Chapter 6

Doping Effect on Melting Temperature
for Gold—Copper Bimetallic Nanocluster
and Dependency on Bulk Melting
Temperature to the Potential Model

Farid Taherkhani

Abstract Molecular dynamics (MD) simulation has been done for the melting
temperature of gold—copper bimetallic nanostructure with 55 total gold and copper
atom numbers and its bulk alloy. The trend of melting temperature for gold—copper
bimetallic nanocluster is not the same as the melting temperature for gold—
copper bulk alloy. MD simulation shows that the melting temperature of gold—
copper bimetallic nanocluster increases with copper atom fraction. Semi-empirical
potential within the tight-binding second moment approximation as new application
potential model regarding the melting temperature for gold—copper bulk structure
shows better result in comparison with EAM, Sutton—Chen potential and quantum
Sutton—Chen potential models.
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6.1 Introduction

Nanoclusters are aggregates of atoms or molecules of nanometric size, containing a
number of constituent particles ranging from 10 to 10° [1]. There are unusual
chemical and physical properties in metallic nanocluster in comparison with metal
bulk properties. Due to the extended applications of metallic nanoclusters in
heterogeneous catalysts, electronic devices and microelectronics, investigation of
their structural and dynamical properties are topics of interest in previous literature
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[2, 3]. Applications of metal nanoclusters to heterogeneous catalysis have shown
that good selectivity can be achieved toward specific reactions by controlling the
catalyst surface composition [4]. Gold nanoparticle catalysts are used mainly in
selective oxidation reactions and in a broad range of organic transformations
besides hydrogenation [5]. Copper nanoparticles are known to be active in the
oxidation of alcohols to aldehydes [6]. Therefore, by mixing the two metals, Au—Cu
bimetallic nanoclusters offer a way to fine-tune the catalytic properties of these two
metals. Nevertheless, understanding their structural-thermal stability relationship is
a difficult task.

Molecular dynamics (MD) simulation is an ideal tool for investigating the
thermal physical properties of such small clusters. Among different bimetallic alloy
nanoparticle catalysts, Au—Cu catalysts have recently attracted interest for catalytic
oxidation of CO, benzyl alcohol, and propene [7-9] and for the partial oxidation of
methanol to produce hydrogen fuels. Some recent experimental results indicate that
the icosahedral phase structure can be stabilized with the addition of some transition
or noble metal to a pure metallic cluster [10]. It is known that for pure 55-atom
coinage clusters, only the Agss and Cuss exhibit the icosahedral structure, whereas
the Auss cluster has a low-symmetry C; structure [11-13]. Gao and co-workers
recently studied doping a single metal atom to the Auss cluster. They found that a
single-atom dopant is unlikely to convert the low-symmetry parent structure to the
icosahedral (I),) structure [14]. It is found that doping of Auss with a single Cu atom
can sharply raise the melting point of the cluster. It is well known that the melting
temperature of Auss (380 K) is much lower than that of Cu;Aus, (530 K) [15].
A Cu-Au cluster does not experience a smooth transition from a pure Cu-like
behavior to a pure Au cluster with a decrease in the concentration of Cu. The
thermal behavior of Cu—Au is mainly influenced by the presence of Cu atoms in the
bimetallic structure [16]. Studies of phase conformations and thermal behavior of
Au—Cu binary clusters by classical MD simulations showed that the cluster size, the
concentration in the alloy, and the annealing temperature have a dominant effect on
the morphology reconstruction process [17]. For example, when the starting mor-
phology is of a cuboctahedral type, by changing the concentration of copper from
50 to 10 %, an optimum stability of an icosahedral-type morphology is found at a
bimetallic concentration of gold 75 % and copper 25 %, in fair agreement with
experimental reports [18]. In the small size of nanostructure, as the
surface-to-volume ratio is large, the surface effect has a significant contribution on
physical quantities such as transport properties, melting point, and thermal energy
[19, 20]. One of the most commonly used parameters for the description of the
energetic situation on the surface of a solid is the surface energy. The surface
energy may be defined as the excess energy of the surface of a material compared to
its bulk. Joseph and co-workers have investigated the relative surface energy
changes with temperature for two bimetallic alloys. At low temperatures, they
found the segregation to be dependent primarily on the surface energy difference for
Pt—Pd and Cu-Ni systems. In the Pt—Pd system, the surface energy difference
between pure Pt and Pd increases with an increase of temperature. This behavior
was different from that of a Cu-Ni bimetallic alloy where the surface energy
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difference decreases with an increase of temperature [15]. Knowledge of diffusion
behavior is of interest for the production of metallic materials and for their practical use
in the near phase transition. On this basis, investigations were performed on the Pt—Pd
[15], Cu-Ni [19], Ag-Pt [21], Au-Pd [22], and Fe-Al [23] systems. In all cases,
self-diffusion coefficient was found to increase with temperature. Self-diffusion coef-
ficient decreases with pressure [24-26]. Near the melting temperature, the spin mul-
tiplicity of bimetallic nanocluster changes in comparison with its solid state completely
[25, 26]. In the present study, we show that the presence of impurity at the pure cluster
affects the melting temperature for gold—copper bimetallic nanostructure as well as the
bulk structure. In this work, we study the structure details and dynamic behavior of Au—
Cu nanoclusters for the specific case of icosahedral geometry and the variation of the
configurational energy with temperature.

