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Abstract The melting mechanisms of Pt-based multi-
metallic nanoparticles (NPs) are important to help deter-
mine their optimal melting processes. To understand the
melting and coalescence behaviors of heterogeneous NPs
(Pd-Pt NPs) with various sizes and compositions, molec-
ular dynamics (MD) simulation was employed. The MD
results for larger Pd—Pt NPs with an effective diameter of
4.6-7.8 nm show that PtPd alloy can form at Pd/Pt inter-
face before Pd NP melted completely, while for Pt-core/Pd-
shell NP and Pd-core/Pt-shell NP, PtPd alloy formed only
after Pd portion melted completely. For smaller Pd—Pt NPs
with an effective diameter of 2.5-4.0 nm, PdPt alloy is not
formed until both Pd and Pt NPs melted completely.
Besides, the coalescence process of Pd—Pt NPs depends on
the melting temperature of Pt NP when Pt composition is
higher than 20 at%. Furthermore, the melting mechanisms
of Pd/Pt/Ir trimetallic NPs are investigated. A two-step
melting process occurs in Pd-Pt-Ir NPs and Ir-core/Pt-
shell/Pd-shell NP, and the melting sequence of Pd-core/Pt-
shell/Ir-shell NP and Pt-core/Pd-shell/Ir-shell NP is dif-
ferent from Pd/Pt bimetallic NPs.
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1 Introduction

Due to its excellent stability and high catalytic activity, Pt
is widely used in many applications, such as the chemical
industry and the petrochemical industry [1-6]. The scarcity
of Pt, however, limits its application on a large scale. To
reduce the amount of Pt while maintaining its catalytic
activity, an effective way is to use Pt-based multimetallic
nanoparticles (NPs) with a high density of active sites
[7-12]. Among them, Pd/Pt bimetallic NPs are widely
studied and have shown excellent properties in oxygen
reduction reactions, ethanol oxidation reactions, and
methanol oxidation reactions [13—17]. Up to now, Pd/Pt
bimetallic NPs have been synthesized by many technolo-
gies operating at room temperature, such as solvothermal
route [18, 19], atomic layer deposition [20], seed-mediated
growth [21, 22], and seedless wet-chemical approaches
[23]. The former method prepares heterogeneous Pd-Pt
NPs (Pd-Pt NPs) where each NP is adjacent to each other,
and the latter three fabricate core—shell structures with one
NP being enveloped by the other, including Pt-core/Pd-
shell NP (Pt@Pd NP) and Pd-core/Pt-shell NP (Pd@Pt
NP). Since these NPs need to be alloyed at high tempera-
tures to control their catalytical properties, several attempts
have been made to understand their melting mechanisms
under the heating process by molecular dynamics (MD)
simulations [24-26].

MD simulations [24-26] have shown that the melting of
Pt@Pd NPs with a diameter of 6.2 nm started from Pd shell
to Pt core, and occurred over a broad range of tempera-
tures. Unlike Pt@Pd NP, a fast-melting process emerged in
Pd@Pt NP with the same diameter due to an instantaneous
transition of the solid-liquid phase of Pd core. Nelli et al.
[27] investigated the coalescence of (Pt-Pd)@Pd NPs and
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focused on the change in the shape of (Pt—Pd)@Pd NPs.
They found that the coalescence process occurred through
four different steps, consisting of the alignment of atomic
columns, alignment of close-packed atomic planes, equi-
libration of shape, and equilibration of chemical ordering.
In recent years, Pd—Pt NPs consisting of one or more Pd
NPs and Pt NPs with a diameter of 2—10 nm have been
applied in the industry [18, 28, 29]. However, their
melting processes have not been studied, which might be
different from the melting processes of core—shell NPs due
to the various specific surface area as well as structures.
And in addition to the change of shape, the change of the
NPs’ composition is also a matter of concern, which has
not been deeply studied by Nelli et al. [27]. Since the
catalytic activity of nanocatalysts is strongly affected by
their size and surface atoms, the effect of heat treatment
on the sizes and surface atoms is also important to prepare
these highly active nanocatalysts. Furthermore, Pd/Pt/Ir
multimetallic NPs have also been used in catalysis fields
because they possess higher catalytic activity than the
commercial Pt/C NP for oxygen reduction and evolution
reactions [30]. It is also important to understand their
melting processes.

