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The classical molecular dynamics simulations in canonical NVT ensemble conditions are used to investigate the melt-
ing transition in different heating rates of Pt—~Ag—Au ternary nanoalloys. In order to obtain the initial configurations used
in the molecular dynamics simulations, optimizing the chemical ordering of Pt|3Ag,Augy_, (n = 0-42) ternary nanoalloys
was performed using the Basin—Hopping algorithm which would not allow changes in the icosahedron structure. The Gupta
many-body potential was used to model interatomic interactions in both molecular dynamics simulations and optimization
simulations. The melting transitions of selected Pt—~Ag—Au nanoalloys were explored using caloric curves and Lindemann
parameters. There have been two identified types of melting mechanisms, one includes sudden jump behavior in the caloric
curve and the other is an isomerization while melting transition. The temperature range in which the isomerization takes

place depends on the heating rate value.
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1. Introduction

Geometric shape, chemical ordering, size and composi-
tion dependent tunability of nanoalloys makes new nanoscale
materials versatile and allows a fine tuning of specific proper-
ties such as optical, magnetic, and electronic properties.!!=]
In particular, chemical ordering of nanoalloys can help to de-
sign useful and inexpensive cost catalytic materials.!*! There-
fore, high symmetry icosahedron nanoalloys organized in con-
centric core-shell structure are gaining increasing interest in
catalysis applications due to the large surface-to-volume ra-

3361 Also, it is important

tios that increase catalytic activity.!
to know which atoms are located in the shell of a nanoalloy,
because the surface strain between the core and shell atoms
effects the catalytic activity.[*! In addition, if there is a core-
shell nanoalloy in which shell atoms have the desired cat-
alytic effects, it will be necessary to investigate the tempera-
ture range in which the nanoalloy remains thermally stable.!”}
Some experimental studies in recent years show that Ag and
Au surfaces change the catalytic activity. For example, Wang
et al. reported that Ag surface segregation enhances the cat-
alytic activity.!®] Li er al. obtained that more surface gold
atoms have higher catalytic activity.°! Christopher et al. stud-
ied the Ag (111) and (100) surfaces and found the higher
selectivity of Ag (100) surface compared with Ag (111).[19]
Zhu et al. examined the Ag (100), (110), (111) and (211)
surfaces and found that the catalytic activity varied with the
order of (110) > (100) > (111) > (211).!"'] Woldu studied the
Au (100), (110), and (111) surfaces and found that the (110)

surface has the highest catalytic activity.l'”) Mou et al. re-

fCorresponding author. E-mail: huseyinyildirim @karabuk.edu.tr
© 2021 Chinese Physical Society and IOP Publishing Ltd
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ported that the Au—Ag alloy catalyst has better catalytic activ-

13,141 Zheng et al. found

ity than Au monometallic catalyst.!
that the Au—Ag composition on the surface contributes more
to the anaerobic benzyl alcohol dehydrogenation activity than
the bulk.!'!

Direct methanol fuel cells (DMFC) and proton exchange
membrane (PEM) fuel cells are promising technologies to re-
duce the dependence on fossil fuel energy due to its high en-
ergy conversion efficiency, clean energy and potential large-
scale applications.[®!16-18] The performance of these fuel cells
depends on low cost and the efficiency of the electrocatalysts
which is the key component for the oxygen reduction reaction
(ORR) and methanol oxidation reaction (MOR) in the PEM
and DMFC fuel cells.['%17:19:20] The most effective electrocat-
alysts for ORR and MOR are platinum (Pt) based nanoalloys
due to their excellent reactivity and stability.!'82%1 However,
a few major drawbacks associated with Pt as a catalyst are ex-
pensive Pt reserves and limited availability. [*!?*) Compared to
pure and bimetallic Pt catalysts, Pt based ternary catalysts ex-
hibit excellent catalytic activities in ORR and MOR and lower

(22231 In this sense, to integrate Pt with other metals,

21,28-30]

costs.
Pt-based binary>*>7! and ternary! nanocatalysts have
been extensively studied experimentally. Especially, crossover
nanoalloys between the catalytically active group 10 (Ni, Pd,
Pt) and the less active group 11 (Cu, Ag, Au) are important
due to the fact that they can vary their surface structures and
catalytic activity.>3!! Moreover, adding Pt to Ag—Au binary
nanoalloys dramatically increases the catalytic activity.!3?!

