
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
1/

9/
20

25
 4

:0
9:

02
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Molecular dynam
Beijing Advanced Innovation Center for Ma

Laboratory for Magneto-Photoelectrical Com

Mathematics and Physics, University of S

100083, China. E-mail: qianping@ustb.edu

Cite this: RSC Adv., 2023, 13, 7963

Received 16th December 2022
Accepted 23rd February 2023

DOI: 10.1039/d2ra08024a

rsc.li/rsc-advances

© 2023 The Author(s). Published by
ics study on the thermodynamic
stability and structural evolution of crown-jewel
structured PdCu nanoalloys

Qing Liu, Yajing Zhang and Ping Qian *

The novel crown-jewel (CJ) structured PdCu nanoalloys have attracted considerable interest in high-

performance single-atom catalysis. The characteristics of demanding high-temperature calcination in

the synthesis of these samples disable us from experimentally understanding the details of the thermal

evolution behavior of PdCu nanoclusters during the heating process. In this work, by analyses of

potential energy surface, bond order parameter, and radial distribution function, we have theoretically

studied the thermodynamic stabilities and structural evolution of Pd-decorated Cu-based CJ

nanoclusters with various compositions and sizes by molecular dynamics simulations. PdCu nanoclusters

undergo a cuboctahedral (Cubo) to icosahedral (Ico) structural transformation before melting. This

transformation is size- and Pd-composition dependent. The small size and high Pd-composition of

PdCu nanoclusters facilitate this transformation. In addition, we find that the surface and interface effects

of clusters have an important impact on the structural transformation and Cubo–Ico structural

transformation is strongly related to the release of excess energy.
1. Introduction

Bimetallic nanoclusters (NCs) have gained increasing attention
in catalysis for their signicant catalytic performance due to the
size effect and large surface-volume ratio.1,2 They have distinc-
tive properties from the corresponding unary nanoclusters
because of the synergistic effects between different elements.3

By designing different kinds of structural models, such as the
mixed alloy,4 quasi-Janus,5 core@shell,6,7 onion-like A–B–A,8

and crown-jewel (CJ) structures,9 the unique properties can be
achieved for bimetallic nanoclusters, making them suitable for
widespread applications in catalysis. Especially the NCs with CJ
structure, where onemetal cluster serves as the crown and other
metal atoms serve as the jewels decorating the special positions
of the crown, is considered a novel single-atom catalyst.10,11 For
example, recent reports have presented that PdAu,9 IrPdAu,12

PtFe,13 and PtAu14 nanoalloys with CJ structures show signi-
cant catalytic activity and selectivity, which is due to the unique
electronic structures and coordinative unsaturation of active
sites. In a word, crown jewel-structured NCs are worth studying
deeply as potential candidates in the eld of catalysis.

Pd-based nanoalloy has been considered an attractive alter-
native to Pt catalysts as Pd has similar catalytic properties as Pt.
Alloying Pd with cheap metals will signicantly reduce the high
terials Genome Engineering, Beijing Key

posite and Interface Science, School of

cience and Technology Beijing, Beijing,

.cn

the Royal Society of Chemistry
cost of precious metal catalysts and also enhance the catalytic
activity.15–18 The improved catalytic performance is attributed to
the modication of the electronic structures of Pd upon
bonding with the alloying metals.19 Among these alloy catalysts,
PdCu nanoalloys have been extensively studied as electro-
catalysts, which show excellent catalytic performance for oxygen
reduction reaction (ORR) and hydrogen evolution reaction
(HER) because of the strong synergistic effect. For instance,
Kariuki et al. prepared the monodisperse Pd–Cu nanoparticles
by a colloidal synthesis methodology.20 The results show that
carbon-supported Pd–Cu catalysts have excellent catalytic
properties for ORR in an acidic condition. Tang et al. studied
the effect of alloy compositions on ORR activity trends for PdCu
nanoparticles.4 The results show that the average oxygen
binding reduces as Cu is added to Pd, indicating an increase in
catalytic activity up to a peak at the 1 : 1 Pd/Cu ratio. In addition,
Zhang et al. synthesized CuPd nanocrystals with different non-
spherical shapes by adjusting the concentrations of reactants.21

The results reveal that the ORR activity of CuPd is remarkably
shape-dependent. Elham Chiani et al. synthesized PdCu nano-
particles decorated on mesoporous silica and carbon nano-
tubes.22 They proposed a potential strategy to develop stable and
highly efficient HER catalysts. In addition, Michelle et al.
synthesized ultrathin PdCu alloy nanowires.23 They found that
the PdCu nanostructure containing an intermetallic B2 phase
exhibits improved HER electrocatalytic performance in alkaline
and acid environments.

