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The Diffusion and Clustering Formation of Gold Atoms on Alpha-Graphyne
Mehmet Emin KILICY

ABSTRACT: Motivated by the experiment, high mobility of gold atoms on two-dimensional carbon
sheets, we examine the ground-state structures, mobility, and clustering formations of small gold
clusters (Au_n, n = 1-4) on monolayer alpha-graphyne using first-principles DFT calculations and finite
temperature MD simulations. We reveal that Au_n cluster prefers to locate at the center of a hexagon in
alpha-graphyne. The binding energy of Au_n on alpha-graphyne increases with increasing the number
(n) of gold atoms. Moreover, we predict the step-wise formation of Au_2 out of two pre-adsorbed Au_1
ad-atoms. Likewise, the formation of Au_3 and Au_4 is also considered in the same way. The diffusion
energy barrier of Au_1 on alpha-graphyne is found to be only 0.26 eV, indicating the high mobility of
gold atoms on alpha-graphyne. Remarkably, the energy required for the cluster formation of gold atoms
on alpha-graphyne is about less than 0.2 eV. According to our MD simulations at room temperature
(RT), the Au_n cluster is subsequently formed on alpha-graphyne. Considering the high mobility of a
single gold atom, the strong binding energy of small gold clusters, and the easy clustering of Au_n at
RT on alpha-graphyne, we suggest that alpha-graphyne is a suitable substrate for gold cluster formation.
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INTRODUCTION

The discovery of graphene (Novoselov, 2004) has led to emerge a new era in material science due
to its various remarkable mechanical and electronic properties including zero-gap semiconductor nature,
ultrahigh carrier mobility, and unusual high intrinsic thermal conductiovity (Novoselov et al., 2005;
Zhang et al., 2005; Yan et al., 2008). Since then, the list of 2D materials (graphyne (Baughman et al.,
1987), silicene (Okamoto et al., 2010), and many more (Kilic et al., 2016; Ipek et al., 2018; Pekoz et al.,
2018; Kilic et al., 2020) is fast expanding.

Carbon is a remarkable facile element because it can form sp, sp? and/or sp* hybridization,
resulting in the formation of new carbon-based chemical bonds having quite different properties (Kilic
et al., 2020, Kilic et al., 2021). For instance, graphene, constructed with one atomic layer of sp-
hybridized carbons, is a zero-gap semiconductor or semimetal and soft property whereas diamond
consisting of sp3-hybridized carbons, has an electrical insulating material and excellent hardness
(Novoselov et al., 2005; Kaner, 2005).

Graphyne, theoretically proposed in 1987 (Baughman et al., 1987), is mono-atomic-thick planar
sheets of sp- and sp?-bonded carbons. Graphdiyne, belongs to the same family as graphyne, has been
synthesized via different approaches (Haley et al., 1997; Johnson et al., 2007; Li et al., 2010; Wang et
al., 2018). Graphyne was found to be energetically more stable than graphdiyne (Kim et al., 2012),
suggesting that many stable phases of graphyne would be synthesized in the near future. The presence
of the acetylenic linkage and “natural pores” make graphyne promising one-atom-thickness carbon
allotrope that exceptional properties. Such that, some graphyne allotropes (alpha-, beta-, and 6,6,12-
graphyne) show Dirac-cone electronic band structures (Kim et al., 2012). Some other graphyne
allotropes (gamma-graphyne), on the other hand, present intrinsically non-zero band gap feature,
promising for next-generation electronic applications (Kim et al., 2012). Moreover, its unique structure
with natural porous and large surface area can be utilized for a variety of potential applications in gas
separation (Cranford et al., 2012), water filtration (Kou et al., 2014), energy storage (Guo et al., 2012).