Some experimental results have shown that Pt—-Ag—Au ternary

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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nanoalloys have improved catalytic activity.[?!:33] Therefore,
investigation of the structural and thermodynamic properties
of Pt—-Ag—Au ternary nanoalloys is important for future exper-
imental studies in terms of their chemical and physical prop-
erties.

The reason for concentrating here on icosahedron struc-
ture is because the selected motif has highest symmetry of all
discrete point groups and is only found in small clusters with a
high surface to volume ratio.!3*! Researchers chose 55-atom
icosahedron as the model for the ternary nanoalloys due to
the high symmetry and remarkable stabilization. 333 Further-
more, 55 is a geometric magic number for icosahedron struc-
tures that have quasi-spherical shape and close-packed surface,
and exhibit significant structural and electronic stability. !
Although structural and dynamic properties of pure, binary
and ternary nanoalloys with Pt, Ag and Au with 55 atoms
have been investigated in detail, 373644 there is still lack-
ing of studies of heating rate effects on melting process, and
structural properties of Pt—~Ag—Au ternary core-shell nanoal-
loys with 55 atoms.

Thus, in this study the structural properties and heating
rate effect on the melting behaviors of 55-atom icosahedron
Ptj3Ag,Augy_, (n = 0-42) ternary nanoalloys are investigated
systematically. The platinum atom number is fixed at 13 and
the silver and gold atom numbers are varied for all other com-
positions. As aresult of the structural optimization of 55-atom
Pti3sAg,Augy_, (n = 0-42) ternary nanoalloys, the most sta-
ble composition is found. Then, in order to present the heat-
ing rate effect on the melting behaviors in detail, three differ-
ent icosahedron compositions corresponding to Pt;3Aga,, the
most stable composition of Ptj3Ag,Ausy_, (n = 0-42) ternary
nanoalloys and Pt{3Auy; are selected. Thus, melting processes
of Ag-rich, Au-rich and the most stable compositions are in-
vestigated.

2. Material and methods

The most stable chemical ordering of Pt;3Ag,Aus_,
(n = 0-42) ternary nanoalloys was obtained with the GMIN

431 ysing the Basin—Hopping algorithm. The local

program!
relaxations for optimizing the chemical ordering were per-

formed. The interatomic interactions were modeled by the

Gupta potential***’! and Gupta parameters are given in Ta-
ble 1.148]
Table 1. The Gupta potential parameters for Pt—Ag—Au ternary nanoal-
loys.
AeV) p q EeV) nd)
Pt-Pt 0.2975 10.612 4.0040 2.6950 2.7747
Pt-Ag 0.1750 10.730 3.5900 1.7900 2.8330
Pt—-Au 0.2500 10.420 4.0200 2.2000 2.8300
Ag-Ag 0.1031 10.850 3.1800 1.1895 2.8921
Ag-Au 0.1490 10.494 3.6070 1.4874 2.8864
Au-Au 0.2061 10.229 4.0360 1.7900 2.8840

The melting behaviors of nanoalloys were carried out by
molecular dynamics (MD) simulations under canonical en-
semble (NVT) conditions. All MD simulations have been car-
ried out using the DL POLY 4 package. [**>°! The temperature
was controlled by an Andersen thermostat with a relaxation
time of 1.0 ps. Each nanoalloy was heated from 0 K to 1300 K
with a temperature increment of 5 K. The best chemical or-
dering structures obtained as a result of the optimization of
Pt;3Ag,Augy_, (n = 0-42) ternary nanoalloys were taken as
the initial configurations for MD simulations, and the melting
temperatures of the nanoalloys were obtained to be dependent
on the heating rate. Newton’s equations of motion were inte-
grated in 400000 steps using the velocity Verlet algorithm with
0.003 ps, 0.005 ps and 0.008 ps time steps. These simulation
setups corresponds to a heating rate of 4.2 K/ns, 2.5 K/ns and
1.6 K/ns, respectively. To realize thermal equilibrium in MD,
the total relaxation times for 1.6 K/ns, 2.5 K/ns and 4.2 K/ns
heating rates are 3200 ps, 2000 ps and 1200 ps, respectively.