In our current study, we first focused on a systematic
study on the melting and coalescence processes of Pd—Pt
NPs by MD simulation and compared these to the melting
mechanisms of PAd@Pt and Pt@Pd NPs. MD results show
that the disordered PdPt alloy appeared at the interface
before Pd NP has completely melted in larger Pd—Pt NPs
with the effective diameter of 4.6-7.8 nm, and it is prop-
agated into the interior of both Pd and Pt NP. This process
is different from the melting processes of the Pd@Pt and
Pt@Pd NPs, where no disordered PdPt alloy is obtained at
the interface before the Pd portion has completely melted.
Moreover, smaller Pd—Pt NPs with an effective diameter of
2.5-4.0 nm exhibit a distinct coalescence process, where
the alloyed PdPt is only obtained after both Pd NP and Pt
NP have completely melted. The melting mechanisms of
Pd/Pt/Ir trimetallic NPs, including Pd-Pt—Ir NPs with one
Pd NP, one Pt NP, and one Ir NP, Pd-core/Pt-shell/Ir-shell
NP (Pd@Pt@Ir NP), Pt-core/Pd-shell/Ir-shell NP
(Pt@Pd@Ir NP), and Ir-core/Pt-shell/Pd-shell NP
(Ir@Pt@Pd NP) are also investigated. The coalescence
process of Pd—Pt—Ir NPs and Ir@Pt@Pd NP exhibits two
stages because the melting temperature of Ir portion is
higher than the other two parts. The melting process of
Pd@Pt@Ir NP and Pt@Pd@Ir NP starts in the two outer-
most layers. Hence, the melting processes of Pd/Pt/Ir
trimetallic NPs are different from those of Pd/Pt bimetallic
NPs. When the melting points of the three compositions in
the trimetallic NPs are significantly different, the
trimetallic NPs will experience a two-stage melting process
instead of one uniform melting process.
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2 Computational details

Large-scale atomistic/molecular massively parallel simu-
lator (LAMMPS) [31, 32] was employed to study the
melting mechanisms of Pd/Pt bimetallic NPs, including
Pd-Pt NPs, Pd@Pt NP, and Pt@Pd NP, as displayed in
Fig. la. Pt composition in each NP was set at 50 at%. The
number of atoms varied from ~ 660 to ~ 16,800. The
cell size was fivefold the longest size of the constructed
model. To facilitate the comparison of NPs with the same
number of atoms but different structures, the effective
diameter (dgp) of Pd—Pt NPs was defined as below:

3/3(Vpa + Vi)
4r (1)

where Vpg and Vp, are the volumes of Pd NP and Pt NP in
Pd-Pt NPs, respectively. Besides, Pt composition was
varied from 10 at% to 80 at% to explore the effect of Pt
composition on the melting and coalescence mechanisms
of Pd—Pt NPs with a dgp of 6.3 nm. The number of atoms
and diameter of Pd-Pt NPs and core—shell NPs are
provided in Table 1 and Table S1, respectively. To study
the melting mechanisms of Pd/Pt/Ir trimetallic NPs, Pd—Pt—
Ir NPs, Pd@Pt@Ir NP, Pt@Pd@Ir NP and Ir@Pt@Pd NP
were also built, as shown in Fig. 1b. The ratio of the
number of Pd, Pt and Ir atoms was set at 1:1:1 where the
number of atoms was 9189. dgp of Pd-Pt-Ir NPs was
defined as below:

3/3(Vpa + Ve + Vi
dED=2><{/( Pd 4nPt Ir) 2)

where Vi, is the volume of Ir NP in Pd-Pt—Ir NPs. The
number of atoms, the thickness of the shell, and the
diameter of the four types of Pd/Pt/Ir trimetallic NPs are
displayed in Table 2.

The embedded atom method (EAM) potential [33] was
used to describe the interatomic potential for the Pd, Pt and
Ir. A mixing rule reported by Johnson [34] was employed
to construct an EAM potential for the alloyed Pd—Pt-Ir
system. The potentials were evaluated through the

dED:2><

Red: Pd
Blue: Pt
Green: Ir

Fig. 1 Initial configurations of a Pd/Pt bimetallic NPs and b Pd/
Pt/Ir trimetallic NPs
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Table 1 Number of atoms and diameter of Pd—Pt NPs