Metal decorated graphyne systems are highly important for energy storage, catalysis, and sensing
applications. Alkali metal decorated graphyne was reported to be potential for hydrogen storage
applications (Li et al., 2011). Noble metals can improve the sensing properties of graphyne in sensor
performance, and proposed a suitable substrate for single atom catalysts with high catalytic activity (Ma
et al., 2015; Kong et al., 2017). Gold nanoparticles on carbon-based materials (graphite, graphene, and
graphyne) have attracted considerable interest for various applications in nanoelectronics, sensors,
energy storage, and so on (Wang et al., 2004; Jensen et al., 2004; Ming et al., 2005; Carara et. al., 2009;
Amft et al., 2011). Remarkably, McCreary et al. (McCreary et al., 2010) studied the role of the
distribution of gold atoms on the charge carrier mobility of graphene. They revealed that the formation
of gold clusters enhances the mobility whereas their homogeneous distribution results in reducing the
mobility ratio. With this motivation, attention has recently been focused on small gold nanoparticles on
carbon-based systems (Amft et al., 2011; Azizi et al., 2014; Chen et al., 2018).

Herein, we have examined the adsorption of gold clusters (Au_n) on single layer alpha-graphyne,
their mobility and clustering formation both using first-principles DFT calculations and finite
temperature MD simulations. We have further investigated the stepwise formation mechanism of Au_2
out of two pre-adsorbed Au_1 ad-atoms as well as the formation of Au_3 and Au_4 on the graphyne
sheet. The high mobility of Au atoms on alpha-graphyne and the easy clustering formation of Au atoms
on the sheet have been revealed.
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MATERIALS AND METHODS

Density of Functional Calculations

First-principle calculations were performed using spin-polarized density functional theory (DFT)
within the generalized gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE)
with the van der Waals correction methods of Grimme as implemented the Vienna Ab-initio Simulation
Package (VASP) (Kresse et al., 1994; Blochl, 1994; Perdew et al., 1996; Kresse et al., 1999; Grimme,
2016). Since VASP always employs three dimensional (3D) periodic boundary conditions, a vacuum
region of about 20 A was applied along the z-direction to exclude the inter-sheets interactions. All
geometric structures were fully relaxed until energy and forces were converged to 13107 eV and 0.001
eV/A, respectively. The Brillouin zone (BZ) was sampled with a 21x21x1 I'-centered Monkhorst- Pack
(MP) special k-point grids (Monkhorst et. al., 1976). A plane-wave basis with a cutoff energy of 520 eV
was employed. For the lattice dynamics phonon calculations, the second order harmonic interatomic
force constants were calculated using the Phonopy package (Togo et al., 2015). Using a supercell
approach (4x4x1 supercell with 2x2x1 k-mesh), the phonon dispersion curves were computed from the
force constants. For the diffusion calculations, the climbing-image NEB method (Henkelman et al.,
2000) is used to find minimum energy paths (MEP) and transition states (TS). This method enables to
find the MEP given the initial and final states (denoted as IS and FS, respectively). We have taken eight
images between IS and FS, and interpolated them. The obtained images are connected by springs, then
relaxed. The corresponding images are optimized until the maximum force on the atoms is reached less
than 0.01 eV AL, The TS is verified from the MEP including saddle points

The binding energy of the gold atom(s) on alpha-graphyne is calculated the following expression:

Eb = (Egraphynet N Eau - EAurgraphyne) / N 1)

Where Egraphyne, Eau, and Eauwgraphyne, @nd n are the total energies of pristine alpha-graphyne, an
isolate Au atom(s), and Au_n adsorbed graphyne system, and the number of added Au atom per
simulation cell, respectively.

Molecular Dynamics Calculations

The clustering formation on alpha-graphyne under temperature was simulated using classical MD
simulations conducted by LAMMPS code (Plimpton, 1995). The interactions between C-C within
Au_n/alpha-graphyne were modeled using the AIREBO potential (Stuart et al., 2000), which takes into
account the bonding as well as non-bonding interactions among atoms. Lenard-Jones potentials were
considered for Au-C interactions (Luedtke et al., 1999). For Au-Au interactions, the system was
performed via Embedded-atom model (EAM) inter-atomic potential (Foiles et al., 1986). All MD
simulations were performed under NVT canonical ensemble. We used Nose-Hoover thermostat in order
to control the system temperature (Nose, 1984; Nose, 1984; Hoover, 1985). The periodic boundary
conditions (PBC) were applied along the in-plane directions (x and y). Equations of motion was
integrated by the velocity Verlet algorithm. The time step (t) of the MD simulations was set for 1 fs.

