy (E,;) of O, and CO on the various isomers of Au;j9Pt cluster

System (Td-X-Y ;) E..(eV)
O, adsorption | CO adsorption®

Td-0-V 0.21 [0.15)° 0.82

Td-0-E 0.07 0.46

Td-0-S 0.06 0.37
Td-S-V1 0.21 0.83
Td-S-V2 0.31 0.89
Td-S-El 0.07 0.44
Td-S-E2 0.08 0.54
Td-S-E3 0.23 0.77
Td-S-S1 0.62 1.68
Td-S-S2 0.07 0.44
Td-E-V1 0.34 1.03
Td-E-V2 0.24 0.87
Td-E-V3 0.20 0.81
Td-E-E1 1.02 2.06
Td-E-E2 0.30 0.81
Td-E-E3 0.07 0.49
Td-E-E4 0.09 0.56
Td-E-E5 0.07 0.51
Td-E-E6 0.10 0.60
Td-E-E7 0.07 0.56
Td-E-S1 0.06 0.58
Td-E-S2 0.06 0.47
Td-E-S3 0.06 0.39
Td-V-V1 1.32 2.28
Td-V-V2 0.24 0.88
Td-V-E1 0.19 0.89
Td-V-E2 0.17 0.74
Td-V-E3 0.12 0.64
Td-V-S1 0.06 0.46
Td-V-S2 0.07 0.45

X = 0 indicates the pure Auyg cluster and Y site can be either for O, or CO.

bvalue is taken from Ref. [14].

“Values are taken from Ref. [22].

seen that atoms with d-band centres lying close to the HOMO exhibit higher reactivity in accor-
dance with the well known relationship between the adsorption energy and d-band centre [154].

Furthermore, from Table 5.2 it is observed that the adsorption energies of CO on different sites

of the bimetallic AuoPt cluster are higher (0.3 — 1.0 eV) as compared to the corresponding
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Ficure 5.2: Adsorption energy vs d-band centre plot for some selected (a) cluster-O, and (b)
cluster-CO complexes. Here d-band centre is calculated with respect to the HOMO.
O, adsorption. This clearly indicates that when O, and CO molecules are allowed to get ad-
sorbed together (coadsorption) on the bimetallic AuoPt cluster, it is CO molecule which will
preferably occupy the Pt site and then O2 will sit on the unoccupied Au sites. To explore the
simultaneous adsorption of CO and O, next we investigate the coadsorption behavior of these

two molecules on the bimetallic Au;oPt cluster and discuss the results in the following.

5.4 Coadsorption of CO and O, on Td-E Isomer of Au;Pt

Cluster

Having discussed the adsorption properties of CO and O, molecules individually, we now dis-
cuss the coadsorption of CO and O, on the bimetallic Au,yPt cluster. Here, we wish to mention
that in Chapter 4 we showed that the bimetallic Au,oPt cluster with Pt atom occupying one of the
twelve edges (Td-E) of tetrahedral Au, cluster is the most stable after adsorbing a CO molecule
at the Pt site. Similarly, in the present study we find that among all the cluster-O, complexes,
AuoPt-O; (Td-E-E1) configuration with O, molecule adsorbed on the edge-Pt atom is the most
stable one. Keeping in mind the above results we choose Td-E-E1 configuration where CO is

pre-adsorbed (2.06 eV) at the edge-Pt site and O, is allowed to get adsorbed on the neighboring
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Au sites to obtain the optimized structure of Au;oPt-CO(E)-O,(V) complex. We observe that
O, is preferably adsorbed (0.34 eV) at the vertex site which is nearest to the edge-Pt atom. The
CO+0, coadsorption energy is found to be 2.48 eV, which is slightly higher than the sum of
individual adsorption energies of CO and O, (Table 5.2) molecules adsorbed on the correspond-
ing sites. This result indicates that the coadsorption of CO and O, is more preferable than their
individual adsorptions. In order to understand the effect of pre-adsorbed CO on the activation
of O-O bond we calculate the O-O bond length and its stretching frequency, Mulliken charge
on O, in the CO+0, coadsorbed structure and compare them with the corresponding results for
the case where only O, is adsorbed adsorbed on the Au;oPt cluster. The results of these calcula-

tions are listed in Table 5.3. From this table we find that the O-O bond length of O, (2.282 A)in

TaBLE 5.3: O-O bond length ( Rp—p), its stretching frequency (vp—¢) and atomic charge on O,
(Qo,) in the CO+0; coadsorbed and only O, adsorbed structures.

Catalyst | Species adsorbed | Rp_o (A) Voo (cm™) | Qqp,
Td-E 0, 1.263 1272 0.2002
CO+0, 1.282 1209 0.2825
Td-S 0, 1.259 1285 0.1782
CO+0, 1.235 1418 0.0533
Pure Auy, 0, 1.231 1454 0.0317
CO+0, 1.253 1325 0.1561

the complex with coadsorbed CO+0, is higher than the corresponding bond length (2.263 A)
in the complex without CO. This bond length enhancement is also accompanied with a higher
value of red shift in the O-O stretching frequency and a higher value of Mulliken charge on O,
(Table 5.3) for the case of coadsorbed CO+0O, complex. Therefore, we conclude from these
results that the pre-adsorption of a CO molecule not only promotes the adsorption of O, on the
AuyoPt cluster but also enhances the activation of the adsorbed O, molecule, which may lead to
a better oxidation of CO molecule. For the sake of completeness we also calculate the energetic
of the Au;oPt-CO(V)-O,(E) configuration in which the positions of CO and O, have been in-
terchanged with respect to the Au;9Pt-CO(E)-O,(V) configuration. We find that the switching
of the positions of CO and O, increases the energy of Au;oPt-CO(V)-O,(E) complex by 0.48

eV and hence we concentrate only on the Au;oPt-CO(E)-O,(V) configuration for studying the
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oxidation reaction. Furthermore, we also explore the possibility of adsorption of more than
one CO and O, molecules onto the doped gold cluster. To this end we consider three cases
corresponding to the coadsorption of the three molecules, namely (i) adsorption of two CO and
one O, molecules, (i1) adsorption of three CO molecules, and (iii) adsorption of one CO and
two O, molecules. We find that the Pt site can accommodate a maximum of two CO molecules
without significantly distorting the parent structure of the Au;oPt cluster. On the other hand, we
find that the co-adsorption of CO and O, molecules on the Pt site is not energetically favorable.
However, coadsorption of CO and O, is possible when they are adsorbed at different sites in
AuyoPt cluster. Therefore, it is natural to expect that Au;9Pt cluster will retain its structure even

after multiple (as mentioned above) adsorptions of CO and O, molecules.

