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The geometric, thermodynamic and electronic properties of Pd-graphene nanocomposites are
comprehensively studied through quantum mechanical methods. Geometries of these clusters are
optimized with the well-calibrated Minnesota functional M06-2X. The adsorption energies calculated at
the M06-2X/LANL2DZ level show better agreement with those calculated from MP2/ANO-RCC-VDZP.
Two different representative models for graphene, coronene and hexabenzocoronene, are used. The
adsorption energies analysis reveals that the interaction energies increase with the size of the adsorbed
cluster. However, for Pd,/hexabenzocoronene, the interaction energies show a sudden drop at Pdg/
hexabenzocoronene. The difference in behavior between the interaction energies of Pd,/
hexabenzocoronene and Pd,/coronene is attributed to the edge effect present in coronene. The
electronic properties, including highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), Fermi level, molecular electrostatic potential (MEP), dipole moment, vertical
ionization potential (VIP), vertical electron affinity (VEA), chemical hardness (), softness (S) and chemical
potential (u) are studied. The VIP and VEA reveal that Pd,,/coronene clusters are stable in nature with the
least reactivity. The HOMO-LUMO energy gaps are reduced with the increase in cluster size. The
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1. Introduction

Metal clusters are considered as intermediates between solid
states, and these molecules generally exhibit unexpected phys-
ical properties owing to the quantum size effect." The properties
and structure of atomic clusters have attracted the interest of
many theoreticians with the quick advancement of computer
technology.>* The properties of clusters rely upon the size and
composition of the system, and these are distinct from the bulk
due to their specific properties. Clusters comprising transition
metal atoms such as platinum (Pt) and palladium (Pd) are of
immense significance due to their applications in heteroge-
neous catalysis.® Palladium is a rare, lustrous silvery white metal
which belongs to group 10 of the modern periodic table. Pd
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for Pd;/coronene and Pd,q/coronene.

clusters are utilized in the exhaust system of automobiles in
order to control the emissions of toxic pollutants such as CO,
NO and hydrocarbons from vehicles. Finely dispersed clusters
of palladium in alumina are more efficient surfaces for the
oxidation of CO than Pd (111) single crystals.® Trace quantities
of methane gas in the atmosphere (in the range of 6-10 ppm)
can be detected by Pd metal clusters; hence, these metal clusters
are efficient sensors for methane detection. A practical sensor
for the detection of methane involves loading of Pd clusters on
single-walled carbon nanotubes (SWNTs).”

Theoretical calculations are efficient tools for studying the
various electronic and structural properties of the transition
metal clusters.®"* Many reports in the literature illustrate the
structure and properties of Pd clusters. For example, density
functional theory on neutral, ligand-free palladium clusters
(n = 2-309) was described, and it suggested that the clusters
Pd,_; 0,13 are the most stable clusters.'> Another report on ligand
stabilized-palladium clusters suggested that palladium, as
metal core, exhibited exceptional structural features in these
clusters.” Similarly, the magnetic behaviour of neutral and
anionic Pd,, is reported in the literature. The magnetic proper-
ties of palladium clusters depend upon temperature. For
example, the magnetic moment for Pd, was enhanced as
temperature was increased." Further, energy states of small Pd
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clusters have also been investigated in order to understand the
working mechanism of metallic nanoprobes.™

The deposition of metal on many surfaces has been broadly
investigated for the understanding of surface phenomena and
catalysis. Most of the time, carbonaceous materials, zeolites or
oxides are utilized as support or adsorbent.'® A carbon-based
support is utilized due to its electrical conductivity and inert-
ness of the surface.”” A well-known carbonaceous material
used as support for palladium metal clusters is graphene.
Graphene is an unlimited two-dimensional material; therefore,
small models are generally used for theoretical calculations.*~**
Coronene is a polycyclic aromatic hydrocarbon with the
molecular formula C,,H;,,>* which is generally used as a model
for graphene.

Granatier et al. investigated the interaction of graphene with
dimers and tetramers of silver, gold and palladium with MP2
and DFT methods. The validity of the MP2 calculations was
confirmed for benzene-metal dimer complexes with bench-
mark values obtained at the CCSD(T) level. They used the cor-
onene molecule as a representative model for graphene
structure. It was found that silver and gold clusters bind with
carbon surface through dispersion and charge transfer inter-
actions, whereas the palladium clusters bind with carbon
surface through dative bonds. Calculations on coronene metal
complexes at MP2 level indicated that the binding energies of
palladium, silver and gold tetramers are higher than those of
the corresponding dimers. Among DFT methods, results from
MO06-2X methods are comparable to those from MP2 calcula-
tions. Moreover, the binding energies of coronene metal
complexes in water at the M06-2X level are only slightly lower
than those in vacuum. These investigations were also supported
by the results of stability of metal nanoparticles (~20 nm) on
graphene composites observed by scanning electron micros-
copy (SEM).>>*”

In another combined experimental and theoretical report,
Rao and coworkers studied the metal nanoparticle-decorated
graphene structures. They examined the interaction between
graphene and metal nanoparticles of Ag, Au, Pt and Pd by
employing Raman spectroscopy and compared their results
with theoretical calculations, but this study was limited to only
the M40 cluster on graphene. Similarly, the interaction of gra-
phene with other metals such as cobalt is also limited to only
four atoms. The studies of Granatier and Rao regarding the
interaction mechanism between metal cluster and graphene are
quite important (although different models are used); however,
they are limited to only 2, 4 or 40 atoms of metal cluster on
graphene. Further, Pd adsorption on graphene was examined in
past, which suggested that Pd atoms deposited on graphene
surface had a great tendency for cluster formation.*® Clusters of
palladium (Pd; ) supported on graphene® were studied for H,
adsorption. Similarly, the stability of different Pd clusters sup-
ported on pristine, B-doped, and defective graphene as well as
their reactivity towards oxygen was successfully reported in
valuable literature.*

The interaction energies, geometries and electronic proper-
ties of medium-sized clusters on graphene surface are not re-
ported in the literature. With this motivation, we studied here
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the detailed theoretical analysis of geometries, binding energies
and electronic properties of small palladium clusters on coro-
nene, a model for graphene.* Moreover, the most stable
orientations of Pd, clusters were also studied on hex-
abenzocoronene. This is the first study of its type where
a complete range of palladium clusters Pd,, (n = 2-10) is studied
on the surface of coronene.