Number of atoms Pt composition /

Diameter of Pd NP /

Diameter of Pt NP / degp of Pd—Pt NPs /

at% nm nm nm
658 50 2.0 2.0 2.5
1268 50 2.6 2.6 3.2
2288 50 3.2 3.2 4.0
3830 50 3.8 3.8 4.8
6106 50 4.4 4.4 5.5
9046 50 5.0 5.0 6.3
12,852 50 5.6 5.6 7.0
16,804 50 6.2 6.2 7.8
9046 10 3.0 6.1 6.3
9046 20 3.7 5.9 6.3
9046 80 5.9 3.7 6.3

Table 2 Number of atoms, thickness of shell, and diameter of four types of Pd/Pt/Ir trimetallic NPs (diameter of each NP in Pd—Pt-Ir

NPs being 4.3 nm)

Parameters Pd-Pt—Ir NPs Ir@Pt@Pd NP Pd@Pt@Ir NP Ir@Pd@Pt NP
Number of atoms 9189 9189 9189 9189
Diameter or effective diameter of NP(s) / nm 6.3 6.3 6.3 6.3

Thickness of outmost shell / nm - 0.4 0.4 04

Diameter of core / nm - 4.3 4.3 4.3

thermodynamic properties of metals and their alloys, which
are shown in the Supporting Information.

The total energy (E) of the EAM potential was written
as:

Ei :Fizpfjriﬂr%ZUiﬂv (3)
i#j i#j

where E; and F; are the cohesive and embedding energies
of i atom, respectively. p;r;; is the electron density of
J atoms located around i atom at a distance r;. F; is a many-
body interaction term, while Uj; takes the pair interaction
into account. The melting point of bulk Pd of the EAM
potential is (1827 £ 15) K, which is well consistent with
the experimental result (1828 K). Thus, the EAM potential
describes the melting process of Pd accurately. The melting
points of bulk Pt and Ir of the EAM potential are
(1890 £ 15) and (2280 + 15) K, respectively, which is in
good agreement with the simulated results (1890 and
2280 K, respectively) [33], and only qualitatively agree
with the experimental values (2041 and 2739 K,
respectively).

At the start of the MD simulation, all the constructed
NPs were first relaxed to a minimum energy state by

aQ

iteratively adjusting atom coordinates [31, 32]. After
relaxation, the NPs were heated using a certain algorithm-
thermostats. The most adequate in the task on the deter-
mination of thermal stability of NPs was the Nosé—Hoover
thermostat. Herewith, the number of particles N, the vol-
ume V of a space simulated, and the temperature 7 were
assumed to be constant, which gives a so-called NVT
ensemble. The heating rate of these NP systems was
0.5 K-ps™', and the time step was 1 fs. A series of MD
simulations were performed with an increment of 100 K
from O to 2000 K. In addition, an increment of 20 K was
used around the melting point to investigate the melting
mechanism in detail. Starting from 0 K, the system tem-
perature was increased by 10 K within 20 ps. After
reaching the set temperature, the system was equilibrated
by 1000 ps at a constant temperature. These heating and
equilibrium processes were repeated until the NP com-
pletely melted. The output value of each physical quantity
was obtained from the statistical average value in the last
100 ps of the equilibrium process.

Lindemann index, a commonly used method to describe
the thermally driven disorder of a system, was calculated to
characterize the melting process of the NPs [24-26].

Rare Met. (2023) 42(2):406-417
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Lindemann index (J;) was defined as the root-mean-square
bond fluctuation [35]:

(RE) — (Ry)’
(Ryj)

where N is the number of atoms and R;; is the distance
between i and j atoms. The brackets < > are the
ensemble average at the given temperature. Since the
surface atoms affect the melting process of NP, the
melting of NP occurs when the value of the Lindemann
index is in the range of 0.03-0.05, depending on the
diameter of NP [35].

The radial distribution function (RDF) was employed to
investigate the structural evolutions of NPs during the
heating process. The RDF of B atom in the distance ()
from A atom (g(r)) was calculated by [36]:

o) — {0

 4nr2drp,Ng

2
%= NN = 1)Z )

i<j

(5)

where n(r) is the number of B atoms between r and
r + dr. 4m°dr is the volume. p, denotes the number
density of A atom in the system. Ny is the total number of
B atoms in the system.
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3 Results and discussion

3.1 Melting and coalescence processes of Pd—Pt
NPs

The Lindemann indices of Pd-Pt NPs, Pt@Pd NP and
Pd@Pt NP with dgp or diameter (d) of 6.3 nm as a function
of the temperature are shown in Fig. 2a. Lindemann index
curves of the three types of Pd/Pt bimetallic NPs rise lin-
early as the temperature increase at low temperature and
subsequently present a jump when the transition from solid
to liquid, which indicates the NPs are completely melted. A
broad Lindemann index rise (black arrow in Fig. 2a)
appears in Pd-Pt NPs and Pt@Pd NP, unlike the sharp
Lindemann index jump in Pd@Pt NP.