5.5 Okxidation Reaction of CO on Td-E Isomer of Au,oPt Clus-

ter

Our results presented above clearly demonstrate that the adsorption of CO on the Au,yPt cluster
is much stronger as compared to the O, adsorption. On the basis of the results on coadsorption
discussed above along with the already published data [155, 156] we adopt the Langmuir-
Hinshelwood (L-H) mechanism to find the reaction path for the oxidation of CO molecule. In
Figure 5.3 we show the reaction path for the oxidation reaction of CO consisting of two inter-
mediate states (Str_A2 and Str_A3) and three transition states (TS_A1 to TS_A3). After the
coadsorption of CO and O, on Au,¢Pt cluster (Td-E) we find that the intermediate state (Str_A?2)
corresponds to the formation of Au;oPt-OOCO complex via the transition state (TS_AT1) with
a barrier of 0.70 eV (free energy barrier is 0.72 eV in Figure 5.3b ). Note that we also explore
the possibility of dissociation of the adsorbed O, instead of forming OOCO complex. It is
observed that the barrier corresponding to this dissociation is very high (2.22 eV) as compared
to the barrier for the formation of OOCO complex, hence we do not consider the reaction in-

volving the dissociation of the O, molecule. However, we find that the Au;oPt-OOCO complex
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Ficure 5.3: Partial reaction path for oxidation of CO on Td-E isomer of Au9Pt cluster. 4E and

4G (in eV) indicate respectively, the reaction energy and Gibbs free energy calculated between

the partial reactants and products.
is 0.64 eV higher in energy as compared to the CO+O, adsorbed structure (Str_A1 in Figure
5.3). It indicates that oxidation reaction of CO on Td-E isomer of Au,9Pt cluster needs to be
thermally excited to initiate the reaction process. For the sake of comparison we also carry out
calculations on the CO oxidation on pure Au,, cluster (Figure 5.4). We find that the formation
of OOCO complex on pure Auy, requires a lower barrier of 0.30 eV (free energy barrier is 0.31
eV in Figure 5.3b). Here, we wish to mention that our calculated barrier for the formation of
OOCO complex on pure Au,, matches well with the result (0.36 eV) reported by Molina et al.
[14]. The next step in the CO oxidation process involves the dissociation of the OOCO com-
plex via the transition state TS_A2 (Figure 5.3) with CO, and O still attached to the cluster.
This dissociation process is thermodynamically favorable as it lowers the energy by 0.21 eV

as compared to Str_A1l. The barrier corresponding to this dissociation is 0.39 eV (free energy
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Ficure 5.4: Partial reaction path for oxidation of CO on pure Auyg cluster. 4E (in eV) indicate
the reaction energy calculated between the partial reactants and products.

barrier is 0.42 eV as shown in Figure 5.3b) which is lower as compared to the barrier for the for-
mation of Au;9Pt-OOCO complex (0.70 eV). We also observe that the elimination of the CO,
attached to the Au;oPt cluster requires a supply of energy corresponding to a barrier of 0.21
eV (free energy barrier is 0.17 eV in Figure 5.3b). After liberation of the CO, molecule the O
atom still remains attached to the vertex-Au atom of AujoPt cluster. At this stage a question
arises whether this O atom can diffuse to some other energetically more favorable locations on
the cluster. To answer this question we study the adsorption behavior of the O atom at several
nearby locations which it can occupy after undergoing diffusion. We observe that this O atom
occupying the Au-Pt (edge-edge) bridge site in the cluster is energetically more stable by 1.65
eV than the structure with O occupying the vertex-Au site. The barrier corresponding to this
diffusion process is found to be 0.49 eV (free energy barrier is 0.48 eV in Figure 5.3b), which
is lower than the barrier for the formation of OOCO complex (0.70 eV). Hence, we infer that
at the reaction temperature the diffusion of the O from vertex-Au to the farthest Au-Pt bridge
site is possible. As a result, after the liberation of the first CO, molecule the remaining O atom
diffuses to the Au-Pt bridge site. This O atom can be further used for oxidizing the subsequent

CO molecule getting adsorbed on the Au;yPt cluster. To explore this possibility we carry out
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more calculations by allowing another CO molecule to get adsorbed on the vertex-Au atom
of AugPt-O complex. When these two adsorbed species (CO and O) are brought closer, they
react to form CO, molecule. We find that the barrier corresponding to this reaction is 1.00 eV
(free energy barrier is 1.01 eV) which is higher than the barrier corresponding to the formation
of OOCO complex. In order to explore the relationship between the adsorption energy and the
reaction barrier we consider the case where the diffusion of the O atom is not allowed and the
second CO gets adsorbed at the edge-Pt site of Au;oPt cluster. For this case we find that the
reaction barrier corresponding to the oxidation of the adsorbed CO is 0.59 eV which is much
lower than the case where the diffusion of O atom is allowed. The adsorption energies of the
CO+O for the above mentioned two cases (with and without O atom diffusion) are 5.62 and
5.04 eV, respectively. This clearly indicates that the higher value of the adsorption of CO+O
is responsible for increase in barrier of the subsequent oxidation reaction of CO as already

observed by Ngrskov et al. [153]

Having discussed the oxidation reaction of single CO molecule we now focus our attention
on the simultaneous oxidation of multiple CO molecules adsorbed on AuyPt cluster. To this
end we calculate the reaction path and the corresponding reaction barriers when there are two
CO molecules which are adsorbed on the Pt site whereas a single O, molecule is adsorbed on
the nearest vertex-Au site. In this case we find that the formation of OOCO complex and its
dissociation require crossing the barriers of 0.91 and 0.57 eV respectively. These values are
0.21 and 0.18 eV higher than the corresponding barriers in the case of single CO oxidation.
These results clearly indicate that the higher CO coverage does not favor the oxidation reaction
of CO molecules. From the above discussion it is very clear that for AugPt cluster (Td-E)
the adsorption energy and bond activation of CO and O, are very high as compared to the
corresponding numbers for pure Auy cluster (Table 5.2 and 5.3). In particular, the increases in
the O-O bond length (relative to free O, molecule) for CO+O, coadsorption on Au 9Pt and Auy
clusters are found to be 0.06 A and 0.031 A (Table 5.3), respectively. However, as discussed
in the above the maximum reaction barrier for the oxidation of CO on Td-E isomer of Au;oPt

is also very high (0.70 eV) as compared to the corresponding reaction on a pure Au,, cluster
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(0.30 eV). This high reaction barrier for oxidation of CO on the Au;9Pt (Td-E) cluster may be

attributed to the strong interaction between CO and Au,oPt (Td-E) cluster.