2. Computational procedure

All calculations are performed with Gaussian 09. The M06-2X
function with Los Alamos LANL2DZ effective core potentials is
used for optimization of the Pd,/coronene (n = 2-10) system. A
number of different orientations of palladium clusters on cor-
onene are considered in order to find the lowest energy struc-
ture on the potential energy surface. The most stable geometries
of palladium clusters for adsorption on coronene are taken
from the literature.*” These palladium clusters are adsorbed on
the coronene (in the present study) and allowed to fully relax
during optimization without any constraints. Optimization of
palladium coronene composite is carried out at different spin
states in order to find the lowest energy spin state for each
complex. The spin multiplicity of Pd,/coronene composites is
shown in Table 2. The optimized geometries are confirmed as
true minima on potential energy surface through vibrational
analysis. Lack of any imaginary frequencies confirmed the true
minima nature of these complexes.

The adsorption energy of the clusters with coronene is
calculated using the following equation:

Ead = Ecluslerworonene - (Ecluster + Ecoronene)a (1)

where E¢jyster—coronenes Ecluster ad Ecoronene are the total energies
of the Pd,/coronene (n = 2-10), Pd,, clusters and isolated cor-
onene, respectively.*

Chemical hardness (n) is the parameter used to determine
the chemical reactivity of the system. In computational terms
(DFT), at constant potential, it is the double derivative of energy
with respect to the total number of electrons. Furthermore,
corresponding stabilities of systems and bulk are indicated
through the application of the principle of maximum hardness
(PMH) given by Pearson.**

1 /du 1 (O*E
1=3(5x),,, = 3(@w),, ®)

where 7 is the chemical hardness of the system, N is the number
of electrons, and E is energy of the system. External potential is
mentioned as v(r), and u is the chemical potential that leads to
hardness. With the help of VIP and VEA, the global hardness

can be measured through Koopmans' theorem.**>*” The equa-
tion of global hardness is shown as:
VIP — VEA
1= () ©)

This journal is © The Royal Society of Chemistry 2020
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VIP and VEA are the vertical ionization potential and electron
affinity, respectively. The inverse of hardness is known as soft-
ness of the system.*® The mathematical equation is as follows:

1
S§= 2 (4)

It is defined through DFT that electron density p(r) is the
measurement of the energy of the molecules or atoms in
a ground state,* and can be written as:

Elp] = Fuklpl + [v(r)p(r)dr, (5)

where v(r) represents the external potential, and Fyk is the
universal Hohenberg-Kohn function, which is obtained by
adding the interaction energy of electron-electron (V. [p]) and
electronic kinetic energy (T[p]).

Fux[pl = Tlp] + Veelp] (6)

when the first partial derivative of E[p] is taken by keeping the
external potential [v(r)] constant with regards to the number of
electrons (N), which then this gives the chemical potential (u) as
follows:*

dE = udN + [p(r)dv(r)dr 7)
N

By using the finite method and the curvature of E with
respect to the number of electrons (N) at the proposed value of N
at 0 K, the chemical potential (u) can be written as:*

GE[]\ _ E(N+h)— E(N —h)
= ( aN ) = 2 )

VIP and VEA information gives knowledge about the integral
value of N; the infinitesimally small quantity h can be set equal
to unity, and through rearrangement, followed by using elec-
tron densities of Ny, Ny — 1, and N, + 1 electron systems, the

equation is modified as:
E(N+1)—-E(N—-1)  VIP+VEA

2h 2

(10)

From the understanding of MO theory, within the framework
of density functional theory, Koopmans' approximation is
applied to Kohn Sham orbitals, through which the above
equation can be enhanced by using the MO energy values (&) of
the highest occupied (Enomo) and lowest occupied (Epymo)
molecular orbitals as:

Enomo + ELumo
=~ Erowo + Fiimo, (11)

where u is the chemical potential, Egomo is the energy of the
highest occupied molecular orbital and Eyymo is the energy of
the lowest unoccupied molecular orbital.
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The HOMO-LUMO gap is a measure of electron jump from
the occupied orbitals to unoccupied orbitals, and it reflects the
electronic stability of the Pd,/coronene (n = 2-10) system. The
following equation is used to calculate the gap between HOMO
and LUMO:***

E, = ELumo — Enomo (12)

Advancement in electronic data of our system is indicated
through the Fermi level, which is presented by Eg..**** The
following equation is used to acquire Egy:

Eyomo + ELumo

EFL = B (13)

The VIP and VEA of the system is obtained from (—Exomo)
and (—Epumo), respectively.

3. Results and discussion

3.1 Adsorption energies and geometries of Pd,/coronene
(n = 2-10) composites

The MO06-2X functional of DFT is chosen for palladium gra-
phene clusters because it is a validated method for the Pd-
graphene cluster based on comparison of the results with those
of MP2 and CCSD(T) methods. In our study, initially, two
different basis sets are utilized to calculate the binding energies
of the Pd,/coronene in order to realize any improvement in the
calculation of interaction energy (from those available in the
literature). In one approach, a mixed basis set is applied, in
which palladium atoms are treated with LanL2DZ pseudopo-
tential, whereas all carbon and hydrogen atoms are treated with
6-31G (d,p) Pople-type basis set, as shown in Table 1.

In the other approach, LANL2DZ basis set is used for all
atoms. Unfortunately, the values of the adsorption energies
obtained from the mixed basis set are no better than the
previously reported values. In the literature, adsorption energy
values obtained for Pd,/coronene at MP2/ANO-RCC-VDZP and
MO06-2X/ANO-RCC-VDZP are 39.03 and 45.46 kcal mol™?,
respectively,” and the value obtained for Pd,/coronene from the
mixed basis set is 29.05 kcal mol™*, which is about 9.98 and
16.41 keal mol ™" lower than the reported values at MP2/ANO-
RCC-VDZP and MO06-2X/ANO-RCC-VDZP level, respectively.
The value obtained from M06-2X/LANL2DZ is 36.71 kcal mol™*,
which shows best agreement with the reported values.