3. Results and discussion

In the current study, optimizing the chemical ordering
was performed using the Basin—Hopping algorithm for 55-
atom Pt;3Ag,Augy—, (n = 0-42) ternary nanoalloys with an
icosahedron structure. We mainly concentrate here on the
Pt13Ag,Augy_, (n = 0-42) nanoalloys with fixed 13 Pt atoms
where the fixed number 13 represents inner atoms of the 55-
atom core-shell icosahedron structure.

Mixing energy (Enix) analysis is a useful analysis method
to the energetic stability among a family of nanoalloys with re-

spect to composition. Ep;y is defined as>-1]
E (Pt3A
Emix = E (Pti3Ag,Ausp_,) —n%
E (PtizA
— (42— ) E(PAND) = ), )

where E (Ptj3Ag,Aus_,) represents the total energy of the
ternary nanoalloy, E (Ptj3Ag,,) and E (Ptj3Aus) represent
the total energies of the bimetallic Pt—-Ag and Pt—Au nanoal-
loys. Among all the compositions of nanoalloys, the structure
in which the mixing energy takes the minimum value is more
stable than the others. The mixing energies of Ptj3Ag,Aus_,
(n =0-42) nanoalloys as a function of the number of Ag atoms
(n) are shown in Fig. 1. From the mixing energy analysis, the
lowest mixing energy value was obtained at the composition
of Ptj3Agri Auyg in Ptj3Ag,Augy_, (n = 0—42) nanoalloys. In
Fig. 1, blue, gray and yellow spheres represent platinum, silver
and gold atoms, respectively.

Also, comparing the changing tendency of the number of
Ag—Au bonds and the mixing energies as a function of Ag
atoms in Fig. 1, we find that the two tendencies are adverse. In
other words, the structures which contain more Ag—Au bonds
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have lower mixing energies. This result indicates that compo-
sition with more Ag—Au bonds is more stable.
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0.5F " 180 ¢
of o o l 1 s
o ‘*a
o / . \ {60 T
[} —0.5F k) a" | o1}
= R °, / &% 10 <
ol &8 7 110 @
b PtlSAgZIAu2lo 1 15}
- Q
—1.5¢ F { 120 E
a'a 0%0009000O / E g
—2.0r \F J lo 2
2 5 1 1 1 1 1 1 B
=10 O 10 20 30 40 50

NAg

Fig. 1. Mixing energy variation and the number of Ag—Au bonds in
Pti3Ag,Augy_, (n = 0-42) nanoalloys as a function of Ag atoms.

In order to better discuss the atomic mixing degree of dif-
ferent types of atoms in Pt—-Ag—Au nanoalloys, the order pa-
rameter (Ra)™*! is adopted. Ra can be defined by the average

distance of a type of atoms from the center of a cluster

nA
D DRVEGR I )
=1

where n, is the number of atoms in each type in the ternary
nanoalloys, and x;, y; and z; show the positions of the atoms.
Large R values indicate that the atoms are at the shell, while
small R values indicate that the atoms are located in the core.
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Fig. 2. The order parameter (R) variation of Pt;3Ag,Aug_, (n =0-42)
nanoalloys.

From Fig. 3, it can be seen that Ragz and Ra, are larger
than Rp for all compositions, indicating that the locating ten-
dencies of Ag and Au atoms to segregate to the shell and Pt
atoms prefer to locate at core. For n = 1-12, Ra, parameter
keeps constant as 12 Ag atoms occupying the central sites of
the shell. For n = 1341, with the increase of Ag atoms, Rag
decreases gradually and becomes closer to Ra, while Ry, al-
most remains constant. In addition, for n = 1-41, Rp; almost
remains constant. This means that the Pt atoms located at the

core and Ag and Au atoms prefer to mix at the shell. Also,
the segregation degrees of Pt, Ag and Au atoms in 55-atom
Pt—Ag—Au ternary nanoalloys are mainly dependent on their
surface energies, cohesive energies and atomic radii.

Table 2. Properties of Pt, Ag and Au.3!]