5.6 Coadsorption of CO and O, on Td-S Isomer of Au;Pt

Cluster

In order to understand the role of CO adsorption energy and the activation of O-O bond on
the reaction barrier we further investigate the oxidation of CO molecule on another isomer of
AuyoPt cluster, namely Td-S (Figure 4.1), having CO adsorption energy (1.68 eV), which is
0.38 eV lower as compared to that of Td-E isomer, although the bare Td-E and Td-S clusters
are very close in energy. For Td-S isomer the CO molecule is adsorbed on surface-Pt atom
and the O, molecule is adsorbed on the edge site closest to the surface-Pt atom. Similar to the
earlier case of CO oxidation on Td-E isomer in Figure 5.5 we show the reaction path for the
oxidation of CO on Td-S isomer of Au;yPt cluster. From this figure it is very clear that the
energy of the complex Au;9Pt-CO-O, (Str_B1 in Figure 5.5) is lowered by 1.77 eV due to the
coadsorption of CO and O, molecules on Td-S isomer of Au;oPt cluster. From Figure 5.5 we
note that the adsorption energy of O, on Td-S-S1(CO) complex is 0.09 eV. Here, we wish to
mention that in the absence of CO the adsorption of O, on the Au;¢Pt (Td-S) cluster (Td-S-E3
complex in Table 5.2) is 0.23 eV, which indicates that the adsorption of O, is opposed by the
pre-adsorbed CO in the CO+0O, coadsorbed complex (Str_B1 in Figure 5.5). This trend is in
contrast to our earlier case where the pre-adsorbed CO in Td-E-E1(CO) complex facilitates O,
adsorption considerably. In order to investigate the effect of pre-adsorbed CO on the geometric
and electronic structures of the adsorbed O2 molecule we calculate the O-O bond lengths and
corresponding stretching frequencies and Mulliken charges accumulated on the adsorbed O, in
the complexes with and without CO molecule. These results are presented in Table 5.3. From
this table we find that the O-O bond length of O, (1.235 A) in the complex with coadsorbed CO

and O, is lower than the corresponding bond length (1.259 A) in the complex without CO. This
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Ficure 5.5: Complete reaction path for oxidation of CO on Td-S isomer of AujgPt cluster.

AE and 4G (in eV) indicate respectively, the reaction energy and Gibbs free energy calculated

between the partial reactants and products
indicates that the pre-adsorbed CO deactivates the O, in CO+0, coadsorbed structure (Str_B1
in Figure 5.5). This deactivation of O, can be attributed to the lower value of Mulliken charge
on it in the CO+0O, coadsorbed complex (Table 5.3). On the other hand, for the case of Td-E,
the activation of O-O bond occurs due to the higher value Mulliken charge on O,. In order to
have a better understanding of the connection between the presence of charge on O, and its
activation we plot in Figure 5.6 partial density of states (PDOS) corresponding to the p-orbital
of the adsorbed O, (black and blue curves for Td-E and Td-S respectively) along with that of
free O, (red curve) in Figure 5.6. Note that here the PDOS represents the weightage of a basis
function in the molecular orbitals determined by means of Mulliken population analysis. From
Figure 5.6 it is can be seen that the unoccupied 27" anti-bonding state of free O, molecule is
partially shifted below the HOMO for Td-E, while for Td-S this anti-bonding level is shifted

towards the HOMO and it still remains above the HOMO. In the case of Td-E we observe
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FiGure 5.6: Partial density of state (PDOS) corresponding to the p-orbital of the O, molecule.
Black and blue curves indicate the p-orbital of the adsorbed O, for the CO+O; coadsorption
on Td-E and Td-S respectively. Red curve corresponds to the p-orbital of the free O, molecule.
The horizontal arrows indicate the shifting direction of the anti-bonding orbitals of the free O,
molecule. The vertical dotted line denotes the HOMO

higher O-O bond activation as O, receives more charges from the cluster whereas, for Td-S
the unoccupied anti-bonding state of O, remains almost unoccupied. As a result, hardly any

activation is observed for the adsorbed O, on Td-S.

5.7 Okxidation Reaction of CO on Td-S Isomer of Au,9Pt Clus-

ter

Having discussed the activation characteristics of O, on Td-S isomer, we now proceed with
the discussion on the results for the oxidation of CO molecule. To this end we calculate the

energetics of the intermediate (Str_B2) and transition states (TS_B1) falling on the considered
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reaction path (Figure 5.5). From Figure 5.5 we find that the formation of Au;oPt-OOCO com-
plex (Str_B2) from CO+O, coadsorbed structure (Str_B1) requires crossing a barrier (TS_B1)
of 0.38 eV (free energy barrier is 0.45 eV in Figure 5.5b). We wish to note here that the dif-
ference in energy between CO+O, coadsorbed and the OOCO complexes for Td-S isomer of
AuyoPtis 0.52 eV lower than the corresponding number for the Td-E isomer of Au;¢Pt cluster.
Furthermore, in the case of Td-S isomer the activation barrier for the formation of Au;qPt-
OOCO complex from the corresponding CO+0O, coadsorbed complex is found to be 0.32 eV
lower than that in the case of Td-E isomer. As mentioned earlier, the next step in the oxidation
of CO requires dissociation of this OOCO complex into CO, and O. Interestingly, we find that
the dissociation of OOCO complex adsorbed on Td-S isomer of AuyPt is barrier less and the
CO, molecule formed after dissociation does not remain attached to the cluster. It is in sharp
contrast to the dissociation of OOCO complex adsorbed on Td-E isomer of Au;gPt cluster,
which is associated with a finite energy barrier of 0.39 eV, as discussed above. Similar to the
Td-E case, after the liberation of one CO, molecule second O atom still remains attached to
the two Au atoms located at the edge of Au;oPt cluster. Furthermore, similar to the previous
case we once again explore the possibility of this O atom undergoing diffusion to the surface-
Pt atom. We find that for the O atom to get adsorbed at the Pt site is slightly less (0.05 eV)
favorable as compared to its original position. Moreover, the O atom has to cross a diffusion
barrier of 0.32 eV to reach the Pt atom. In accordance with these results, unlike Td-E case
here we neglect the diffusion of the O atom from the edge-Au to the surface-Pt site. Therefore,
the O atom adsorbed at the edge-Au site is subsequently available to oxidize the adsorbed CO
molecule. We find that the reaction between these two adsorbed species (CO and O) occurs via
the transition state TS_B2 with a barrier of 0.33 eV (free energy barrier is 0.36 eV in Figure
5.5b). This reaction generates another CO, and finally Td-S cluster is retrieved without any

permanent structural change to the Td-S isomer of Au;oPt cluster.

At this point we wish to remark that in all the cases studied here the adsorption of CO is much
higher than that of O,, which may lead to the significant covering of the Au,yPt clusters by CO

molecules, [157, 158] thereby causing hindrance for O, molecules to get adsorbed on various
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sites of the clusters. It then becomes necessary to estimate the energy that will be required
to replace a CO molecule already adsorbed on cluster surface by an O, molecule. To this
end we carry out energy calculations for both pure Auyy and doped Au,yPt clusters with a CO
molecule adsorbed at the most favorable Au/Pt site and the O, molecule replacing the second
CO molecule located at nearby gold site. We find that this replacement energy is the maximum
(0.75 eV) for pure Auyy and the minimum (0.50 eV) for Td-S cluster. For Td-E cluster this
replacement energy decreases from 0.62 eV to 0.52 eV as we go from single CO to double CO
adsorption. These replacement energies can be added to the rate limiting reaction barriers to
understand the effective reaction barriers for the oxidation of CO on the pure as well as Au9Pt
clusters. Accordingly, we find that the effective reaction barrier for Td-S cluster is the lowest
among all the clusters studied in the present paper. Overall, from the above discussion we
find that the Td-S isomer of Au;9Pt cluster is a much better catalyst as compared to the Td-E
isomer, although the O, activation (in terms of O, adsorption energy and O-O bond length)
on Td-E isomer is much higher than that on Td-S isomer. Hence, it is very clear that O,
activation solely does not determine the efficiency of a catalyst. In addition, we find that much
stronger adsorption of CO on the Td-E isomer prevents it from performing as a good catalyst for
oxidation of CO molecule. Therefore, the value of CO adsorption energy is also an important
factor and it plays a crucial role in determining the catalytic activity of a cluster. Moreover, in
the overall CO oxidation reaction (2CO + O, — 2CO,) Td-E isomer is associated with four
transition states, on the other hand, Td-S isomer involves only two transition states with much

lower energy barrier for the same reaction.