Table1 The binding energies (kcal mol™) of Pd, and Pd, clusters over
coronene substrate calculated at ANO-RCC-VDZP, LANL2DZ and
mixed basis set [6-31G (d,p) & LANL2DZ]

6-31G (d, p)
Systems Methods ANO-RCC-VDZP & LANL2DZ LANL2DZ
Pd,/coronene MP2 31.22 — —
Pd,/coronene  MO06-2X 23.68 18 30
Pd,/coronene MP2 39.03 — —
Pd,/coronene  M06-2X 45.46 29.05 36.71

RSC Adv, 2020, 10, 20595-20607 | 20597
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The same trend is also observed for Pd,/coronene. The
reported binding energies for Pd,/coronene at MP2/ANO-
RCC-VDZP and MO06-2X/ANO-RCC-VDZP are
31.22 kecal mol " and 23.68 kcal mol *, respectively. The
binding energy obtained from the mixed basis set for Pd,/
coronene is 18 kcal mol™, which is about 5.68 and
5.37 kcal mol ! lower than the reported values at MP2/ANO-
RCC-VDZP and MO06-2X/ANO-RCC-VDZP level, respectively.
Binding energy obtained from the MO06-2X/LanL2DZ is
30 keal mol™*, which is closer to the reported value at MP2/
ANO-RCC-VDZP. Moreover, the binding energies calculated
at M06-2X/LANL2DZ are in better agreement with those from
MP2 methods than those available in the literature at M06-
2X/ANO-RCC-VDZP. It is clear from our calculations that
the mixed set is not suitable for study; therefore, density
functional theory study at the best-chosen level (M06-2X/
LANL2DZ) is performed for the structural, electronic and
thermodynamic properties of Pd,/coronene (n = 2-10)
composites. The clusters exist in different shapes for each
cluster size. The most stable palladium clusters were chosen
for the calculation of palladium cluster adsorption on coro-
nene (see Computational methodology). It is also clear from
Fig. 1 that the increase of adsorption energy with the increase
in number of the palladium atoms in clusters is not steady.
The highest value of binding energy is shown by the Pd;/
coronene, which is 82.46 kcal mol™', whereas the lowest
adsorption energy is for Pd,/coronene (Eq =
29.05 keal mol™"). Adsorption energies of Pd,/coronene and
Pdy/coronene are quite comparable to each other, with 73.00
and 73.31 kcal mol™* for Pd,/coronene and Pdo/coronene,
respectively. However, Pd,/coronene reveals the second
lowest binding energy (Eq = 36.71 kcal mol ') in our study of
Pd,/coronene (n = 2-10) composites. For example, Pd;,/cor-
onene is the system with the maximum number of palladium
atoms on the coronene (as shown in Fig. 3), resulting in the
highest adsorption energy (highest stability). Similarly, Pd,/
coronene has almost seven palladium atoms interacting with
the coronene, which results in the 2™ highest adsorption
energy. In the case of Pdy/coronene, five atoms interact with

the coronene, which gives the 3™ highest binding
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Fig. 1 Binding energy (kcal mol™) of the most stable Pd,/coronene
(n = 2-10) composites.
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Fig.2 Binding energy (kcal mol™) of the most stable Pd,,/HBC (n = 6
10) composites.

energy (Eq = 73.00 kcal mol™"). However, in case of the Pde/
coronene (Eq = 65.56 kcal mol ') and Pdg/coronene (Eq =
65.91 kcal mol ) systems, minute difference in adsorption
energy is seen despite different numbers of interacting
atoms. This minute difference in adsorption energy might be
due to the difference in distance of palladium clusters from
coronene in both cases.

Coronene is a smaller model for examining the interaction
energies of graphene with palladium clusters. It is expected that
with increase in the size of the cluster, the chances of palladium
atoms interacting with the edges of coronene increase. The
edges can cause unusual increase in the interaction energies
due to edge effect. Therefore, we have optimized most stable
palladium clusters on hexabenzocoronene (HBC) in order to
eliminate the edge effect. The interaction mechanism of palla-
dium cluster-decorated hexabenzocoronene is investigated
with the M062X method of DFT. The most stable orientations of
Pd,, on coronene are taken as model for the Pd,/HBC complexes.
Pd,/HBC, Pd;/HBC, Pd,/HBC and Pd,/HBC systems are stable in
singlet spin state, whereas Pds/HBC, Pds/HBC, Pdg/HBC, Pdy/
HBC and Pd,,/HBC systems are stable in triplet spin state. From
Fig. 2, it is clearly noted that the increase in adsorption energy
of Pd,/HBC systems with increase in cluster size is not uniform.
The smallest adsorption energy value is seen in the case of Pd,/
HBC system (E,q = 27.81 kcal mol™ '), which might be due to
a lower number of palladium atoms interacting with HBC, and
the largest adsorption energy value is noted in the case of Pd,/
HBC system (E,q = 73.76 kcal mol %), and this is due to planar
configuration of the palladium cluster over HBC (see Fig. 4).
Pd3/HBC (37.34 kcal mol™') and Pd,/HBC (37.89 kcal mol )
have approximately similar values of adsorption energy with
minute difference. A sudden drop in adsorption energy is seen
in the case of Pdg/HBC system (E,q = 31.76 keal mol ™), and this
might be due to the smaller number of palladium atoms
present in the lower-lying plane of a cluster that interacts
directly with the HBC ring. Moreover, the interaction energies of
Pd¢/HBC and Pdo/HBC are smaller than that of Pd,,/HBC,
which strongly suggests that the edge effect strongly prevailed
in the corresponding coronene complexes.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Side view of the most stable Pd,/coronene (n = 2-10) composite systems.