Pt Ag Au

Tatomicradius A) 1.385 1.445 1.44
Econesive (€V) 5.84 2.95 3.81
Egurface (meV'A_z) 159 78 96.8

Owing to the large surface energy and cohesive energy,
Pt atoms prefer to located in the core, while Ag and Au atoms
prefer to locate on the shell as they have smaller surface en-
ergy and cohesive energy, in Ptj3Ag4, and Ptj3Auyy nanoal-
loys, respectively. Similarly, the core segregation of Pt is also
associated with the lower atomic radius of Pt compared with
Ag and Au. As aresult, the Ag and Au atoms on the shell and
the segregation of Pt atoms at the core enable minimization of
the nanoalloy surface energy. The optimization results in gen-
eral support the Ptcore (AgAu)shen that is proposed in this study.
Also, Pacheco-Contreras et al. found the similar results for 13-
and 19-atom icosahedron ternary Ag—Au—Pt nanoalloys.*®!

The melting temperature of a nanoalloy can be estimated
by MD simulations. Also, the heating rate in MD simula-
tions effects the melting transition of nanoalloys.[>? In this
study, MD simulations were performed at three different heat-
ing rates for 55 atom Pt;3Agss, Pti3Ago1Aug; and PtizAug,
nanoalloys to investigate the effect of heating rate on the melt-
ing transition. The literature values of heating rate vary be-
tween 0.8 and 100 K/ns.!537] In the literature, the melting
dynamics of the nanoalloy consisting of gold and silver atoms
have studied with a heating rate of 10 K/ns.’*! In the present
study, the heating rates were used as 1.6 K/ns, 2.5 K/ns and
4.2 K/ns. The caloric curve and the Lindemann index were
used to clarify the melting transition.

The caloric curve and Lindemann index are commonly
used in MD simulations to investigate melting behavior of
nanoalloys. The caloric curve represents the total energy
as a function of temperature and, melting temperature of
the nanoalloy corresponds to distinguishable increase in to-
tal energy.!”! The melting temperatures of nanoalloys obtained
from the caloric curve were also supported with the Linde-
mann index criteria. When the index is in the range of about
0.1-0.15, the melting occurs in nanoalloys, whereas the criti-
cal value can vary between 0.05-0.20 due to, e.g., the nature of
interactions between atoms, the magnitude of quantum effects
and the crystal structure.®! For each layer, the Lindemann in-
dex is expressed as follows: 78]

— (r)*

_1)j<k Tjk

2 <r§k>

; (3)
Ny (Nii

Oy =
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where Ny ;) is the atom numbers in the i-th layer. rj is the
distance between the j-th and k-th atoms. The 55-atom icosa-
hedron nanoalloy consists of three layers starting from its cen-
ter of mass. The 55-atom icosahedron nanoalloys have a sin-
gle atom in the first layer, 12 atoms in the following second

(7441 The caloric curve

layer, and 42 atoms in the third layer.
and Lindemann index vary as a function of temperature during
the heating processes for PtjzAuygy, PtisAgoiAuyy, PtizAgan
nanoalloys with different heating rates, as shown in Figs. 3, 5
and 6, respectively.

The caloric curve and Lindemann index of Ptj3Augn
nanoalloys at heating rates of 1.6 K/ns, 2.5 K/ns vs. 4.2 K/ns,
respectively, are shown in Fig. 3. In Fig. 3(a), the melting
temperature of Pt;3Aus; nanoalloy is 703 K due to the sud-
den jump in total energy. Pt;3Au4, nanoalloy in Fig. 3(a) has
dangling surface Au atoms at some temperatures according to
Fig. 4(a). The dangling of these atoms effects the Lindemann
index. The behaviors of the Lindemann index of each layer for

Pti3Aug; and Ptj3Agr1 Auy are given in Fig. 4 to understand
the melting mechanism with respect to layers. As shown in
Fig. 4(a), the Lindemann index of the atoms on the shell of
the nanalloy is greater than atoms in the core of the nanoal-
loy, which indicates that the shell atoms have large amplitude
from their original lattice positions while the core atoms of
nanoalloys remain their original lattice positions. It is also
evident that an increase in temperature (595 K and 640 K)
leads to a dangling in shell atoms. For Pt;3Auy; nanoalloys
in 2.5 K/ns and 4.2 K/ns heating rates, variations of the caloric
curve and Lindemann index occur within a temperature range.
Figures 3(b) and 3(c) show that this temperature range is small
(60 K) for the heating rate of 4.2 K/ns and large (75 K) for
the heating rate of 2.5 K/ns. Also, caloric curves and Lin-
demann indexes have abrupt changes in melting transition for
the heating rates of 2.5 K/ns and 4.2 K/ns. This situation indi-
cates that there is an isomerization caused by solid-liquid and
liquid-solid transitions during the melting transition.