5.8 Conclusions

In summary, our density functional investigation on the O, adsorption on the Au9Pt cluster
shows that the extent of O-O bond activation may differ widely depending upon the choice of
adsorption site within the various isomers of the Au;oPt cluster. We report that the O, adsorption

on the Td-E isomer of AugPt cluster is much stronger as compared to that on a pure Auy
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cluster as well as on the Td-S isomer of Au,oPt cluster. Additionally, we find that the presence
of pre-adsorbed CO favors the O, adsorption in the Td-E structure. Moreover, the O-O bond
activation is very high in the case of Td-E (0.06 A) as compared that in the pure Auyy (0.031
A) cluster. In spite of this high O-O bond activation on Td-E we find that the reaction barrier
for CO oxidation is also very high (0.70 eV) as compared to the case of oxidation reaction of
CO occurring on a pure Auy cluster (0.30 eV). We also investigate the oxidation reaction of
CO on another isomer of the Au Pt cluster (Td-S) possessing an energy very close to that of
Td-E. The adsorption energy of CO on Td-S isomer is lower by around 0.38 eV as compared
to that on Td-E. We find that the O-O bond activation in CO+O, coadsorbed complex on Td-S
isomer is 0.013 A, which is much smaller than the bond activation on Td-E isomer (0.06 A).
However, we observe that the reaction barrier for the oxidation of CO on Td-S (0.38 eV) is
much smaller than that on the Td-E cluster (0.70 eV). Comparing the O, bond activations on Pt
doped Td-E, Td-S and pure Au,, clusters and the corresponding reaction barriers, we conclude
that the larger O, activation does not necessarily lead to a better oxidation of CO molecule.
This behavior may be attributed to a very strong interaction between the CO molecule and the
cluster used for catalysis. The reported results in this chapter clearly suggest that over-binding
of O, may not qualify a cluster as a good catalyst for oxidation of CO, rather CO and O,
molecules should get adsorbed in an optimal way to make a cluster catalytically more efficient
for the same reaction in agreement with the Sabatier principle of catalysis and the expectation
of a volcano curve [153, 159]. From the results presented in this chapter it is evident that the
optimum values of CO and O, adsorption energy may lead to a very good catalytic activity of
a cluster, and it is possible to tune this optimum adsorption behavior through doping the cluster
with a suitable metal atom for increasing the catalytic efficiency as suggested for other alloy

systems [160].



Chapter 6

Gold Clusters on Silicene: Morphology

Transformation

In the previous chapters we have discussed the effect of doping on the structural and chem-
ical properties of the gold clusters. We have observed that the incorporation of metal atoms
having sizes comparable to that of Au atom does not change the structure of the 20-atom gold
cluster. Moreover, such incorporation of metal atoms in the gold cluster leads to a bimetallic
cluster having higher chemical reactivity than the pure gold cluster. It is well known that these
properties of the gold clusters can also be modified when they are deposited on a suitable solid
support [17]. For example, it is reported that the catalytic activity of the Aug cluster gets en-
hanced when it is deposited on a defect rich MgO surface [62]. However, it is observed that
pure MgO surface has a very weak effect on the catalytic activity of the gold clusters. This indi-
cates that the nature of the surface plays an important role in modifying the chemical properties
of the gold clusters. Moreover, it is important to note here that the morphology of the gold
clusters also plays a crucial role in the chemical reactivity of the clusters. It is found that the
2D planer isomer (Auyy-P) of Auyg cluster is catalytically more active than its most stable 3D
isomer (Auy-T) [61, 63, 161]. However, in gas phase Auy-T is found to be energetically more
stable (1.5 -2.0eV) [46, 47, 55, 65] than Au,(-P and hence few studies explored the possibility

of tuning or modifying the 3D geometry of Au,, cluster by anchoring it to different kind of
101
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(b)

Ficure 6.1: (a) top view, (b) side view of the free-standing hexagonal buckled 4 X 4 unit cell of
silicene surface.

surfaces [60-63, 65, 68]. It has been shown that the stabilization of Au,y-P can be achieved
mainly in three possible ways: (1) by using ultrathin layer of MgO on underlying metal surface
(Mo(100)) as a support [60, 61, 63], (ii) by using aluminum and nitrogen atom doped MgO
and graphene surfaces, respectively, as supports [65, 68], and (iii) by growing the system of
cluster and MgO/Ag(100) support in presence of an electric field of strength 1 V/nm [62]. The
morphological transformation from 3D to 2D isomer of Auyy on these modified surfaces is at-
tributed to the charge transfer from the substrate to the cluster. Moreover, it has been shown
that the excess charge on the supported 2D isomer of Au,, cluster (Au,p-P) makes it better cat-
alytic agent for carrying out the environmentally important CO oxidation reaction. However,
it is experimentally observed that the growth of continuous ultrathin film (1-3 layers) of MgO
is not possible [61]. Moreover, doping has its own intrinsic complexity and the use of external
electric field to stabilize planar form of Au,, gold cluster (Auyy-P) is also not practicable for
actual applications. It is then natural to search for a defect-free undoped surface, which can
stabilize the Au,(-P cluster even in the absence of any external field. Here, we wish to point
out that although graphene doped with nitrogen is capable of transforming the morphology of
Auy cluster but its pure form fails to transform the morphology [68]. Recently, silicon based
2D structure analogous to graphene has attracted many researchers due to their novel proper-
ties [70, 162—-166]. Unlike graphene this 2D structure of silicon, which is termed as silicene
has buckled honeycomb arrangement of Si atoms (as shown in Figure 6.1). This buckled sil-

icene has also been grown on various kind of surfaces like Ag(111), ZrB,(0001), Ir(111), and
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Au(110) [71-74]. The buckling in silicene arises due to the mixing of sp*> and sp* hybridiza-
tions rather than purely sp? hybridization present in graphene. Moreover, the strength of 7
bonds between two 3p, orbitals in silicene is weaker than the corresponding bond in graphene
formed between two 2p, orbitals. Therefore, it is expected that any adsorbate on silicene sur-
face can easily break the 7 bonds and can form covalent-like bond with silicon atom. In this
context, recently, it has been shown that when a single Au atom is placed on a silicene surface,
it binds very strongly to the surface [77]. Subsequently, it has been revealed that the silicene
supported single Au atom is also catalytically very active for the CO oxidation reaction [78].
In the light of the above discussion it is quite natural to explore whether a pure silicene surface
can be employed for the stabilization of catalytically active planar structures of gold clusters.
Moreover, it remains to be investigated whether the buckling present in silicene has any role in
stabilizing the 2D isomer of gold clusters. Therefore, in the present chapter our objective is to
investigate the morphology and energetic of small (Au,, n = 1 - 3) as well as large (Auy,) gold
clusters adsorbed on silicene surface by using density functional theory based calculations. We
consider silicene surface supported on Ag(111) for all of our calculations in accordance with

the recent experimental report [71].