3.2 Frontier molecular orbital analysis (FMO) of the most
stable Pd,/coronene (n = 2-10) composites

The theory of frontiers molecular orbital (FMO) was used to
describe the interaction of the palladium clusters with coro-
nene. The HOMO and LUMO are related to the frontier molec-
ular orbital analysis (Fig. 5). The HOMO and LUMO energies of
coronene are —6.79 and —0.90 eV, respectively, with an energy
gap of 5.88 eV. Slight increase in HOMO energies and signifi-
cant decrease in LUMO energies was noted when palladium
atoms are adsorbed on coronene (Table 2). Among Pd,/coro-
nene clusters, the highest HOMO-LUMO gap (4.80 eV) is
observed for Pd,/coronene, where the energies of HOMO and
LUMO are —6.01 and —1.21 eV, respectively. The lowest value of
HOMO is for Pds/coronene (—5.69 eV), which resulted in
a narrow band gap with a value of 4.38 eV. As the difference
between the energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
increases, the chances of electrons going to LUMO from HOMO
decrease.®® The highest value of the H-L gap for Pd,/coronene
illustrates its higher kinetic stability because HOMO-LUMO
gap is the indication of the kinetic stability of composites.* It is
obvious from Table 2 that the HOMO-LUMO gap decreases with
increase in the number of palladium atoms on the coronene up
to Pd,/coronene, beyond which there is a mixed trend of
HOMO-LUMO gap. One may argue that the HOMO-LUMO gap

This journal is © The Royal Society of Chemistry 2020

becomes lower and lower when the number of palladium atoms
interacting with the coronene increases to a maximum of four
atoms (Pd,/coronene) on coronene. In our system, from Pds/
coronene to Pd;,/coronene, there is a mixed trend, ie., Pd,/
coronene has the lowest HOMO-LUMO energy gap, whereas
Pd,o/coronene shows a narrower energy gap than Pdg/coronene,
Pdo/coronene, Pd¢/coronene and Pds/coronene. These results
illustrate that the difference in HOMO-LUMO energy gap is due
to different numbers of metal atoms interacting with coronene
due to the geometry and angle of adsorption on the coronene
surface, as shown in Fig. 3. The HOMO-LUMO gap depends on
the number of the interacting atoms with coronene, and the
systems with the large number of interacting atoms have low
HOMO-LUMO gaps. For example, Pds/coronene, Pde/coronene,
Pd,/coronene, Pdg/coronene, Pdy/coronene and Pd,,/coronene
have 5, 6, 7, 8, 9 and 10 palladium atoms interacting with cor-
onene, respectively, and they have low values of HOMO-LUMO
energy gap as compared to coronene. Pd,/coronene, Pd;/coro-
nene and Pd,/coronene have 2, 3 and 4 palladium atoms
interacting with coronene, and their HOMO-LUMO gaps
decrease gradually. For better understanding of the adsorption
process of Pd clusters on coronene, densities of HOMO and
LUMO are analyzed. Pd,/coronene (n = 2-10) systems are
divided into different categories depending on the distribution
of the HOMO and LUMO densities on the metal cluster and
coronene. In the first category, the density of highest occupied

RSC Adv, 2020, 10, 20595-20607 | 20599
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Fig. 4 Side view of the most stable Pd,,/HBC (n = 2—-10) composite systems.

molecular orbitals (HOMO) and lowest unoccupied molecular
orbitals (LUMO) are similar; HOMO and LUMO are equally
located on metal clusters and coronene, and this situation is
shown by Pd,/coronene only. This may be attributed to orbital
energy match between coronene and the metal cluster. The
second category includes the systems in which HOMO is equally
distributed on both palladium clusters and coronene, but the
LUMO density is congested on the cluster. Such systems include
Pd;/coronene, Pd,/coronene, Pd,/coronene and Pd,,/coronene.
It is due to the high energy of HOMO. Therefore, it may be
argued that the cluster where the HOMO is present on both
fragments and the LUMO density is located only on the palla-
dium cluster leads to lower HOMO-LUMO gap, except Pds/
coronene. The third category includes such systems in which
HOMO and LUMO show the density only on the metal clusters,
and systems having such situation are Pds/coronene, Pdg/cor-
onene and Pdo/coronene; this situation results from the shifting
of electron density on the metal clusters. This clearly illustrates
that HOMO energy levels of the transition metal (Pd) are higher
in energy than coronene. When combined, the palladium atoms
lead to generation of new states between the original HOMO
and LUMO of coronene.

20600 | RSC Adv, 2020, 10, 20595-20607

3.3 Vertical ionization potential (VIP) and vertical electron
affinity (VEA) of the most stable Pd,/coronene (n = 2-10)
composites

The change in electronic properties with a change in size of the
system can be studied with the help of reactivity descriptors. We
have studied a number of reactivity descriptors such as VIP
(vertical ionization potential), VEA (vertical electron affinity),
chemical hardness, softness, and chemical potential. The main
purpose of calculating these properties was to see how the
reactivity descriptors change as a function of the size of palla-
dium clusters on coronene. According to Koopmans' theorem,
VIPs®? of the system can be calculated from the HOMO energy of
the neutral systems.* Vertical ionization potential (IP) is the
measurement of the amount of energy absorbed when an
electron is evacuated from the neutral atom, considering that
particle relaxation is not attained during this process.** Vertical
ionization potential (VIP) and vertical electron affinity (VEA) are
given in Table 2. The VIP value of isolated coronene is 6.79 eV,
which decreases to 6.01 eV in the Pd,/coronene system. This
decrease in the value of VIP is due to the increase in energy of
occupied orbitals under the influence of the electron-donating
ability of palladium clusters towards coronene. It is obvious
from the data that the Pd clusters with an even number of Pd

This journal is © The Royal Society of Chemistry 2020
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atoms adsorbed on the coronene have greater ionization
potential than those with an odd number of palladium atoms,
which explains that the system containing an even number of
palladium atoms is less reactive than that containing an odd
number of palladium atoms. Because of the lowest values of
HOMO of Pdg/coronene and Pd,/coronene, these have the