To track the melting and coalescence process of Pd—Pt
NPs with dgp of 6.3 nm during the heating process, the
snapshots of the cross section taken at four representative
temperatures are displayed in Fig. 2b. Figure 2¢ shows the
RDF of Pd-Pt NPs with dgp of 6.3 nm at various tem-
peratures corresponding to Fig. 2b. At 500 K, Pd-Pt NPs
have five distinct RDF peaks, indicating the regular face
center cubic (fcc) structure of the atoms [37-39]. As the
temperature increases, Pd atoms start to diffuse along the
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— Pt-Pt pair

50}

asprasox N

40t
T 35[1440K M\_
o 30F

25 /X/__A__

2 L1400 K

15F

1.0F

| /\/\/

500K, i Wi
0.1 02 03 04 05 06
rinm
1440 K 1460 K

Fig. 2 aLindemann indices of three types of Pd/Pt bimetallic NPs with dgp or d of 6.3 nm as a function of temperature; b snapshots of
cross section of Pd—Pt NPs with dgp of 6.3 nm taken at four representative temperatures, and ¢ RDF of Pd—Pt NPs with dgp of 6.3 nm
at various temperatures corresponding to b (coloring denotes atomic type: red, Pd atom; blue, Pt atom)
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surface of Pt NP due to the low diffusion barriers [40],
similar to the results reported by Nelli et al. [27]. At
temperature up to 1400 K, three distinct RDF peaks of Pt—
Pt pair and Pd-Pd pair are still obvious and only their
heights are reduced, which indicates that most of the atoms
are in order. Besides, some initial disordered PdPt alloy
regions appear at the interface, while the other surface
regions of Pd NP and Pt NP remain unchanged, similar to
the melting and coalescence process of Pb—Sb NPs [41].
Thus, the starting temperature of Pd-Pt NPs’ melting
process is 1400 K. At 1440 K, only the first peak remains
in RDF of Pd-Pd pair while all three RDF peaks of Pt-Pt
pair remain. This implies that Pd NP has already trans-
formed into liquid and most Pt atoms are still orderly
arranged. Meanwhile, more liquid PdPt alloy appears at the
interface. At 1460 K, only the first RDF peak of Pt—Pt pair
and the first RDF peak of Pd—Pd pair are observed in Pd-Pt
NPs, which means the melting of the NPs. Hence, the
melting process of Pd—Pt NPs starts at Pd/Pt interface at
1400 K and then develops toward the core of the NPs with
increasing temperature, resulting in this process occurring
within a broad temperature interval of 60 K. In addition,
the disordered interface in Pd—Pt NPs is created by thermal
vibration [42]. The atoms on the surface of Pd NP might be
migrated from their initial site, and then the Pd point
defects are formed. After that, the other atoms, such as the
near Pt atoms become unstable because of the decrease in

ao.35
T dgp=2.5nm Pd-Pt NPs
| —*dix=3.2nm
030 —A—dp=4.0 Nm
x —v—d;=4.8 nm
[}] e ED
= 0.25 ——dy=5.5 nm
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c L ED
s D.20F e 0gp=7.0 nm
§ 015k —*—d=7.8 nm
£
= 0.10
r
0.05}F
] /-:. —— A48

600 800 1000 1200 1400 1600 1800 2000
Temperature / K

500 K 1060 K

coordination number. The migrated Pd atoms will move to
other positions by thermal vibration and collision with
other atoms. Meanwhile, the unstable Pt atoms are used to
fill the vacancies and form PdPt alloy at the interface.
Unlike Pd—-Pt NPs, Pd@Pt NP has a clear Pt/Pd interface
and ordered atoms (Figs. Sla and S2a). The melting of Pd
core and Pt shell occurs simultaneously [24], hence,
melting of PA@Pt NP experiences a narrow temperature
range of 20 K.