—190 0.40 1 0.40 —~190 0.40
(a) Pti3Aus %0 (b) PtisAug, (c) Pf}f;‘}uw
—195¢ —195} 7 —195} 50 K
. " — " — "
—calor 0.30 ] g i 308
. —200 ',.,fiitll((j);g;itve % —200  —caloric curve 0-30 g _ —200p «fialgrlc curve 0-30 =
> : =S —-lindema, = --lindemann -
T —205 mdcx_ . 090 > _o05} iilndexm :m 020 E E —205F  index 0.20 &
- 5 . S 513 K lo. - :
[ﬂe _9210 703 K= g - 210} 713 K g [59 _o10} 698 K rés
3 KB ] 5 5}
—215 0.10F —215} Joto §  —215f 0.10 &
—220 g —220} ! S —220f 3
—225 _ ./.’T——-.‘. . . . _929 L . . .
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Fig. 3. The caloric curve and Lindemann index variation for Pt;3Auy, nanoalloys at (a) 1.6 K/ns, (b) 2.5 K/ns and (c) 4.2 K/ns heating rates.
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Fig. 4. Behavior of the layered Lindemann index for (a) Pt;3Aus; and (b) Ptj3Agy; Auy; nanoalloys at 1.6 K/ns heating rate with respect to

temperature.

Figure 5 shows the caloric curve and Lindemann index of
Pt;3Agr1Auyg nanoalloys at heating rates of 1.6 K/ns, 2.5 K/ns
and 4.2 K/ns, respectively. According to Figs. 5(a)-5(c), the
melting temperature of the Pt;3Ag>; Auy nanoalloys is 698 K,
678 K, and 709 K due to the sudden jump in the Linde-
mann index and caloric curves. As shown in Fig. 5, melt-
ing temperature of Pt;3Ag>1 Auy; is lowest (678 K) in heating
rate 2.5 K/ns. Also, there is no isomerization in Figs. 5(a)—
5(c). The common characteristic of Pt;3Agy;Auy; nanoalloys

with different heating rates is that they have dangling surface
atoms before reaching the melting temperature. As shown in
Fig. 4(b), it is observed that there are small movements in the
Lindemann index and caloric curve because the melting sign
of Pti3Agy1 Auy | nanoalloy starts from the surface.

The caloric curve and Lindemann index of Ptj3Ags
nanoalloys at heating rates of 1.6 K/ns, 2.5 K/ns and 4.2 K/ns,
respectively, are shown in Fig. 6. The common characteris-
tic of Pt;3Ags, nanoalloys with different heating rates is that

108201-4
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melting takes place within a temperature range. According
to the Lindemann index in Fig. 6(a), the melting of Pt;3Ag4,
nanoalloy occurs between 668 K and 750 K, and there is an
on-going isomerization in a range of 82 K. This is the small-
est isomerization range for 55-atom Pt;3Ags, nanoalloys. As
shown in Fig. 6(b), when the heating rate is 2.5 K/ns, the iso-
merization range is 168 K. There is a solid-liquid transition
between 632 K and 800 K. In this temperature range of 168 K,

the nanoalloy passed into the liquid phase and then turned into
the solid phase again. This is the largest isomerization range
for 55-atom Pt;3Ags, nanoalloys. In addition, when the heat-
ing rate is 4.2 K/ns, the isomerization range is 146 K. There
is a solid-liquid transition between 708 K and 854 K. As a re-
sult, the temperature range where melting occurs are varies at

different heating rate for Pt;3Ag4, nanoalloys.