This journal is © The Royal Society of Chemistry 2020

largest value of VIPs (6.01 eV), followed by 5.98 eV for Pd,/cor-
onene. These values indicate that a large amount of energy is
required to eject the electrons from these systems. Pd;/coro-
nene, Pd,/coronene, Pdg/coronene and Pd,,/coronene systems
have very small difference in values of ionization potential,
which are 5.95, 5.98, 5.88 and 5.91 eV, respectively. The lowest
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Table 2 The spin multiplicity, vertical ionization potential (eV), vertical
electron affinity (eV), energies of highest occupied molecular orbitals
(HOMO) (eV), energies of lowest unoccupied molecular orbital (LUMO)
(eV) and HOMO-LUMO gap (eV) of the most stable Pd,/coronene (n =
2-10) composites calculated at MO6-2X/LANL2DZ

Species S.P LP E.A HOMO LUMO E;

Coronene — 6.79 0.90 —6.79 —0.90 5.88
Pd,/coronene Singlet  6.01 121  —6.01 -1.21 4.80
Pd;/coronene Singlet 5.95 150 —5.95 —1.50 4.45
Pd,/coronene Singlet  5.98 2.24  —5.98 —2.24 3.74
Pds/coronene Triplet 5.69 131  —5.69 —1.31 4.38
Pdg/coronene Triplet 575 1.44  —5.75 —1.44 4.30
Pd,/coronene Singlet 5.77 221  —5.77 —2.21 3.55
Pdg/coronene Triplet  6.01 2.07 —6.01 —2.07 3.94
Pdy/coronene Triplet 5.88  2.07 —5.88 —2.07 3.82
Pd;o/coronene Triplet 5.91 2.20 —5.91 —2.20 3.71

value of VIP was indicated in the case of Pds/coronene (5.69 eV).
It may be concluded from the above discussion that VIP is
lowest when the number of palladium atoms interacting with
coronene surface is large.

Electron affinity predicts the stability of a chemical system
towards the acceptance of an electron. It gives significant data
about the advancement of electronic structure, which depends
on size. Electron affinity (EA) is the measurement of the amount
of energy liberated when an additional electron is added to
a neutral atom, considering particle relaxation is not attained
during this process.® Vertical values of electron affinity are
given in Table 2. The electron affinity values of our composites
increase by the interaction of palladium clusters with coronene.
The electron affinity of Pd,/coronene complex is 1.21 eV, which
is about 0.31 eV higher than the 0.90 eV of coronene itself. VEA
values of Pd,/coronene and Pd;/coronene system are 1.21 eV
and 1.50 eV. However, Pd,/coronene has the highest value for
VEA (2.24 eV). Identical values of VEA for Pdg/coronene (2.07 eV)
and Pdo/coronene (2.07 eV) are noted, which indicate similar
stabilities of both systems and the same behaviour toward
gaining electrons. Pd,/coronene and Pd;,/coronene exhibit
small difference in electron affinity values, i.e., VEA = 2.21 and
2.20 eV for Pd,/coronene and Pd;,/coronene, which illustrates
that both systems have the same capability for gaining elec-
trons, with minute difference.
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3.4 Chemical hardness of the most stable Pd,/coronene (n =
2-10) composites

By utilizing the VIP and VEA values, chemical hardness is
determined with the help of eqn (3). Chemical hardness values
are given in Table 3. Hardness is the measure of resistance
toward charge relocation. Hardness of these systems was indi-
cated through application of the principle of maximum hard-
ness (PMH) given by Pearson. The highest hardness is shown by
Pd,/coronene (2.40 eV), followed by Pdz/coronene (2.23 eV). The
results indicate that these systems are quite stable. The hard-
ness of systems decreases with an increase in number of
palladium atoms adsorbed on the coronene, but in an irregular
way. The lowest hardness is noted for Pd,/coronene (1.78 eV),
followed by Pd,/coronene (1.86 eV) and Pd,/coronene (1.87 eV).
Chemical hardness values of Pdg/coronene (1.97 eV) and Pdo/
coronene (1.91 eV) are closer to each other. Then, a slight
increase in hardness is noted for Pds/coronene and Pdg/coro-
nene clusters, ie., 2.19 and 2.16 eV, respectively. It is obvious
from the hardness data that systems with fewer palladium
atoms are harder. Less stability is seen for Pd,/coronene and
Pd,/coronene, which showed more reactivity due to a lower
value of the chemical hardness.

Table 3 Chemical hardness (n), softness (S), chemical potential (u) and Fermi level (E,) of the most stable Pd,/coronene (n = 2-10) composites

calculated at M06-2X/LANL2DZ

Composites Chemical hardness Softness Chemical potential Fermi level
Pd,/coronene 2.40 1.04 3.61 —3.61
Pd;/coronene 2.23 1.33 3.73 -3.73
Pd,/coronene 1.87 2.07 4.11 —4.11
Pds/coronene 2.19 1.13 3.50 —3.50
Pdg/coronene 2.16 1.27 3.60 —3.60
Pd,/coronene 1.78 2.04 3.99 -3.99
Pdg/coronene 1.97 1.90 4.04 —4.04
Pdo/coronene 1.91 1.90 3.98 —-3.98
Pd,,/coronene 1.86 2.03 4.06 —4.06
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3.5 Softness (S) of the most stable Pd,,/coronene (n = 2-10)
composites

Softness of Pd,/coronene composites is determined by using
eqn (4). Polarizability of chemical systems is also related to
softness. Softness is the inverse of chemical hardness; there-
fore, its value also increased regularly with the increase in
number of adsorbed palladium atoms on coronene (Table 3).
The lowest softness is noted for the Pd,/coronene clusters (1.04
eV), which makes it less polarizable. The behaviour of this
system is attributed to the much lower number of metal atoms

This journal is © The Royal Society of Chemistry 2020

interacting with coronene. A relatively higher value of softness
(1.13 eV) was noted for Pds/coronene. The highest softness (2.04
eV) was calculated for Pd,/coronene, which points out its high
polarizability because of the maximum number of interactions
of metals atoms of the clusters with coronene.

Pdg/coronene and Pdy/coronene clusters exhibit the same
softness value (1.90 eV). Pd,/coronene has the softness value of
2.04 eV, which is followed by Pd,/coronene (2.03 eV). In this
study of palladium adsorption on coronene, the overall
increasing trend in the values of softness is seen until Pd,/

RSC Adv, 2020, 10, 20595-20607 | 20603
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coronene, due to the more efficient adsorption of palladium
clusters over coronene.