The Lindemann indices of Pd—Pt NPs with the different
dgp in the range of 2.5 to 7.8 nm as a function of the
temperature, as displayed in Fig. 3a. The broader Linde-
mann index rises are observed in Pd-Pt NPs with dgp of
2.5-4.0 nm, while the Lindemann index of Pd—Pt NPs with
dgp in the range of 4.8 to 7.8 nm shows similar jumps.

To compare the melting and coalescence mechanisms of
Pd—Pt NPs with various dgp during the heating process, the
snapshots of the cross section of Pd—Pt NPs with dgp of
2.5 nm taken at four representative temperatures, as shown
in Fig. 3b. The RDF of Pd-Pt NPs with dgp of 2.5 nm at
various temperatures corresponding to Fig. 3b is exhibited
in Fig. 3c. All atoms are ordered below 1060 K according
to Fig. 3b, c. At 1060 K, only the first RDF peak of Pd-Pd
pair is observed, whereas three RDF peaks of Pt—Pt pair
remain, meaning that Pd NP has already transformed into a
liquid and Pt NP is in solid form. The second and the third
peaks of Pt—Pt pair disappear at 1180 K. This indicates that

C 160 .
—— Pd-Pd pair Pd-Pt NPs (dp=2.5 nm)
140 F—— Pt-Pt pair
120 11180 K /ﬁ%.

= 1160 K
= 80
60 11060 k

1 /‘\A/\/
0 500 K, . n

0.1 0.2 0.3 04 0.5 0.6
r/ nm

1160 K 1180 K

Fig. 3 a Lindemann indices of Pd—-Pt NPs with different dgp in range of 2.5 to 7.8 nm as a function of temperature; b snapshots of
cross section of Pd—Pt NPs with dgp of 2.5 nm taken at four representative temperatures and ¢ RDF of Pd—Pt NPs with dgp of 2.5 nm
at various temperatures corresponding to b (coloring denotes atomic type: red, Pd atom; blue, Pt atom)
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Fig. 4 a Melting points of three types of Pd/Pt bimetallic NPs as a function of inverse of NP diameter, and b melting points of pure Pt,

pure Pd and Pd—Pt NPs as a function of number of atoms

the melting of Pt NP is independent of the melting of Pd
NP in Pd-Pt NPs with dgp of 2.5 nm. The complete
melting of Pd-Pt NPs with dgp of 2.5 nm occurs within a
broad temperature range of 120 K since Pd NP and Pt NP
melt at 1060 and 1180 K, respectively. Besides, the
absence of a stable liquid shell on the surface of Pt NP with
a small diameter during the melting process is due to the
thermal instability of the surface atoms in Pt NP. The
crystal morphology of Pt NP changes from an initial sphere
to a polyhedron because the specific surface area of a
polyhedron is smaller than that of a sphere with the same
number of atoms [43], similar to other noble metals [44].
Hence, Pd and Pt diffuse into each other to form liquid
PdPt alloy only after Pt NP changes from solid to liquid.

The melting points of the three types of Pd/Pt bimetallic
NPs as a function of the inverse of the NP diameter, as
depicted in Fig. 4a, where the values of melting points are
obtained from their Lindemann index curves (Figs. 3a and
S3). For the three types of Pd/Pt bimetallic NPs, there is a
negative inverse correlation between the melting point and
the inverse of NPs diameter. The melting points of the
three types of Pd/Pt bimetallic NPs decrease rapidly as the
NP diameter decreases, which indicates a strong diameter
dependence of the melting point. Moreover, Pd—Pt NPs
possess a lower melting point than the core—shell NPs
(Pd@Pt NP and Pt@Pd NP) with the same effective
diameter. It is well known that the atoms located in the
outer layer play a more important role in the melting
process than the inner atoms. Hence, the surface atoms are
responsible for the significant decrease in the melting point
of Pd-Pt NPs in which the surface atoms are more
unstable (Fig. S4).

To explore the relationship of melting point between
Pd—Pt NPs and pure noble metal NPs, the melting points as

Rare Met. (2023) 42(2):406—417

a function of the number of atoms are shown in Fig. 4b for
Pd—Pt NPs, pure Pd NP and pure Pt NP. When the number
of Pt atoms in Pd—Pt NPs is the same as that in pure Pt NP,
the melting point of Pd—Pt NPs is similar to that of pure Pt
NP. In other words, the melting point of Pd—Pt NPs
depends on the melting temperature of Pt NP because the
melting point of Pt NP is higher than that of Pd NP. These
agree well with the discussion about the melting and coa-
lescence process in Pd-Pt NPs (Figs. 2 and 3).