6.1 Computational Details

We employ DFT in combination with PAW method as implemented in MedeA-VASP for our
calculations [167—170]. The XC functional is approximated within the GGA as proposed by
Perdew, Burke and Ernzerhof (PBE) [92]. Energy cutoff of 500 eV is used to get the converged
results in case of all the free gold clusters. To construct the silicene/Ag(111) surface we con-
sider a 3 X 3 unit cell of silicene deposited on five layers of 4 X 4 unit cell of Ag (111) [77].
For optimization of this structure we allow all the atoms (Si and Ag) to relax except for the
Ag atoms which reside within the bottom three layers of Ag(111). We find that the geometry
of the silicene on Ag(111) does not change significantly when we freeze either one or two or

three bottom layers of Ag(111). The smaller gold clusters (Aun, n = 1 - 3) are placed on the
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optimized silicene/Ag(111) surface. These calculations have been carried out using 250 eV of
energy cutoff for plane waves and k-mesh of 3 x 3 x 1 [71]. To study the adsorption of Auy
cluster we consider a 2 X 2 super cell of the previously constructed silicene/Ag(111) surface
so that the interaction between the two neighboring images of the Auy cluster is negligible.
Due to the large size of this system, calculations corresponding to Au,o/silicene/Ag(111) sys-
tems have been carried out using a single k-point. The size of the unit cells for Auy-P and
Auy-T adsorbed on silicene/Ag(111) are taken to be 23.35 x 23.35 x 30 A3 and 23.35 x 23.35
x 37 A3, respectively. For all the calculations we apply dipole corrections as implemented in
MedeA-VASP and the tolerances for energy and force are chosen to be 107> eV and 0.02 eV/A,

respectively.

As the dispersion forces are likely to play an important role in determining the properties of the
cluster-cluster and cluster/surface systems [171-177], we use Grimme’s dispersion correction
[178] along with DFT (PBE + D2 method as implemented in VASP 5.3.5) [167, 179] to take
into account the effect of van der Waals (vdW) interaction between the cluster and the surface.
Note that for gold the values of Cg coeflicient and Ry (vdW radius) of Au atom are not included
in the program suit. For the present calculations we use the values of Cg and R for Au as 40.62

J nm® mol~" and 1.772 A, respectively [177].

6.2 Validation of Theoretical Methodology

To check the reliability of our theoretical approach we first calculate the adsorption energy of a
single Au atom adsorbed on a free-standing silicene. To this end we compare our results with
the theoretical data already available in the literature [77, 78]. The optimized geometry of a 4 X
4 unit cell of silicene, which is employed for studying adsorption of a single Au atom is shown
in Figure 6.1. In this figure D and U represent the two different Si atoms lying on two planes in
silicene and H indicates the centre of the hexagon. To study the adsorption of a single Au atom
we place it on either of these three above mentioned locations. The optimization of Au adsorbed

on the 4 X 4 unit cell of silicene has been carried out with energy cutoff of 400 eV and k-mesh
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of 7 x 7 x 1. In Table 6.1 we present the results of our calculations along with the reported

data [77]. We observe that our results for the adsorption of a single Au atom on free-standing

TaBLE 6.1: Calculated Results for the Adsorption of a Single Au Atom on the Free-standing
Silicene along with the Corresponding Reported Values

Adsorption sites Adsorption energy (E,;)" (eV)
Present results (eV) | Reported (eV)*

H 2.39 2.316
U 1.99 1.977
D 2.21 2.159

%Values are taken from Ref. [77].

bE.q = — (E(Au/surface) — E(surface) — E(Au)), where E(Au/surface), E(surface) and E(Au) are the
energies of the Au atom deposited on surface (silicene), the bare surface and the free single Au atom,
respectively.

silicene match well with the previously reported data [77]. Furthermore, in accordance with
our aim to consider experimentally grown silicene/Ag(111) surface for studying the adsorption
of gold clusters we optimize the structure of silicene/Ag(111) surface. We find that the silicene
surface is buckled by 0.77 A which agrees well with both experimental (0.75 A) [71] and

theoretical (0.77 A) [71, 77] results reported in the literature.

6.3 Adsorption of Smaller Gold Clusters on Silicene

We now proceed with the discussion of our results for the adsorption of various isomers of Au,,
(n =1 - 3, and 20) clusters on silicene/Ag(111) surface. To quantify the strength of interaction
between the cluster and the surface (silicene/Ag(111)) we calculate the interaction energy given

by,
E; = —E(cluster/surface) — E(cluster) — E(surface) (6.1)

where E(cluster/surface), E (cluster) and E (surface) are the energies of the gold cluster ad-

sorbed on silicene/Ag(111), bare gold cluster and bare surface (silicene/Ag(111)), respectively,
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with the geometries same as those in the composite system. To study the adsorption of the
gold clusters we consider different possible adsorption sites on the silicene/Ag(111) surface.
For a single Au atom we find that the centre of the hexagon of the silicene surface is the most
favorable adsorption site. The interaction energy of a single Au atom on silicene/Ag(111) is
found to be 3.13 eV. To explain this strong bonding between silicene and Au we calculate the

difference charge density (p4;¢¢) by using the following expression,

Pdiff = PAu/cluster+surface — Psurface — PAu/cluster (62)

where paw/ciuster+surfaces Psurface ANA Pawjciusier, are the charge densities of the gold cluster/Au-
atom adsorbed on silicene/Ag(111), bare surface (silicene/Ag(111) and the bare gold cluster/Au-
atom with the geometries same as those in the composite system, respectively. We display the

pairs Tor single Au atom adsorbed on silicene/Ag(111) in Figure 6.2. From this figure we ob-

(a) (b)

Ficure 6.2: Difference charge density (ogirr) with isosurface value of 0.003 e/A3: (a) top
view, (b) side view for Au/silicene/Ag(111) system. Red and green indicate respectively the
accumulation and depletion of charge. Gray, blue and yellow balls represent Ag, Si and Au
atoms, respectively.