3.6 Chemical potential (u) of the most stable Pd,/coronene
(n = 2-10) composites

The chemical potential (u) represents the competency of
a system towards reactivity. The value of chemical potential®®
(presented in Table 3) is 3.61 eV in the case of Pd,/coronene
composite. After the Pd,/coronene composite, there is an
irregular increasing trend in the chemical potential with the
increase in number of palladium atoms in the systems, except
for Pds/coronene and Pdg/coronene. The highest value of
chemical potential is calculated for Pd,/coronene (4.11 eV). The
lowest chemical potential was observed for Pds/coronene (3.50
eV); therefore, Pds/coronene has less reactivity. The second
lowest value of the chemical potential was shown by Pde/coro-
nene (3.60 eV). Pdo/coronene and Pd,/coronene have almost
similar behaviour for chemical potential because there is very
minute difference in their chemical potential values (3.98 and
3.99 eV). Pdg/coronene has the chemical potential of 4.04 eV.
Chemical potentials shown by Pdj/coronene and Pd,,/coronene
are 3.73 and 4.06 eV, respectively.

3.7 Fermi level (Eg;) of the most stable Pd,,/coronene (n = 2-
10) composites

At zero Kelvin, Fermi level is the centre of E, (HOMO-LUMO
energy gap). In the case of the free gas system, Eg, is indistin-
guishable from the chemical potential. The values of Fermi level
(Table 3) for the Pd,/coronene (n = 2-10) adsorbed system are
calculated by using eqn (13). The lowest Fermi level is shown by
the Pd,/coronene composite, which has a value of —4.11 eV,
whereas the highest value of Fermi level is —3.50 eV, which is
observed in the case of Pds/coronene. The Fermi level of Pd,/
coronene, Pd;/coronene, Pdg¢/coronene, Pd,/coronene, Pdg/cor-
onene, Pd¢/coronene and Pd,q/coronene systems are —3.61,
—3.73, —3.60, —3.99, —4.04, —3.98 and —4.06 eV, respectively. It
was noted that a mixed trend of Fermi level is seen in all
systems. The systems exhibiting greater values of the Fermi
level should have very low energy difference between the highest
occupied molecular orbitals (HOMO) and lowest unoccupied
molecular orbitals (LUMO), and the appearance of these energy
states near the Fermi level results in a lower band gap with the
increase in size of the clusters on the coronene.

All graphs are combined together in Fig. 6. In the case of
chemical hardness and Fermi Levels, the minimum value is
seen for Pd,/coronene and Pd,/coronene, whereas the
maximum is seen for Pd,/coronene and Pds/coronene, respec-
tively. The trends of ionization potential, electron affinities,
softness, and chemical potential are almost opposite to those of
hardness and Fermi levels. The maximum values of softness,
chemical potential, ionization potential and electron affinities
are seen for Pd,/coronene, Pd,/coronene, Pd,/coronene and
Pd,/coronene, whereas the lowest values are seen for Pd,/coro-
Pds/coronene, Pdg/coronene and Pd,/coronene,
respectively.

nene,
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Another interesting aspect revealed from the combined
analysis of chemical reactivity descriptors is the behaviour of
the Pd,/coronene molecule. For example, the lowest hardness
(in the entire series) of 1.78 eV is calculated for Pd,/coronene.
Since hardness depends primarily on the difference between
VIP and VEA, these parameters (VEA and VIP) were analyzed.
The results clearly reveal that low hardness arises due to high
electron affinity and low ionization potential. The vertical
electron affinity of Pd,/coronene is almost the highest in the
series, whereas the vertical ionization potential of this molecule
is at the lowest end. The low hardness value reflects its higher
reactivity. Since softness is the reciprocal of hardness, Pd,/
coronene possesses the highest softness. The chemical poten-
tial, on the other hand, depends on the sum of VEA and VIP;
therefore, the chemical potential does not stand out for Pd,/
coronene (compared to the rest of the series) mainly due to the
cancellation of higher VEA with lower VIP. The chemical
potential of Pd,/coronene is 3.99 eV, which is comparable to its
neighbours in the series.

3.8 Molecular electrostatic potential of Pd,,/coronene (n = 2-
10) composite systems

Identification of reactive sites can be achieved by molecular
electrostatic potential (MEP) surfaces. In MEP surface, potential
increases in the order red < orange < yellow < green < blue.”
MEP surfaces of our chemical systems are shown in Fig. 7. The
MEP diagram of coronene showed that electron deficiencies
(blue color) were located on the edges of the coronene, which
are more prone to nucleophilic attack, but as we move toward
the centre of coronene, the availability of electrons increases
and color changes to blue, green, yellow then red at centre of
coronene. The red color shows the presence of highly negative
potential, which may be due to the delocalization of = electron
systems. Adsorption of palladium clusters on coronene resulted
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Fig. 8 Direction and quantity of charge transfer in Pd,/coronene (n =
2-10).
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in the decrease in negative potential of the coronene. In the case
of Pd,/coronene, the negative potential decreases on the site
where the palladium cluster is adsorbed; however, the areas of

This journal is © The Royal Society of Chemistry 2020

electron deficiencies (blue color) of coronene remains unaf-
fected, which is suitable for the electrophilic attack.
The same situation is noticed for the Pdj/coronene, Pde/

coronene and Pdg/coronene systems, but with decreased
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negative potential. For Pd,/coronene system, the adsorption of
the palladium clusters on coronene causes unequal distribution
of the charges; most of the neutral potential (green color) is
located on the palladium atoms of the clusters, and slight
negative potential (yellow color) is between these atoms. A very
similar nature of charge distribution is shown by the Pd,/cor-
onene but with less negative potential when compared with Pd/
coronene. In the study of the Pd,/coronene systems, anomalous
charge distribution is shown by Pdo/coronene and Pd;q/coro-
nene, where most of the negative potential lies on the clusters.
For all chemical systems, the blue area (electron deficiencies) of
coronene remain unaffected, and there is a decrease in negative
potential with the increase in number of palladium atoms on
coronene because the absorption of clusters on coronene cau-
ses distribution of the electronic cloud of coronene away from
the absorption site.