RESULTS AND DISCUSSION

Pristine Alpha-Graphyne

The unit cell of alpha-graphyne as shown in Figure 1 is used as basic model to study the Au
clustering formation. As a benchmark, we first study the structure characterization, lattice dynamics, and
electronic band structure of pristine alpha-graphyne. Unlike graphene where all the carbon atoms are
connected via the sp?-hybridization bonding, alpha-graphyne composed of two chemically in-equivalent
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carbon atoms, namely sp-hybridized carbons (labeled as C1) and sp?-hybridized carbons (labeled as Cy).
alpha-graphyne has two distinct bond lengths of 1.23 A between two C1 atoms (sp-sp) and 1.40 A
between C; and C, atoms (sp-sp?). After full relaxation, the optimized lattice constant a is found to be
6.97A (Figure 1 (b)). The obtained lattice parameters agree well with reported values in the literature
(Morshedloo et al., 2016).

To further test the dynamic stability of alpha-graphyne, the lattice dynamics phonon calculations
have been performed. The phonon frequencies with respect to k-points in the Brillouin zone (BZ) are
presented in Figure 1(c). One can easy see that all the phonon modes are positive throughout the BZ and
the absence of any imaginary frequency confirms the stability of alpha-graphyne. Similar to graphene,
there exist three acoustic phonon branches (namely, transverse in-plane TA, longitudinal LA, and out-
of-plane ZA). At near I'-point, the TA and LA acoustic branches exhibit linear features whereas the
feature of ZA branch is quadratic dispersion. After verifying the dynamical stability of alpha-graphyne,

We have investigated its electronic properties. The calculated electronic band structure is
presented in Figure 1(d). The valence band maximum (VBM) and conduction band minimum (CBM) of
alpha-graphyne cross at a single point (K) at Fermi level, which can be characterized by Dirac cone

feature.
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Figure 1. (a) Optimized atomic structure of pristine alpha-graphyne. The unitcell (marked by the black dashed line) is
composed of two sp- hybridized carbons (denoted as C;) and six sp?-hybridized carbons (denoted as C,). Lattice constant a
and the considered adsorption sites B, B2, T*, T2, and H are depicted in the figure. Blue balls in the lattice indicate C; and
C, atoms. (b) Energy E in eV/atom of alpha-graphyne with respect to the lattice a in A. (c) Electronic band structure at the
GGA-PBE functional level and atom-orbital projected density-of-states (DOS). The Fermi level energy (Es) is set to zero
(yellow dashed line). (d) Phonon dispersion curves along with the high symmetric k points as from Gammato M, M to K and
K to Gamma (inset).

Au_n Adsorption on Alpha-Graphyne
First, we have investigated the interaction of Au_1 with alpha-graphyne using spin polarized DFT
calculations, To determine the energetically favorable position of Au_1 atom on alpha-graphyne, we
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have considered five different adsorption sites: top of C; and C, atoms (denoted as T! and T2
respectively), bridge between two C; atoms and between C; and C; atoms (denoted as B! and B?,
respectively), and hollow site (denoted as H) with in-plane and out-of-plane configurations in the 2x2
supercell (Figure 1 (a)). After the energy optimization, we have found that the B, B? and T? sites with
both in-plane and out-of-plane configurations are unfavorable for the Au_1 adsorption on alpha-
graphyne. The Au_1 atom located at these unfavorable sites with out-of-plane configurations would
gradually migrate to T*site (out-of-plane) whereas for in-plane configuration would gradually move to
H site (in-plane) during the structure relaxation process. Therefore, the T! (out-of-plane) and H (in-
plane) sites are found to be two energetic sites with 0.93 eV and 0.78 eV binding energies, respectively,
to adsorb the Au; on alpha-graphyne (see Figure 2 (a)).