—170 0.40 —170 0.40 —170 0.40
PtisAgoiA Ay A
~175 (a)l S mfen e foss o —arst®) Pt”Ag;ﬁ:ﬁn-‘”‘ 0.35 % 7175-(@1 Frufzalua 0.35 %
- caloric curve ——CE 3 P o) - caloric curve e}
. —180 1 lindemann 10-30 E . —180p fia{]]é);i;;#;ve 0.30 = __ —180p lindemann 0.30 g
> —185| index 10.25 7 2 —185f index 0.25 £ 7 —185 index f 025 =
~ _190 Jo.20 § 2 —190 o 020 £ < —190} 709 K 0.20 &
3 698 K g 3 678 K g = ~ £
& —195 ' 1015 & & —195 0.15 & ® —195} 0.15 8
—200 o Jo.i0 £ 200 . - 0.10 £ —200} ) 0.10 £
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Fig. 5. The caloric curve and Lindemann index variation for Pt;j3Agy; Auy; nanoalloys at (a) 1.6 K/ns, (b) 2.5 K/ns and (c¢) 4.2 K/ns heating rates.
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Fig. 6. The caloric curve and Lindemann index variation for Pt;3Ag4, nanoalloys at (a) 1.6 K/ns, (b) 2.5 K/ns and (c) 4.2 K/ns heating rates.

In order to investigate the size effect, we selected some
compositions for 147 and 309 atom clusters. The melting tran-
sitions have been examined by the caloric curves and Linde-
mann index variations for 400000 MD steps. The results are
shown in Figs. 7 and 8. The outstanding behavior is the sudden
jump behavior for selected Pt—Au and Pt—-Ag—Au nanoalloys

with 55, 147 and 309 atoms. There are other melting mecha-
nisms which do not include sudden jump behavior, and a few
examples are given in Figs. 3(b), 3(c), 6(a), 6(b), and 6(c). In
addition, the melting temperatures of the 147 and 309 atoms
were found to be relatively higher for the examined composi-
tions as seen from Figs. 7 and 8.
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Fig. 7. The caloric curve and Lindemann index variation for nanoalloys of (a) PtssAug,, (b) PtssAgssAuse, and (c) PtssAgo,.
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Fig. 8. The caloric curve and Lindemann index variation for nanoalloys of (a) Ptj47Aujep, (b) Ptja7Agg; Aug;, and (c) Ptj47Agien.
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The composition effect on the melting temperatures has
been examined for 55-atom Pt—Ag—Au nanoalloys. The results
are given in Fig. 9. It is found that the melting temperatures
fluctuate between 653 K and 721 K depending on the compo-
sition. In this fluctuation, the highest and lowest melting tem-
peratures belong to Ptj3Ag7Auss and Ptj3AggAuzs composi-
tions, respectively. In addition, two different melting mecha-
nisms have been observed in binary nanoalloys as in ternary

nanoalloys.
760
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7201 °/° o 698 K o
< 700} 4\ }
< 7b3 A
= 6s0p " ‘\J f :
&
660 -
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Fig. 9. The caloric curve and Lindemann index variation for

Pti3Ag,Augr_, nanoalloys.

We used the Ackland—Jones analysis to see the struc-
tural changes (isomerization) during melting transitions of
Pt;3Aug; and Pty3Agas nanoalloys. The Ackland—Jones analy-
sis is a tool to distinguish ICO, BCC, HCP, and FCC coordina-
tion structures based on analysis of the distribution of angles
formed by the pairs of neighbors of a central atom.[%0-621 In
this method, at beginning, inner shell atoms of nanoalloy are
described as HCP coordinated and all surface atoms are de-
scribed as disordered.

We chose the configurations with isomerization which
The Ackland—Jones

analysis of the configurations which are corresponding to

characterizes the structural evolution.

Pt;3Auyg, and Ptj3Agsy compositions is presented in Tables 3
and 4, respectively. When we analyze the tables with the
melting transition, the number of HCP coordinated atoms de-
creases and the number of disordered atoms increases. While
this change in HCP coordinated atoms is slower in Ptj3Aug;
nanoalloys, it is abruptly decreased in Pt;3Ag4> nanoalloys.
Transitions from HCP coordinated atoms to BCC and FCC co-
ordinated atoms correspond to isomerization at temperatures
determined with the Lindemann criterion where the melting
transition occurs. During the melting transition, the number
of HCP coordinated atoms decreases and the number of BCC
coordinated atoms changes. We also see that the number of
FCC coordinated atoms varies slightly. This clearly shows
that some of the HCP coordinated atoms change their local
structure to BCC and FCC coordinations, as we do not see any
important change in disordered atoms. In general, disordered
atoms also dominate after the melting transitions.