6.2 MD Simulation Details

In classical MD, each particle is treated as a point mass and the motion is governed
by Newton’s second law. The thermodynamic properties are obtained from time
averages over the ensembles of particles.

MD simulations were done in the constant temperature ensemble (NVT) using
the Verlet algorithm for the integration of Newton’s equations of motion, with a
time step of one femto second resulting in long simulation runs of 500 picoseconds
(ps). Ensemble averaging has been done after 400 ps. The Nose—Hoover thermostat
is used for controlling the temperature of MD simulation with DL POLY package
[27]. The quantum Sutton—Chen (QSC) many-body inter-atomic potential leads to
an accurate description of many properties of I, metals and their alloys. In this
work, we have applied the QSC inter-atomic potential to model the interaction in
the Au—Cu alloy clusters. A cut-off ratio for the range of the interaction of 7.0 A
was used in all the cases.

6.3 Potential Function

MD simulations using DL. POLY were used to gain insights into the melting
process at the atomistic level. All the thermodynamic and transport properties were
obtained as time averages over the particle positions and velocities. The local
electronic density is included to account for the many-body terms [15]. Based on
the Sutton—Chen potential, the potential energy of the finite system is given by

Ut = Z U, = ZSlZ%V(I’U) - Cp,-l/2‘| (6.1)
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where 7;; is the distance between atoms i and j, ¢ a positive dimensionless parameter
and ¢ a parameter with the dimensions of energy. Parameter V(r;) is a pair potential
for including the repulsion of Pauli’s exclusion principle:

v = (£) (62)

rij

The local density p; accounting for cohesion associated with any atom i is given by

p=S o) =% (2) (63)

i 7 N

where a is a length parameter scaling all spacing (leading to dimensionless V and
p); n and m are both positive integer parameters with condition n > m.

Sutton and Chen restricted values of m to be greater than 6 and fitted it to give
close agreement with the bulk modulus and the elastic constants. The Sutton—Chen
potential predicts properties involving defects, surfaces, and interfaces poorly. The
quantum Sutton—Chen potential includes quantum corrections and takes into
account the zero-point energy allowing better prediction of temperature-dependent
properties. The QSC potential function was found to be better suited to melting and
phase transformation studies of bulk Cu-Ni [28], Cu—Au [29], and Pd—Ni [30]
alloys. The QSC parameters for Au and Cu are listed in Table 6.1 [29].

Semi-empirical potential derived within the tight-binding second moment
approximation as in Eq. 6.4 by Cleri and Rosato was applied to describe interac-
tions for bulk systems.