To examine the presence of the spin and electronic states, we have analyzed the spin projected
density of states (DOS) for the T* site (see Figure 3). One can easy see that the spin up and spin down
are not axially symmetrical near the Fermi energy, resulting in the magnetic properties. The DOS below
Fermi level (namely occupied states) corresponds to the majority of spin-up electrons inducing the spin
polarization with 1.0 ug magnetic moment. The Au_1 bonded carbon atom (Au bonded C atom just
underneath the Au_1 atom change 0.68 A upward towards to basal plane of the carbon at which the bond
bond length dc-au is about be 2.04 A, and generating a small atomic distortion for the second and third
neighbors of the Au-bonded C atom. Therefore, the adsorbed Au_1 atom on the T* site of alpha-graphyne
induces local lattice distortion. This configuration was referred to as Au_1/alpha-graphyne. For H site,
on the other hand, the atomic distortions are relatively small, and the magnetic moment is found to be 0
ug. Considering the atomic distortions, symmetry, magnetization, and small energy difference in binding
energy between the two energetic sites (T* and H), the H site to adsorb Aus on alpha-graphyne would be
more favorable than the T* site.

Next, we have studied the adsorption of gold dimer (Au_2) on the sheet. To determine the most
energetic position of the Au_2 on the sheet, we consider its all possible combinations. Figure 2(b) shows
two energetic configurations of the Au_2 on alpha-graphyne with out-of-plane and in-plane
configurations. The calculated binding energy of Au_2 on alpha-graphyne is about 1.22 and 1.93 eV for
out-of-plane and in-plane configurations, respectively. Thus, the Au_2 energetically prefers to locate on
the center of hexagon of the alpha-graphyne as a lateral position with small out-of-plane configuration
with h = 0.78 A, at which the dimer gold atoms are bounded to the sp-hybridized carbons as shown in
Figure 2(b), right. This configuration is referred to as Auz/alpha-graphyne where the d: (C-Au) and d»
(Au-Au) bond lengths are about 2.20 A and 2.47 A, respectively. The calculated total magnetic moment
for the Au_2/alpha-graphyne is found to be zero.

Likewise, the adsorption of gold trimer (Au_3) on the 2x2 monolayer alpha-graphyne is
investigated. After the energy optimization, we have found that the Au_3 is also preferentially located
in the hexagon of the alpha-graphyne as a lateral position, and h = 1.30 A out-of-plane configuration
illustrated in Figure 2(c), right. This configuration is referred to as Au_3/alpha-graphyne. The calculated
binding energy of the Au_3 on alpha-graphyne system is about 3.04 eV with 1 ug total magnetic moment.
The d; (C-Au) and d2 (Au-Au) bond lengths found to be 2.24 A and 2.61 A, respectively.
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Figure 2. Two energetic atomic configurations of Au_n (n = 1-4) adsorption on 2x2 alpha-graphyne
sheet. C and Au atoms are in sky blue and in yellow, respectively.

0.5

Energy(eV)
Figure 3. Total and projected density of states (PDOS) of a single Au atom located at the T? site of
alpha-graphyne, total density of states (TDOS) (inset), and charge density difference where yellow and
cyan iso-surface indicate electron accumulation and depletion, respectively (inset).

Finally, we examined the adsorption of gold tetramer (Au_4) on the 2x2 monolayer alpha-
graphyne. The most energetic position of Au_4 is given in Figure 2(d) with 2.92 eV binding energy and
zero magnetic moments. The adsorbed Au_4 located at the hexagon of alpha-graphyne induces a local
distortion of the hexagons due to the size of Au_4. The d1 (C-Au) and d> (Au-Au) bond lengths are found
to be 2.76 A and 2.65 A, respectively. We note that Au_n/alpha-graphyne (where n is odd number)
system exhibits magnetic behavior whereas Au_n/alpha-graphyne (where n is even number) exhibits
non-magnetic feature. Comparing the magnetic systems (or non-magnetic systems), the increase the
number of Au atoms on alpha-graphyne results in an increase in the binding energy, and thus leading to
clustering formation.
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The Diffusion and Clustering Formation

We have further evaluated the Au_1 atom diffusion on the alpha-graphyne using NEB calculations.
We set the initial diffusion path by considering the energetic sites for the Au_1 atom on alpha-graphyne.
The atomic configuration of the initial state (IS), transition state (TS), final state (FS), and the optimized
minimum energy path (MEP) for the Au_1 atom diffusion is presented in Figure 4. The activation energy
barrier of the Au_1 atom to diffuse from the IS to FS on the alpha-graphyne is found to be 0.26 eV. This
low energy barrier indicates the high mobility of Au_1 atom diffusion from one energetic site (T1) to
another on alpha-graphyne. We also note that the B! site between the IS and FS of the MEP are found
to be TS.
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Figure 4. Calculated MEP for a single Au atom on the alpha-graphyne. The optimized atomic
arragements of IS, TS, and FS are depicted. The IS and FS are first and second energeticics sites for the
single Au atom adsorption on alpha-graphyne.