Table 3. Structural evolution through the Lindemann index of Pt;3 Aug,
nanoalloy in different heating rates.

T (K) FCC HCP BCC ICO Disordered
0 0 12 0 1 42
500 0 12 0 1 42
700 0 11 0 1 43
Heating rate 1.6 K/ns 705 0 9 1 1 44
710 1 4 4 1 45
1000 1 3 2 3 46
1300 0 2 5 0 48
0 0 12 0 1 42
500 0 12 0 1 42
685 1 6 2 3 43
710 1 10 1 1 42
Heating rate 2.5 K/ns 79 0 4 4 2 45
725 0 11 0 1 43
740 0 2 7 3 43
1000 0 3 3 0 49
1300 2 1 0 0 52
0 0 12 0 1 42
500 0 12 0 1 42
685 1 7 3 1 43
Heating rate 4.2 K/ns 705 0 12 0 1 42
730 0 4 4 2 45
1000 2 5 1 0 47
1300 0 4 0 0 51

Table 4. Structural evolution through the Lindemann index of Pt;3Ags
nanoalloy in different heating rates.

T (K) FCC HCP BCC ICO Disordered
0 0 12 0 1 42
500 0 12 0 1 42
685 0 0 5 9 41
Heating rate 1.6 K/ns 690 1 0 1 12 41
720 0 0 2 10 43
730 1 4 2 9 39
1000 1 2 2 4 46
1300 0 3 1 0 51
0 0 12 0 1 42
500 0 12 0 1 42
650 0 0 2 12 41
670 0 1 2 10 42
Heating rate 2.5 K/ns 740 3 0 3 6 43
755 0 1 3 7 44
800 1 3 2 7 42
1000 1 1 4 4 45
1300 0 1 3 0 51
0 0 12 0 1 42
500 0 11 0 1 43
730 0 2 1 11 41
750 0 4 5 5 41
Heating rate 4.2 K/ns 785 3 1 2 3 46
830 0 0 3 9 43
835 2 1 2 7 43
1000 0 0 2 9 44
1300 0 2 2 0 51

4. Conclusions

In summary, we have performed a theoretical study of dif-
ferent compositions of icosahedral Pt—Ag—Au ternary nanoal-
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loys using many-body Gupta potential. Using the chemical
ordering optimization results of Ptj3Ag,Aus_, (n = 0-42)
nanoalloys, we have performed bond number and mixing en-
ergy analysis. The results show that the most stable compo-
sition is Ptj3Agr; Auy, which has the lowest mixing energy
with highest number of Ag—Au bonds. Also, order parameter
analysis indicates that Ag and Au atoms generally segregate
at the shell and Pt atoms locate at the core of the nanoal-
loys, which is further explained by the atomic radius, sur-
face energy and cohesive energy of bulk values of those el-
ements. The chemical ordering optimization results in gen-
eral support the Pteore(AgAu)ghen, Which is proposed in this
study. MD simulations are used to investigate the heating
rate effect on the melting transition of Pt;3Auy;, Pti3Ago; Auy
and Ptj3Agy; ternary nanoalloys under NVT conditions. Also,
in order to investigate the size effect, MD simulations of se-
lected some compositions for 147 and 309 atom clusters have
been performed. The melting transitions of selected Pt—-Ag—
Au nanoalloys are explored using caloric curves and Linde-
mann parameters. There have been two identified types of
melting mechanisms, one includes sudden jump behavior in
the caloric curve and the other includes some isomerisation
through melting transition. A detailed investigation for melt-
ing transitions for the first type shows that just before transi-
tion temperature the surface atoms begin to dangle before core
atoms. The temperature range in which the isomerization takes
place depends on the heating rate value. Also, the melting tem-
peratures of the 147 and 309 atoms are found to be relatively
higher than 55 atoms for the examined compositions. In addi-
tion, the simulation results show that the melting temperatures
of Pt;3Ag,Ausr—,, (n = 0—42) nanoalloys fluctuate, depending
on the composition. These results are of great importance for
multifunctional properties of Pt—Ag—Au ternary nanoalloys.
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