3.9 NBO charge analysis of Pd,/coronene (n = 2-10)
composites

NBO charge analysis of Pd,/coronene (n = 2-10) was also per-
formed in order to gain understanding about charge transfer
upon Pd cluster adsorption on coronene. The direction and
amount of charge transfer is shown in Fig. 8. From the figure, it
is evident that a mixed trend of charge transfer is seen in
composites; the highest charge transfer is noted in Pd,/coro-
nene (0.395¢"), which is probably due to the large number of
palladium atoms in the low-lying plane, whereas the lowest
charge transfer is observed in Pdg/coronene (0.075¢").

The second and third largest values of NBO are noted in Pds/
coronene (0.243¢~) and Pd,/coronene (0.206e"), respectively.
Overall, good values of charge transfer are seen in all compos-
ites upon palladium cluster adsorption on coronene, and all
these values suggest that palladium cluster adsorption (on
coronene) causes significant charge transfer (Fig. 8) in all
systems.

3.10 Partial density of states analysis (PDOS) of the most
stable Pd,/coronene (n = 2-10) composites

An understanding of the contribution of the different fragments
in the frontier molecular orbitals is provided by the partial
density of states (PDOS). PDOS for each Pd,/coronene (n = 2-10)
composite is shown in Fig. 9, where fragment 1 represents the
coronene and fragment 2 represents the metal clusters. The
HOMO of all Pd,/coronene (n = 2-10) composites have relatively
greater density on the metal cluster than coronene.

4. Conclusions

Graphene composites with palladium act as catalyst and
adsorption components. We report here the first detailed study
on the nature of bonding between graphene (coronene model
and palladium Pd, clusters (n = 2-10). Density functional
theory calculations are performed at the M06-2X/LanL2DZ level
to analyze the geometric, thermodynamic and electronic prop-
erties of palladium-graphene composites. Two different repre-
sentative =~ models  for  graphene, coronene  and
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hexabenzocoronene, are used. The adsorption energies calcu-
lated at the M06-2X/LANL2DZ level show better agreement with
those calculated from MP2/ANO-RCC-VDZP. The adsorption
energy analysis reveals that the interaction energies increase
with the size of the adsorbed cluster. The difference in behavior
between Pd,/hexabenzocoronene and Pd,/coronene for inter-
action energy is attributed to the edge effect present in coro-
nene. The adsorption energy, ionization potential, electron
affinity, frontier molecular orbital analysis (HOMO-LUMO),
band gap (E,), chemical hardness (7), softness (S), chemical
potential (u) and Fermi levels (Eg) are calculated for the most
stable palladium coronene composites. Most of the electronic
properties show an oscillating behavior when plotted against
the number of palladium atoms in the cluster. This oscillating
behaviour is due to perturbation of the energies of the frontier
orbitals of Pds/coronene and Pd./coronene. The VIP and VEA
confirmed that the systems (clusters adsorbed on coronene) are
stable in nature with the least reactivity. The HOMO-LUMO gap
is dependent on the number of palladium atoms interacting
with coronene. The lowest values of HOMO-LUMO gaps are
found where favorable interaction exists between coronene and
palladium clusters, i.e., Pd,/coronene and Pd;,/coronene, as
revealed from the presence of densities on both fragments. MEP
analysis shows that the increase in cluster size adsorbed on the
coronene causes greater transfer of negative charge from the
clusters to coronene. The same trend is noted for the adsorption
energy, where there is an increase in adsorption energy with an
increase in the number of palladium atoms on coronene, which
shows the strong adsorption of clusters having a greater
number of palladium atoms. The outcome of the present study
is the improved electronic properties of the palladium cluster-
based graphene system, which can confidently be used for
sensing purposes.

Conflicts of interest

No conflicts declared.

References

1 Physics and Chemistry of Metal Cluster Compounds, ed. L. J. De
Jongh, Springer Netherlands, Dordrecht, 1994, vol. 18.

2 S.-H. Kim, G. Medeiros-Ribeiro, D. A. A. Ohlberg,
R. S. Williams and J. R. Heath, J. Phys. Chem. B, 1999, 103,
10341-10347.

3 L. Ferrighi, B. Hammer and G. K. H. Madsen, J. Am. Chem.
Soc., 2009, 131, 10605-10609.

4 M. Amft and N. V. Skorodumova, Phys. Rev. B: Condens.
Matter Mater. Phys., 2010, 81, 195443.

5 M. E. Geusic, M. D. Morse and R. E. Smalley, J. Chem. Phys.,
1985, 82, 590-591.

6 1. Stara and V. Matolin, Surf. Sci., 1994, 313, 99-106.

7 Y. Lu, ]J. Li, J. Han, H.-T. Ng, C. Binder, C. Partridge and
M. Meyyappan, Chem. Phys. Lett., 2004, 391, 344-348.

8 R. L. Whetten, D. M. Cox, D. J. Trevor and A. Kaldor, Phys.
Rev. Lett., 1985, 54, 1494-1497.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra01059f

Open Access Article. Published on 29 May 2020. Downloaded on 11/8/2025 10:39:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

9 P. Fayet, A. Kaldor and D. M. Cox, J. Chem. Phys., 1990, 92,
254-261.

10 D.]. Trevor, D. M. Cox and A. Kaldor, J. Am. Chem. Soc., 1990,
112, 3742-3749.

11 M. B. Knickelbein, G. M. Koretsky, K. A. Jackson,
M. R. Pederson and Z. Hajnal, J. Chem. Phys., 1998, 109,
10692-10700.