To further investigate the effect of Pt composition on the
melting and coalescence mechanisms of Pd-Pt NPs with
dgp of 6.3 nm, Pd—Pt NPs with Pt composition in the range
of 10 at% to 80 at% were heated. The Lindemann indices
of Pd-Pt NPs with the different Pt compositions as a
function of the temperature are exhibited in Fig. 5a. A
sharp Lindemann index jump is observed for Pd-Pt NPs
with Pt composition of 20%, unlike the broad Lindemann
index jump of Pd-Pt NPs with the Pt composition of
10 at% and 80 at%. In addition, the dependence of the
melting point on the Pt composition is obtained from the
Lindemann index curves, as displayed in Fig. 5b. As such,
the melting point of Pd-Pt NPs will be determined by the
melting temperature of Pt NP, when Pt composition is more
than 20 at%. Besides, the melting point of Pd-Pt NPs
exhibits an approximately linear increase as Pt composition
rises.

To compare the melting and coalescence processes of
Pd—Pt NPs with the different Pt compositions, the snap-
shots of the cross section of Pd—Pt NPs with Pt composition
of 10 at% and 20 at% (cited as “Pd-10 at% Pt NPs” and
“Pd-20 at% Pt NPs,” respectively) taken at several repre-
sentative temperatures are shown in Fig. 6a, b, respec-
tively. Figure 6¢, d shows the RDF of Pd-10 at% Pt NPs
and Pd-20 at% Pt NPs at various temperatures

a
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Fig. 6 Snapshots of cross section of Pd—Pt NPs with Pt composition of a 10 at% and b 20 at% taken at several representative
temperatures. RDF of Pd—Pt NPs with Pt composition of ¢ 10 at% and d 20 at% at various temperatures corresponding to a and b,
respectively (coloring denotes atomic type: red, Pd atom; blue, Pt atom)

corresponding to Fig. 6a, b, respectively. For Pd-10 at% Pt
NPs, the morphology of Pt NP changes from an initial
sphere to a hemisphere at 1400 K. Three RDF peaks of Pd—
Pd pair and three RDF peaks of Pt—Pt pair are observed,
meaning a solid—solid transformation mode of the small Pt

Q

NP. At 1420 K, three RDF peaks of Pd-Pd pair and only
the first RDF peak of Pt—Pt pair are observed, which
indicates that Pt NP has already transformed into a liquid
and Pd NP is still in solid form. At 1440 K, only the first
RDF peak of Pd—Pd pair appears, implying that Pd NP has
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completely melted. Hence, the melting process of Pd-Pt
NPs with Pt composition of 10 at% starts from the inter-
face and expands into the interior of the Pd NP. The
melting of Pt NP occurs first, followed by Pd NP; since
smaller Pt NP has a lower melting temperature. For Pd-
20 at% Pt NPs, three RDF peaks of Pt—Pt and three RDF
peaks of Pd—Pd pair are still observed at 1400 K, indicating
that both Pd NP and Pt NP are orderly arranged. At
1420 K, only the first RDF peaks of Pt—Pt pair and Pd—Pd
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pair appear, which means an instantaneous transition of the
solid-liquid phase at this temperature. Thus, the melting
and coalescence of Pd-20 at% Pt NPs occurs only at a
temperature that is similar to the melting temperature of Pt
NP and that of Pd NP, experiencing a narrow temperature
range. The melting and coalescence of Pd-10 at% Pt NPs is
dependent on the melting of Pd NP while that of Pd-20 at%
Pt NPs is based on the melting of both Pd and Pt NPs. Since
Pd NP in Pd-10 at% Pt NPs melts at a higher temperature

b
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Fig. 7 Lindemann indices of a Pd—Pt-Ir NPs, b Pd@Pt@Ir NP, ¢ Pt@Pd@Ir NP and d Ir@Pt@Pd NP as a function of temperature.
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than Pd NP in Pd-20 at% Pt NPs, the melting point of Pd-
10 at% Pt NPs is higher than that of Pd-20 at% Pt NPs.