As initial step for the clustering formation, we have further studied the formation of a dimer (Au_2)
on the sheet. To examine the energy barrier for the formation of Au_2 on the sheet, two pre-adsorbed
Au_1 atom is initially placed at the two different T sites (which is ground state position of the single
Au atom adsorption). Figure 5 shows the atomic positions of the IS, TS, and FS and the optimized MEP
for the Au_2 formation on alpha-graphyne. The energy barrier for the considered reaction path is about
0.12 eV, which is lower than that of the Au_1 atom on the alpha-graphyne sheet. This promotes easy
cluster formation. We further studied the formation a trimer (Au_3) on alpha-graphyne. We accomplish
the formation of the Au_3 by allowing pre-adsorbed Au_1 and Au_2 (Au_1 and Au_2 — Au_3) to full
relax from the initial energetic positions. Similarly, the formation of Au_4 out of a trimer and ad-atom
(Au_1 and Au_2 — Au_3) was taken placed at the center of hexagon without encountering any energy
barriers.
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Figure 5. MEP for a gold dimer Au_2 on the alpha-graphyne. The optimized atomic configurations of

the IS, TS, and FS are depicted.

Finally, we studied the Au cluster formation on alpha-graphyne under temperature via performing
molecular dynamics (MD) simulation, which is a powerful tool and enable us to simulate large systems
with long time scale. Our constructed 2D system (alpha-graphyne) was composed an 80x48x1 supercell
with a cell length of 56.8 nm and 59.08 nm along the x and y lattice directions, respectively, and contains
61440 C atoms with periodic boundary conditions (along the x and y directions). To examine the Au_n
clustering formation on the constructed graphyne, 7680 Au atoms were initially placed at T* sites with
out-of-plane configuration. We observed that the Au atoms were subsequently clustered in the center of
hexagons of the alpha-graphyne with different Au ratio even at 300 K temperature. Most importantly,
when the Au atoms were initially located at the H sites of alpha-graphyne with in-plane configuration

(see Figure 6, upper panel), the Au clusters were formed under temperature (T = 300 K) as presented in
Figure 6, lower panel.
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Figure 6. Atomic configuration of Au_1/alpha-graphyne system (where all the Au atoms located at the

center of hexagon in alpha-graphyne) at T = 0 K upper panel and T = 300 K middle panel. Lower panel

represents the total energy as a function of time (in ps) at T = 300 K.

CONCLUSION

Using first-principles DFT calculations and finite temperature MD simulations, we have examined
the energetically favorable positions of small gold clusters (Au_n) on monolayer alpha-graphyne, their
mobility and clustering formation. We have realized that the Au_n prefers to locate at the center of
hexagon in alpha-graphyne. The Au_n/alpha-graphyne (where n is odd number) system exhibits
magnetic behavior whereas Au_n/alpha-graphyne (where n is even number) exhibits non-magnetic
feature. The calculated binding energy for the Au_n on alpha-graphyne increases with increasing the
number (n) of gold atoms. The step-wise formation of Au_2 out of two pre-adsorbed Au_1 as well as
the formation of Au_3 and Au_4 are examined. The diffusion energy barrier of a single gold adatom Au
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on alpha-graphyne is only 0.26 eV, indicating the high mobility of Au atom on alpha-graphyne. The
energy requiring for the cluster formation of gold atoms is less than 0.2 eV. Based on the MD
simulations, the Au clusters were subsequently formed under thermal shock even at room temperature
(RT). Considering the high mobility of Au atom, strong binding energy of small gold clusters, and the
easy clustering of Au_n at RT, alpha-graphyne is a suitable substrate for gold cluster formation.
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