serve that the accumulation of the excess charge occurs at the interface between Au and the
silicene surface, but closer to the Au atom. This indicates that there is a strong covalent-like

bonding between Au and Si atoms on the silicene/Ag(111) surface.
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Having discussed the adsorption of a single gold atom on silicene/Ag(111) surface we now
focus our attention on the adsorption of Au, and Auj clusters. For this purpose we choose two
initial configurations of the clusters, namely, horizontal (plane of the cluster is parallel to the
surface) and vertical (plane of cluster is perpendicular to the surface) to study their adsorptions.
We find that various horizontal and vertical configurations are possible for both Au, and Auj
clusters. Two most stable horizontal and vertical configurations for both Au, and Auj clusters

are shown in Figure 6.3. It is observed that for both Au, and Auj their horizontal configura-
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Ficure 6.3: (a) horizontal, (b) vertical configurations for Au; and (c) horizontal, (d) vertical
configurations for Aus, all are placed on silicene/Ag(111) surface. The values at the bottom
indicate the relative energies of the respective configurations. The relative energy (E,, in eV)
values are calculated with respect to the horizontal configuration of the respective cluster. The
values outside the square bracket are obtained with PBE XC-functional and the numbers within
the square bracket are calculated using PBE + D2 method. Gray, blue and yellow balls represent
Ag, Si and Au atoms, respectively.

tions adsorbed on silicene/Ag(111) are the most stable ones. Energetically these configurations
are 1.05 and 0.44 eV lower for Au, and Auj respectively, as compared to their corresponding
vertical counterparts. To take into account the effect of van der Waals interaction between the
cluster and the surface we use PBE + D2 method and calculate the energies of the Au,, (n = 2,
3) clusters deposited on silicene/Ag(111) surface. We find that the horizontal configurations of
the Au, clusters become more stable due to the incorporation of the van der Waals interaction,

than for its vertical counterpart (see Figure 6.3). This may be attributed to the fact that more
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TaABLE 6.2: Interaction energies with and without Grimme’s dispersion correction, and average
Au-Au and Au-Si bond distances (dg,—4, and da,_gs;, respectively) for the deposited Au, (n =
2, 3) clusters for two different adsorption configurations (horizontal and vertical) along with
the average Au-Au bond distances (di ) and binding energies (E;) of the gas phase Au,, (n
=2, 3) clusters

u—Au

Deposited | Horizontal® Vertical® a5, | Es
cluster A) (eV)?
d,é\u—Au d,OALt—Si E;-UBb Eer_DZ d,;m—Au d{}u—Si E,EBb E{JBb_UZ
(A) (A) eV) (eV) (A) (A) (V) eV)
Auy 2.776 2.419 3.39 4.45 2.564 2.462 2.39 2.94 2.517 2.26
Auj 2.852 2.436 5.46 6.59 2.666, 2312 4.6 5.32 2.673 3.53
2.876

“Ef BE+D2 and Ef BE indicate the interaction energies obtained using PBE XC-functional with and with-

out Grimme’s dispersion correction, respectively.

bE, = — (E(cluster) — nE(Au)), where E(cluster), and E(Au) are the energies of the free cluster, and the
Au atom, respectively. n represents total number of Au atoms in the cluster.

number of Au atoms are attached to the silicene/Ag(111) surface for horizontal configuration
than for its vertical counterpart. To get more insight into the effect of silicene/Ag(111) on the
stability and geometry of the adsorbed Au, and Au; clusters we calculate the interaction ener-
gies with and without Grimme’s dispersion correction, various bond lengths (Au-Au and Au-Si)
and compare them with the binding energies and bond lengths of the free Au, and Au; clusters.
The results of these calculations are compiled in Table 6.2. From this table we observe that
the bond lengths of both Au, and Auj; cluster increase as compared to their gas phase values,
when they are placed on the silicene/Ag(111) surface. For Au, the increments in bond lengths
for horizontal and vertical configurations are 0.259 and 0.047 A, respectively. Interestingly, the
equilateral geometry (gas phase) of Aujz transforms into isosceles when it is adsorbed on sil-
icene/Ag(111) surface in the vertical configuration. This is because the increase in all the three
Au-Au bonds in Auj cluster is not isometric. The Au-Au bond parallel to the surface increases
by 0.203 A, while, other two Au-Au bonds remain almost unchanged for Au; adsorbed on sil-
icene/Ag(111). On the other hand, in case of horizontal configuration of the adsorption of Auj
on silicene/Ag(111) the equilateral triangular nature of Au; remains intact. Here, the increase
in Au-Au bond is 0.179 A. Furthermore, to investigate the effect of van der Waals forces on
the geometries of the adsorbed Au, clusters we carry out geometry optimization calculations

using PBE + D2 method. We find that the geometries of deposited clusters obtained using PBE
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+ D2 method are very close to the respective structures obtained with only PBE functional.
However, we note that the Au-Au bond length with PBE + D2 increases by around 0.01 A over
its PBE value whereas, the corresponding Au-Si bond length decreases by around 0.02 A. Hav-
ing discussed the structures of the adsorbed clusters on silicene/Ag(111) surface we now focus
our attention on the interaction energy between the Au, clusters and silicene/Ag(111) surface.
For this purpose we employ expression given by Eq. 6.1 to calculate the interaction energies.
The results for interaction energies obtained using PBE XC-functional both with and without
Grimme’s dispersion correction are compiled in Table 6.2. From this table it is very clear that
the incorporation of dispersion correction increases the interaction energy by around 1 eV (0.6
eV) for horizontal (vertical) configurations of Au, and Auj clusters. This result indicates that
the van der Waals interaction is important for gold/silicene/Ag(111) systems and it leads to the
higher stability of the horizontal configurations as compared to the vertical configuration of
gold/silicene/Ag(111) systems. Moreover, we find that the interaction energies of the Au, and
Au; clusters are higher as compared to their binding energies (gas phase). This indicates that
the Au, (n = 2, 3) clusters are more stable when they are placed on silicene/Ag(111) surface.
Furthermore, it is observed that for both Au, and Auj; the interaction energy for horizontal con-
figuration is around 1 eV higher as compared to their vertical counterparts. Higher stability of
the horizontal configurations may be attributed to the strong covalent-like bonding between the
Au and Si atoms [180, 181]. Here, it is important to note that the binding energy of AuSi dimer
is 3.34 eV (experimental value is 3.26 eV) [182], which is significantly higher as compared to
that of the Au, dimer (2.26 eV). This larger binding energy of AuSi dimer favors all the Au
atoms in a cluster to lie on the silicene surface to form covalent-like bonds with the Si atoms

resulting in highly stable horizontal configurations.