_ b r
E= ZEj — E] (6.4)
J

where Ej’?, Ej are bonding and repulsion of Born-Mayer term and can be written as
Egs. 6.5 and 6.6, respectively.

E =D &e [_24“”‘ (__1)] 6.5)
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Table 6.1 QSC potential Metal n m £ (V) C a(A)

parameters for Au and Cu
Au 11 8 1.27940E-2 34.4280 4.07830
Cu 10 5 1.23860E-2 39.7550 3.61530
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Table 6.2 Gupta potential Parameter Cu—Cu Au—Cu Au—Au

parameters for Au and Cu AleV 0.0855 0.1539 0.2061
P 10.960 11.050 10.229
rJA 2556 2556 2.884
eV 1.2240 1.5605 1.7900
4 22780 3.0475 4.0360

r;; is the distance between the atoms at sites, i.e., j; s = A, B is the chemical species
of the atom j, while w=A, B is the species of the atom i, r;)w is the
nearest-neighbors distance. The parameters Ay, Psw, Gsw» s are fitted to several
bulk properties of the Aug,sCug7s cubic alloy. The parameters of mentioned
empirical potential can be defined with the exact work of Cleri and Rosato [31]

which is presented at Table 6.2.

6.4 Results and Discussion

6.4.1 Solid-Liquid Phase Transition in Bulk Au—Cu Alloy

The effects of impurity on the melting point of Cu,Auss-, are investigated. Sutton—Chen
(SO) [32], quantum Sutton—Chen (Q-SC) many-body [32] and embedded atom method
(EAM) [33] potentials are used. For comparison of the different potential models we
have chosen semi-empirical potential models for investigation of the melting tempera-
ture of copper—gold alloy in bulk structure. Many techniques such as distortion
parameter [34-37], thermal conductivity [19, 20], self-diffusion coefficient [38, 39], heat
capacity [18, 40, 41], phase-field-crystal models [42], local pressure tensor [43] and
Lindemann index [44] can be used for recognition of solid-liquid phase transition [34].

On the basis of Fig. 6.1, the structural configuration at 300 K for 0.250 mol
fraction of gold in copper is more stable than other doping fractions such as 0.75
and 0.50 mol fraction of copper in gold due to more interaction between gold and
copper atoms. Chemical ordering effect is investigated on the phase transition of
solid-liquid bimetallic nanocluster. Heat capacity is used for investigation of solid—
liquid phase of gold—copper alloy transition as well. The results of melting tem-
perature with Gupta potential model are represented in Table 6.3. According to
Table 6.3 the following order for melting temperature is observed:

Cu > Au > Cug75Au0.25 > Cug25Aug75 > CugsAug s

On the basis of Table 6.3, the bulk melting temperature with Gupta potential
model shows good agreement with available experimental data in comparison with
other potential models such as quantum Sutton—Chen, EAM and Sutton—Chen. The
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Fig. 6.1 Optimum structure for copper—gold alloy a 0.25 copper mole fraction in gold; b 0.50
copper mole fraction in gold; ¢ 0.75 copper mole fraction in gold

Table 6.3 Melting points obtained from MD simulations with Gupta potential model for bulk
Au—Cu and comparison potential model with experiments

Composition TEAM 7S¢ 798¢ TSPt P
Cu 13205 £ 1.5 1150 + 10 1370 + 10 1338 £2 1356
Au 11825+ 1.5 1120 + 10 1420 + 10 1325 £2 1336
AuCujy 12405 £ 1.5 1110 £ 10 1340 + 10 1225 £ 2 1250
AuCu 1173.5+0.5 - 1360 £ 10 1200 £ 2 1185
Au;Cu 11515+ 1.5 1020 + 20 1370 + 10 1220 £ 2 1220

results of heat capacity for investigation of solid-liquid phase transition of pure
bulk gold and copper are given in Fig. 6.2. There is a peak in the heat capacity
graph, which is proportional to the melting temperature for pure and gold bulk
structure.