3.2 Melting processes of Pd/Pt/Ir trimetallic NPs

We further investigated the melting behaviors of four types
of Pd/Pt/Ir trimetallic NPs. The Lindemann indices of the
four types of Pd/Pt/Ir trimetallic NPs as a function of the
temperature are displayed in Fig. 7a—d. There are two
Lindemann index rises in Pd—Pt—Ir NPs and Ir@Pt@Pd NP
(Fig. 7a, b), while only one Lindemann index jump is
found for PdA@Pt@Ir NP and Pt@Pd@Ir NP (Fig. 7c, d). In
addition, it is found that beyond the first melting transition
(1440 K) in Pd-Pt-Ir NPs, the Lindemann index curve
exhibits a decrease to a certain extent, unlike the continu-
ously linear rising Lindemann index curve in Ir@Pt@Pd
NP. This is mainly attributed to the enhanced diffusion of
Pd and Pt atoms in Pd—Pt—Ir NPs after the overall melting,
partially lowering the total root-mean-square bond fluctu-
ation of the systems. Moreover, the melting points of four
types of Pd/Pt/Ir trimetallic NPs are depicted in Fig. 7e.
Pd@Pt@Ir NP has the lowest melting point (1480 K) and
the melting point of [r@Pt@Pd NP is the highest (1820 K).

To further understand the melting and coalescence
mechanism of Pd—Pt—Ir NPs during the heating process, the
snapshots of the cross section taken at five representative
temperatures are displayed in Fig. 8a. The RDF of Pd-Pt—
Ir NPs at various temperatures corresponding to Fig. 8a is
shown in Fig. 8b. At 500 K, five distinct RDF peaks of Pd—
Pd pair, Pt—Pt pair and Ir-Ir pair are observed, indicating
the regular fcc structure of the atoms. At 1300 K, only the
first RDF peak of Pd—Pd pair and three RDF peaks of Pt—Pt
pair and Ir—Ir pair are observed, which means that the Pd
NP has become liquid, and Pt and Ir NPs are still solid.
Meanwhile, Pd atoms in Pd-Pt-Ir NPs diffuse along the
surface of Pt NP and Ir NP, and the portion of Ir and Pt

500 K 1300 K

1800 K

1780 K

b
¢ [ Pd-Pd pair Pd-Pt-Ir NPs
— Pt-Pt pair
— Ir-Ir pair
5k
1800 K a5
4 11780 K A
=
® 311440 K

atoms at Pd/Ir and Pd/Pt interfaces diffuse into the liquid
Pd via the thermal vibration mentioned above. At 1440 K,
the second and third RDF peaks of Pt—Pt pair disappear,
which implies that Pt NP has completely melted. Liquid Pd
and Pt diffuse into each other and surround Ir NP because
Ir NP is still in solid form. Hence, a meniscus liquid PdPt
alloy is formed, unlike spherical liquid PdPt alloy in Pd—Pt
NPs. As the temperature rises, the Ir atoms at the interface
diffuse into the liquid PdPt area, while the Ir core remains
the regular fcc lattice until the melting point of Pd—Pt-Ir
NPs. Therefore, the coalescence of Pd—Pt—Ir NPs starts
with the melting of Pd NP at 1300 K, followed by Pt NP at
1440 K, then Ir NP at 1800 K, within a broad temperature
range of 500 K and a two-step coalescence process.
Besides, the melting and coalescence process of Pd—Pt-Ir
NPs depends on the melting temperature of Ir NP as Ir NP
has the highest melting point.

To investigate the melting mechanisms of Pd@Pt@Ir
NP and Pt@Pd@Ir NP, snapshots of their cross section at
four representative temperatures are exhibited in Fig. 9. At
1460 K (Fig. 9a), the outermost Ir shell melts and the Ir
atoms diffuse into Pt shell for Pd@Pt@Ir NP. At 1480 K,
an instantaneous melting of the Pd core occurs. The
melting of PA@Pt@Ir NP occurs within a narrow temper-
ature interval of 20 K from the melting of the outermost Ir
shell to Pd core. For Pt@Pd@]Ir NP, Pd shell melts, and Pd
atoms diffuse into the outermost Ir shell at 1300 K
(Fig. 9b). At 1480 K, the liquid IrPd alloy shell forms as
well as Ir and Pd atoms diffuse into the solid Pt core. The
diffusion process is very fast, and PdPtlr alloy forms at
1520 K. Hence, the melting of Pt@Pd@]Ir NP starts from
that of Pd shell at 1300 K, and it completely melts at
1520 K, causing a broad temperature range of 220 K. In
addition, the melting processes of Pd@Pt@Ir NP and
Pt@Pd@Ir NP are different from that of Pd@Pt NP. No
interface diffusion occurs in Pd@Pt NP below the melting