6.4 Adsorption of Larger Gold Clusters on Silicene

From the above discussion we expect that the planar isomer of the gold clusters may be sta-

bilized over their three-dimensional counterparts by depositing them on the silicene/Ag(111)
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surface. To explore this possibility for larger clusters, we consider two isomers of Auyg cluster
(Auyg-P and Auyy-T) with different dimensionalities (2D and 3D) and study their adsorptions
on the silicene/Ag(111) surface. The optimized geometries of the Auyy-P and Au,-T clusters

adsorbed on silicene/Ag(111) surface are given in Figure 6.4. We wish to mention here that
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Ficure 6.4: Optimized geometries: (a) Aupp-P and (b) Aupp-T, both are placed on sil-
icene/Ag(111) surface. The values at the bottom indicate the relative energies of the respective
configurations. The relative energy (E,, in eV) values are calculated with respect to Auyg-P.
The values outside the square bracket are obtained with PBE XC-functional and the numbers
within the square bracket are calculated using PBE + D2 method. Gray, blue and yellow balls
represent Ag, Si and Au atoms, respectively.
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the free Auy-T cluster is more stable by 1.61 eV as compared to the Auy,-P isomer (note that
the reported values in the literature are in the range of 1.5 — 2.0 eV) [46, 47, 55, 65]. Inter-
estingly, when these isomers of Auy cluster are adsorbed on the silicene/Ag(111) surface, the
above mentioned energy ordering gets reversed. We observe that Au,y-P becomes more stable
by 2.43 eV than Auy-T when they are adsorbed on the silicene/Ag(111) surface. Note that
in PBE + D2 method the relative stability of Auy,-P with respect to Auy,-T increases to 3.99
eV. This indicates that the van der Waals interaction provides additional stability to the planer
isomer of Auyy compared to its tetrahedral counterpart. To quantify the interaction between the

cluster and surface, we calculate the interaction energy as defined in Eq. 6.1.



Chapter 6. Gold Clusters on Silicene: Morphology Transformation 111

The interaction energy between Auy,-P and silicene/Ag(111) is found to be 18.73 eV, which
is around 4 eV higher than that between Auyy-T and the same surface (14.64 eV). Note that
in PBE + D2 method the interaction energies between the two isomers of Au,, cluster and
silicene/Ag(111) surface are found to be 26.22 and 19.57 eV respectively, for Auyy-P and Auyg-
T. The high stability of the Au,y-P cluster on silicene/Ag(111) can be attributed to the fact
that all the 20 Au atoms make bonds with the surface, whereas for Au,o-T, due to tetrahedral
geometry only 50 percent of the 20 Au atoms which lie on the base of the tetrahedron can
form Au-Si bonds with Si atoms on silicene surface. Thus we find that a pristine silicene
surface deposited on Ag(111) can be used to stabilize the 2D isomer of Auy cluster over its 3D
counterpart. Moreover, we wish to point out that the strong Au-Si bond may lead to wetting of

the silicene surface by the gold atoms.

We emphasize here that unlike silicene, the stabilization of 2D gold clusters over the 3D coun-
terparts on pristine graphene surface is found to be energetically not favorable [68]. The origin
of this distinct difference between the nature of interaction of gold clusters with graphene and
silicene can be attributed to the weak 7 bonds in buckled silicene surface [70, 166], which
can easily be broken to form strong Au-Si covalent-like bonds. Consequently, buckled sil-
icene surface leads to the stabilization of the catalytically active 2D planar Au, cluster over its
highly symmetric tetrahedral 3D counterpart when adsorbed on silicene/Ag(111) surface. On
the other hand, pristine graphene surface is unable to stabilize the 2D isomer as compared to
the corresponding 3D structure due to the presence of strong C-C 7 bonds and absence of any
buckling in it. Further, to gain more insight into the nature of bonding between the surface and
the Auy cluster we calculate the difference charge density (pyirs) for each isomers adsorbed
on the silicene/Ag(111) surface by using the expression given in Eq. 6.2. The results of these
calculations are displayed in Figure 6.5. From this figure we observe that the accumulation of
the charge takes place at the interface region between cluster and the surface, but closer to the
Au atoms. This clearly indicates the presence of strong covalent-like bonding between Au and
Si atoms as also observed for the smaller gold cluster. Moreover, we observe from Figure 6.5

that the accumulation of charges occurs around all the 20 atoms in Auy,-P whereas only 10
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Ficure 6.5: Difference charge density (oq;rr) with isosurface value of 0.002 e/A3: (a) top view
and (b) side view for Auyg-P, and (c) top view and (d) side view for Auyg-T, both adsorbed on
silicene/Ag(111) surface. Red and green indicate, respectively, the accumulation and depletion
of charges. Gray, blue and yellow balls represent Ag, Si and Au atoms, respectively.

atoms of Au,,-T located nearest to the surface acquire the excess charges.

In order to quantify the excess amount of charge acquired by the gold atoms we carry out
Bader charge analysis. From this analysis we find that the amount of charge transferred from
the surface to the Auyy-P and Au,(-T clusters are 0.26e and 0.18e, respectively, per Au atom. It
is reported in the literature that the Au atoms with excess charge can serve as active sites for the
adsorption of CO and O, molecules [14, 17, 183]. As Auy,-P provides more number of active
sites associated with higher amount of negative charge than Auy,-T, it is then expected that the
2D planar isomer will exhibit higher catalytic activity for oxidation reactions as compared to
the 3D counterpart. Here, we wish to mention that the amount of charge accumulation observed
in the present study is much higher as compared to the earlier values reported in the literature
[60-63, 65, 68]. Hence, we expect that Auyy-P supported on silicene/Ag(111) will act as more

efficient catalysts than on already reported supports [60-63, 65, 68].
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6.5 Conclusions

In summary, our density functional investigation demonstrates that the strong covalent-like
bonding between the Au and Si atoms tend to keep all the Au atoms of the clusters directly
attached to the pure silicene/Ag(111) surface. This leads to the stabilization of the catalytically
active planar Auy cluster over its highly symmetric tetrahedral counterpart when adsorbed on
silicene/Ag(111) surface. Note that this stabilization of planar structure over the tetrahedral
counterpart is further enhanced when van der Waals interaction between the cluster and the
surface is taken into account. In contrast to the pure graphene surface, the buckling nature
of the pristine silicene surface associated with weak 7 bonds is largely responsible for the
lowering of the energy of Auy,-P isomer as compared to the Au,(-T structure. It would indeed
be interesting to investigate various chemical reactions on silicene supported nano-clusters of
gold. The results reported in this thesis clearly indicate that the recently discovered silicene

surface has the potential to change the present scenario of gold based catalysts.






Chapter 7

Summary

The catalyst assisted oxidation reaction of carbon monoxide (CO) is very important as this gas
is poisonous and generated during the burning of most of the fuels. The gold clusters have
been proven to be very effective for the catalytic conversion of CO molecule to less poisonous
CO,. Low temperature catalytic conversion of CO to CO, is also possible using gold clus-
ters. Moreover, it is observed that the catalytic activity of the gold cluster can be enhanced by
doping them with suitable alkali and transition metal atoms. The catalytic activity of the gold
clusters also gets enhanced when these clusters are deposited on suitable surfaces. Motivated
by these results, in this thesis we have investigated the effect of dopants and surface support on
the structural and chemical properties of the gold clusters with a special emphasis on the Auy
cluster, which has unique electronic and chemical properties. The work presented in this thesis
can be divided into two broad categories: (i) the effect of doping on the physicochemical prop-
erties of gold clusters, particularly, on the oxidation reaction of CO and (ii) the stabilization
of energetically less stable but catalytically more important gold clusters on new solid support.
We have considered Li and Pt from alkali and transition metal groups, respectively, to dope the

Auy cluster and silicene surface as a support on which the gold clusters are deposited.