On the basis of Fig. 6.2, our results for copper and gold in bulk, solid-liquid
phase transition are 1338 and 1325 K, respectively, and are consistent with the
corresponding experimental results of 1356 and 1337 K.

6.4.2 Solid-Liquid Phase Transition in Bimetallic
Nanocluster Au—Cu

MBD simulation has been used for studying the melting temperature of bimetallic
Au—Cu system with total atom 55. The most direct way to analyze the thermal
behavior is to consider the configuration energy versus temperature. For this pur-
pose, we calculated the configuration energy at different temperatures; the melting
temperature (7y,) of the system would be located at the point where the thermal
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Fig. 6.2 Heat capacity for copper and gold bulk structure versus temperature

behavior line presents a change in the slope. On the basis of configuration energy,
the slope is not sharp and seems relatively wide. We observe that the configuration
energy shows a simple jump as a function of temperature at the melting point of the
solid. The results of configuration energy for different chemical compositions
namely CUGAU49, Culeu43, Cl]lgAU37, Cu27Au28, CU41AU14, and Cu49Au6 gOld—
copper bimetallic nanoclusters are presented in Fig. 6.3.

The melting point of bimetallic Au—Cu 55 atom nanoclusters is examined using
the quantum Sutton—Chen many-body potential function. The impurity effect on the
melting point for CugAuyg, CujpAuy;, CujgAusy, CuyAuyy, CugAug and Cuss
bimetallic nanoclusters is considered. The results of melting temperature as a
function of doping are presented in Fig. 6.4.

According to Fig. 6.4, the melting temperature of gold—copper bimetallic nan-
ocluster increases with copper atom fraction. The trend of melting temperature for
bulk gold—copper is not the same as the melting temperature trend for gold—copper
bimetallic nanocluster. The surface energy effect is an important phenomenon
which is observed in nanosystem but not in bulk structure [40, 41]. Previous
literature shows that the surface energy of gold nanoparticle is less than that of
copper nanoparticle [40, 41]. As a result, most of the gold atoms move on the
surface. The strength of metallic bond for copper is greater than that of gold, thus
the melting temperature of gold—copper bimetallic nanocluster increases with
higher copper atom fraction due to surface effect. The melting temperature of
bimetallic gold—copper nanoclusters has been calculated by Cheng et al. [14]. The
results indicate that the melting temperature of Auss increases with doping of
copper as impurity. Canonical Monte Carlo simulations [14], based on the
second-moment approximation of the tight-binding potentials, are consistent with
our results. On the basis of Fig. 6.4, the melting temperature for gold—copper
bimetallic nanoclusters is lower than the melting temperature of bulk structure
significantly.
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Fig. 6.3 Configurational energy versus temperature for CugAugg, CujpAuy;, CujgAus,,
Cuy7Ausg, CuyAuyy and CuygAug bimetallic nanoclusters

Fig. 6.4 Melting temperature
versus copper atom fraction in
gold—copper bimetallic
nanocluster
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6.5 Conclusions

Configurational energy analysis has been used for the determination of melting
temperature of gold—copper bimetallic nanoclusters. MD simulation with
semi-empirical potential within the tight-binding second moment approximation
has been used as a new application potential model for the melting temperature of
gold—copper bulk structure. Optimum structure of gold—copper bulk structure has
been obtained with MD simulation as well. The following order for the melting
temperature of gold—copper alloy in bulk structure was observed:

Cu > Au > Cug 75Auq25 > CugsAug 75 > CugsAugs

Semi-empirical potential model for the melting temperature shows good
agreement with available experimental data in comparison with EAM, quantum
Sutton—Chen and Sutton—Chen potential models. MD simulation regarding the
melting temperature of gold—copper bimetallic nanoclusters with a total of 55 atoms
shows that the melting temperature increases with copper atom fraction due to
lower surface energy and metallic bond energy of gold. MD simulation with
Quantum Sutton—Chen potential model estimates the melting temperature of gold—
copper bimetallic nanoclusters around 600—800 K temperature range which is
significantly lower than its bulk structure.
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