2 300K

o L500K, ,

0.1 0.2 0.3 0.4 0.5 0.6
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Fig. 8 a Snapshots of cross section of Pd—Pt—Ir NPs taken at five representative temperatures, and b RDF of Pd—Pt—Ir NPs at various
temperatures corresponding to a (coloring denotes atomic type: red, Pd atom; blue, Pt atom; green, Ir atom)
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point (Fig. S1a). Hence, the melting mechanisms of the Pd/
Pt bimetallic NPs are only partially applicable to those of
the Pd/Pt/Ir trimetallic NPs.

To understand the melting mechanism of Ir@Pt@Pd NP
during the heating process, the snapshots of their cross
section taken at five representative temperatures are shown
in Fig. 10a. The RDFs of Ir@Pt@Pd NP at various tem-
peratures corresponding to Fig. 10a are displayed in
Fig. 10b. The melting process of Ir@Pt@Pd NP begins
with the melting of the outermost Pd shell at 1300 K and
then develops toward Pt shell and Ir core. At 1700 K, the
liquid PdPt alloy shell is formed, and Pd and Pt atoms
diffuse into the solid Ir core. Since the melting temperature
of Ir core is much higher than 1700 K, Ir core surrounded
by a stable liquid shell is still in a perfect lattice state below
1820 K even though the surface of Ir core has melted.
Therefore, the melting of Ir@Pt@Pd NP experiences a
broad temperature range from the melting of Pd shell at
1300 K to the complete melting of Ir core at 1820 K.

1480 K

500 K 1300 K 1460 K

500 K 1300 K 1480 K 1520 K

Fig. 9 Snapshots of cross section of a Pd@Pt@Ir NP and
b Pt@Pd@Ir NP taken at four representative temperatures
(coloring denotes atomic type: red, Pd atom; blue, Pt atom;

green, Ir atom)

1300 K

1700 K 1800 K 1820 K

4 Conclusion

By employing the MD simulation, the melting and coa-
lescence mechanisms of Pd—Pt NPs with different effective
diameters and compositions were investigated to in-depth
understand their structural evolutions during the heating
process, and then these were compared to the melting
mechanisms of Pd@Pt NP and Pt@Pd NP. For Pd—Pt NPs
with an effective diameter of 2.5-4.0 nm, the melting
emerged only after both Pd and Pt NP were completely
melted. For Pd-Pt NPs with an effective diameter of
4.6-7.8 nm, the melting started at the interface before Pd
NP had completely melted and developed toward the
interior of the NPs, unlike Pt@Pd NP and Pd@Pt NP
possessing the liquid PdPt alloy after Pd portion had
completely melted. All atoms except those on Pd/Pt
interface remained in the fcc lattice before they had com-
pletely melted. Besides, the melting and coalescence pro-
cess of Pd-Pt NPs was dependent on the melting
temperature of Pt NP when the Pt composition was more
than 20 at% where Pt NP had a higher melting temperature
than Pd one. For Pd-Pt—Ir NPs, the melting started at Pd/Ir,
Pd/Pt and Pt/Ir interfaces, and expanded into the interior of
NPs, occurring within a broad temperature interval and
two-step coalescence process. The coalescence process of
Pd-Pt-Ir NPs depended on the melting temperature of Ir
portion because its melting temperature was the highest,
similar to Ir@Pt@Pd NP. On the contrary, the melting of
Pd@Pt@Ir NP and Pt@Pd@Ir NP began from the outmost
Ir shell, and PdPtlr alloy was formed after the core melted,
experiencing a narrow melting temperature interval. These
results show that the spatial distribution of the metals in Pt-
based multimetallic spherical NPs can be tailored through
precise control of the melting process to control catalytic
properties. By understanding how the melting mechanisms
are correlated with the structural evolution during the heat-

b 1s .
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Ir-Ir pair
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< 10
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Fig. 10 a Snapshots of cross section of Ir@Pt@Pd NP taken at five representative temperatures, and b RDF of Ir@Pt@Pd NP at
various temperatures corresponding to a (coloring denotes atomic type: red, Pd atom; blue, Pt atom; green, Ir atom)
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treatment process, we can tailor the experimental Pt-based
multimetallic spherical NPs fabrication process, as well as
aid in the composition design of these multimetallic
alloyed nanocatalysts.
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