To investigate the effect of doping of Li and Pt atoms on the properties of Auy, cluster we have

considered several tetrahedral, cage-like and tube-like geometries of the 20-atom gold cluster.

115



Chapter 7. Summary 116

These clusters are then doped with Li or Pt atoms by replacing the Au atoms from different
exeohedral and endohedral locations within the pure gold clusters. We find that these dopant
elements always favor to occupy the surface positions of the tetrahedron of Au,, cluster. For
Auyy_, L1, (n =1 - 4) clusters we observe that the binding energies of these doped clusters are
greater than the binding energy of the pure Auy cluster and it increases almost linearly with the
increase in the number of dopant Li atoms. The HOMO-LUMO gaps of these doped clusters
follow an interesting trend. For n = 1 the HOMO-LUMO gap of the doped cluster decreases as
compared to that of pure Au,, cluster, while for n >2 HOMO-LUMO gap increases beyond its
value for pure Auy cluster. For n = 4, all the four surfaces of the tetrahedron of Au,, cluster
are occupied by the four Li atoms. This doped Auj¢Li4 cluster is energetically more stable
by 1.76 eV as compared to that of pure Au,, cluster and the HOMO-LUMO gap of AueLiy
cluster is 0.33 eV higher than that of the pure Auy, cluster. All the calculated results indicate
that the doped Auj¢Lis cluster may be used as super-atom to construct a cluster assembled
material. Moreover, due to the lower value of HOMO-LUMO gap, the AujyLi cluster may
exhibit higher reactivity as compared to the pure Au, cluster. To explore this possibility we
have investigated the reactivity of the AujoLi cluster using the adsorption of CO molecule as
a probe. It is observed that Li doping can enhance the adsorption energy of CO on AujgLi
cluster over that of pure Au, cluster. Furthermore, elongation of C-O bond length and the red-
shift in C-O stretching frequency have been observed for some of the isomers with high value
of adsorption energy including the one with highest value of adsorption energy. Our results
indicate that the endohedrally doped cage-like Aujgl.i clusters may be better catalytic agent

than pure Auy cluster for CO oxidation.

Furthermore, continuing our studies on bimetallic clusters, we have investigated the geome-
tries and chemical reactivity of the Au;oPt clusters. It is observed that all the isomers of the
tetrahedral Au;oPt cluster are energetically more stable as compared to the pure Au,, cluster
as well as the cage-like isomers of Au;yPt cluster. The high stability of the bimetallic Au;oPt
cluster can be attributed to the strong interaction of Au and Pt atoms, which is caused by the

hybridization of s- and d-orbitals of the guest Pt and the host Au atoms in the energy span
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of around 5 eV below the HOMO level. To explore the chemical reactivity of the isomers of
bimetallic Au9Pt cluster, we have investigated the adsorption behavior of a CO molecule on
various non-equivalent sites of these isomers. We have calculated CO adsorption energy, C-
O bond length and bond stretching frequency for various possible cluster-CO complexes. We
have found that a CO molecule is preferably adsorbed on Pt sites when both Au and Pt sites are
exposed for adsorption. Interestingly, we observe that the CO adsorption energy increases by
more than 1.3 eV when a CO molecule gets adsorbed on Pt site in tetrahedral Au,9Pt cluster as
compared to the adsorption on corresponding Au atoms in a pure Au,, cluster. Moreover, we
have shown that due to the charge transfer from the cluster to the CO molecule its bond length
increases by around 0.02 A, which causes a substantial amount of red shift (104 - 121 cm™) in
C-O stretching frequency. These results indicate that the electronic structure of CO molecule
is highly disturbed when it gets adsorbed on the bimetallic clusters, which in turn suggests that
the oxidation of adsorbed CO molecule may become easy. This has been explored by calcu-
lating the reaction paths and the corresponding barriers and thermodynamic parameters for the
oxidation of CO in the presence of Au;yPt clusters. We find that the adsorption of CO is much
stronger as compared to that of O,. This may lead to the poisoning of Au;¢Pt clusters by the
CO molecules. We find that the possibility of CO poisoning of the pure Auy, cluster is higher
as compared to that of doped Au,yPt cluster. Moreover, we observe that the higher activation of
O, and CO molecules does not lead to any lowering the reaction barrier for the oxidation of CO,
while stronger CO adsorption certainly increases the reaction barrier. Although, all the results
discussed above are not positive with respect to performance of Au;oPt cluster as a catalyst for
CO oxidation but our study do show that a particular isomer of Au;oPt cluster in which Pt atom
is located at one of the surfaces of tetrahedral structure exhibits better catalytic activity than the

pure Auy cluster.

Moreover, we find that for oxidation of CO on Au,gPt cluster the over-binding of O, may not
qualify a cluster as a good catalyst for CO oxidation, rather CO and O, molecules should get
adsorbed in an optimal way to make a cluster catalytically more efficient. From the present

work it is evident that the optimum values of CO and O, adsorption energy may lead to a very
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good catalytic activity of a cluster, and it is possible to tune this optimum adsorption behavior
through doping the cluster with a suitable metal atom for increasing the catalytic efficiency as
suggested for other alloy systems [160]. In order to estimate the optimal values of CO and O,
adsorption energies it would be necessary to carry out a systematic series of investigations of

CO oxidation on Au-Pt bimetallic cluster of different sizes with varying adsorption energies.

With an objective to investigate the effect of support on the geometric and electronic structures
of the gold clusters we use recently grown silicene surface and place the Au,, (n =1 - 3, 20) clus-
ters on it. In contrast to the previous schemes which have been suggested for the stabilization of
planar structures of gold clusters by appropriate surfaces, the present proposal does not require
any external influence such as doping or application of external electric field. In fact, we have
exploited the special characteristics of the silicene surface, namely, buckled nature and weak
Si-Si 7 bonding, which enabled this surface to make strong Si-Au covalent bonds resulting into
the two-dimensional planar Au,, isomer as more stable over its three-dimensional tetrahedral
structure. In contrast to this, as already reported in the literature, the planar isomer of Auy
cluster is not energetically favored when it is adsorbed on a pure graphene surface. Moreover,
Bader charge density analysis indicates that the amount of charge transfer from silicene surface
to the planar Auy cluster is considerably high, thereby increasing the catalytic activity of this
composite system. In future we plan to explore the catalytic activity of this composite system
by explicitly computing the reaction barriers and the corresponding thermodynamic parameters
for oxidation reaction of a CO molecule on this composite system. Furthermore, we wish to
note here that it has been experimentally demonstrated that the planar form of platinum clusters
can be stabilized on the silicon surface [184] which requires less efforts to grow in laboratory as
compared to the silicene surface. In view of this it would be interesting to explore the possibility

of stabilizing two dimensional gold structures on silicon surface.
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