12 P. Nava, M. Sierka and R. Ahlrichs, Phys. Chem. Chem. Phys.,
2003, 5, 3372-3381.

13 N. T. Tran, M. Kawano and L. F. Dahl, J. Chem. Soc., Dalton
Trans., 2001, 2731-2748.

14 M. Moseler, H. Hikkinen, R. N. Barnett and U. Landman,
Phys. Rev. Lett., 2001, 86, 2545-2548.

15 A. G. Zacarias, M. Castro, J. M. Tour and J. M. Seminario, J.
Phys. Chem. A, 1999, 103, 7692-7700.

16 B. E. Nieuwenhuys, Surf. Rev. Lett., 1996, 03, 1869-1888.

17 C. Bartholomew, J. Catal., 1972, 25, 173-176.

18 J. Bett, J. Catal., 1973, 29, 160-168.

19 P. Ehrburger, O. Mahajan and P. Walkerjr, J. Catal., 1976, 43,
61-67.

20 P. Ehrburger, J. Catal., 1978, 55, 63-70.

21 T. Jadoon, K. Carter-Fenk, M. B. A. Siddique, J. M. Herbert,
R. Hussain, S. Igbal, ]J. Igbal and K. Ayub, J. Mol Lig.,
2020, 297, 111902.

22 T. Jadoon, T. Mahmood and K. Ayub, J. Mol. Lig., 2020, 306,
112878.

23 A. Ashraf, K. Carter-Fenk, J. M. Herbert, B. A. Farooqi,
U. Farooq and K. Ayub, J. Phys. Chem. C, 2019, 123, 29556-
29570.

24 V. S. Zubkov, Geochem. Int., 2009, 47, 741-757.

25 H. Lee, J. Thm, M. L. Cohen and S. G. Louie, Nano Lett., 2010,
10, 793-798.

26 K. M. F. Shahil and A. A. Balandin, Solid State Commun.,
2012, 152, 1331-1340.

27 Y.-H. Lu, M. Zhou, C. Zhang and Y.-P. Feng, J. Phys. Chem. C,
2009, 113, 20156-20160.

28 I. Cabria, M. J. Lopez and J. A. Alonso, Phys. Rev. B: Condens.
Matter Mater. Phys., 2010, 81, 035403.

29 I. Cabria, M. J. LOpez, S. Fraile and J. A. Alonso, J. Phys. Chem.
C, 2012, 116, 21179-21189.

30 F. Montejo-Alvaro, H. Rojas-Chavez, R. Roman-Doval,
A. I. Mtz-Enriquez, H. Cruz-Martinez and D. I. Medina,
Solid State Sci., 2019, 93, 55-61.

31 J. Li and C. Liu, Eur. J. Inorg. Chem., 2010, 2010, 1244-1248.

32 G. Zanti and D. Peeters, J. Phys. Chem. A, 2010, 114, 10345-
10356.

33 J. Granatier, P. Lazar, M. Otyepka and P. Hobza, J. Chem.
Theory Comput., 2011, 7, 3743-3755.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

34 Y.-R. Zhao, X.-Y. Kuang, B.-B. Zheng, Y.-F. Li and S.-]. Wang,
J. Phys. Chem. A, 2011, 115, 569-576.

35 A. S. Rad and K. Ayub, Vacuum, 2016, 133, 70-80.

36 A. S. Rad and K. Ayub, Thin Solid Films, 2016, 612, 179-185.

37 A. S. Rad and K. Ayub, Int. J. Hydrogen Energy, 2016, 41,
22182-22191.

38 X.-B.Li, H.-Y. Wang, R. Lv, W.-D. Wu, J.-S. Luo and Y.-]J. Tang,
J. Phys. Chem. A, 2009, 113, 10335-10342.

39 P. Hohenberg and W. Kohn, Phys. Rev., 1964, 136, B864—
B871.

40 R. G. Pearson, J. Am. Chem. Soc., 1963, 85, 3533-35309.

41 H. Sekhar De, S. Krishnamurty and S. Pal, J. Phys. Chem. C,
2010, 114, 6690-6703.

42 S. Hussain, S. A. S. Chatha, A. 1. Hussain, R. Hussain,
M. Y. Mehboob, S. Muhammad, Z. Ahmad and K. Ayub, J.
Chem., 2020, 2020, 1-12.

43 R. Hussain, A. I. Hussain, S. A. S. Chatha, A. Mansha and
K. Ayub, J. Alloys Compd., 2017, 705, 232-246.

44 A. Shokuhi Rad and K. Ayub, Vacuum, 2016, 131, 135-141.

45 K. Ayub, Int. J. Hydrogen Energy, 2017, 42, 11439-11451.

46 K. Ayub, J. Mol. Lig., 2017, 244, 124-134.

47 K. Ayub, J. Mater. Chem. C, 2016, 4, 10919-10934.

48 S. Hussain, R. Hussain, M. Y. Mehboob, S. A. S. Chatha,
A. 1. Hussain, A. Umar, M. U. Khan, M. Ahmed, M. Adnan
and K. Ayub, ACS Omega, 2020, 5, 7641-7650.

49 J. Granatier, P. Lazar, R. Prucek, K. Safafova, R. Zbofil,
M. Otyepka and P. Hobza, J. Phys. Chem. C, 2012, 116,
14151-14162.

50 F.  Aguilera-Granja, J. M. Montejano-Carrizales,
E. O. Berlanga-Ramirez and A. Vega, Phys. Lett. A, 2004,
330, 126-130.

51 H. K. Yuan, H. Chen, A. L. Kuang, A. S. Ahmed and
Z. H. Xiong, Phys. Rev. B: Condens. Matter Mater. Phys.,
2007, 75, 174412.

52 A. Deka and R. C. Deka, J. Mol. Struct.: THEOCHEM, 2008,
870, 83-93.

53 J. Zhao, Y. Luo and G. Wang, Eur. Phys. J. D, 2001, 14, 309-
316.

54 M. L. Tiago, J. C. Idrobo, S. Ogiit, J. Jellinek and
J. R. Chelikowsky, Phys. Rev. B: Condens. Matter Mater.
Phys., 2009, 79, 155419.

55 R. G. Parr and R. G. Pearson, J. Am. Chem. Soc., 1983, 105,
7512-7516.

56 P. K. Chattaraj, U. Sarkar and D. R. Roy, Chem. Rev., 2006,
106, 2065-2091.

57 A. S. Rad and K. Ayub, J. Alloys Compd., 2016, 678, 317-324.

RSC Adv, 2020, 10, 20595-20607 | 20607


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra01059f

	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support

	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support
	Density functional theory study of palladium cluster adsorption on a graphene support