As the nanoalloy with the crown-jewel structure is emerging
as an important focus in catalytic applications, it is reported
RSC Adv., 2023, 13, 7963–7971 | 7963
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that PdCu nanoalloys with the crown-jewel structure are
promising candidates for high-performance and cost-effective
single-atom catalysts.24 However, theoretical investigation on
the structural properties and thermodynamic stabilities of the
CJ-structured PdCu nanoclusters has rarely been reported,
which is important for the practical application of PdCu cata-
lysts. This study is also motivated by the fact that the synthesis
of nanoclusters usually requires high calcination temperatures.
Therefore, understanding how the heating process affects the
structural stabilities and atomic arrangements of alloy nano-
clusters is crucial for designing high-performance catalysts. If
the nanocluster is vulnerable to operating conditions, the
occurrence of interatomic diffusion or atomic rearrangement
may render the reaction futile.25

In this work, we studied the heating process of PdCu nano-
alloys with various types of crown-jewel structures by molecular
dynamics (MD) simulation and explored the effects of cluster
size and composition on the structural evolution and thermo-
dynamic stability of PdCu nanoclusters. Interestingly, we found
a structural transition from the cuboctahedral (Cubo) structure
to the icosahedral (Ico) structure in some PdCu nanoclusters
during heating. The structural transition may alter the nano-
cluster's catalytic capacity. As discussed in our previous paper,24

the conguration (cuboctahedral and icosahedral) of the PdCu
cluster has an important impact on the HER and ORR catalytic
activity. Different congurations will have different catalytic
properties. In addition, we also explored the conditions and the
inuencing factors of the structural transformation from the
Cubo structure to the Ico structure (Cubo–Ico).
2. Models and computational
methods

We investigated the structural evolution and thermodynamic
stabilities of PdCu alloy clusters by MD simulations. The
cuboctahedral conguration is chosen as the initial
morphology of the PdCu nanocluster because of being experi-
mentally and theoretically reported as one of the stable struc-
tures of free clusters.26,27 We modeled three types of Pd-
decorated crown-jewel Cu-hosted clusters, as shown in Fig. 1,
in which Cu atom(s) at a single vertex (referred to as CJ-1 in
Fig. 1b), all vertices (CJ-2 in Fig. 1c), and all edges (CJ-3 in
Fig. 1d) of cuboctahedral Cu clusters are articially substituted
by Pd. Additionally, the same shaped pure Cu (see Fig. 1a) and
Cu@Pd core–shell (Fig. 1e) congurations with all Cu atoms of
facets replaced by Pd are also studied for comparison. For each
type of structure, size-varied models containing 147, 309, 561,
and 923 atoms are used to study the size effects on thermal
evolution behavior. The large simulation boxes of 25 × 25 × 25
Å, 30 × 30 × 30 Å, 35 × 35 × 35 Å, and 40 × 40 × 40 Å are
adopted for size-varied nanoclusters containing 147, 309, 561,
and 923 atoms, respectively, to eliminate the spurious interac-
tions between their articial periodic images.

We use the embedded atom method28-driven MD simula-
tions to investigate the heating process of Pd composition-
varied Cu-based nanoalloys, which is implemented in the
7964 | RSC Adv., 2023, 13, 7963–7971
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) soware.29 The prediction of MD results is subjected
to the accuracy of interatomic interaction potential, and we
need to carefully select an appropriate one for PdCu nanoalloy.
By introducing the alloy model, Zhou et al. have developed
a procedure to generalize the EAM potentials with identical
analytic forms. This greatly improves the scalability of EAM and
makes it suitable for the description of interatomic interactions
of alloys with any combination of 16 metals (Cu, Ag, Au, Ni, Pd,
Pt, Al, Pb, Fe, Mo, Ta, W, Mg, Co, Ti, and Zr).30 The accuracy of
the EAM form in simulating the structural properties and
thermodynamic stabilities of alloy nanoclusters has been veri-
ed in previous reports.24,31–33 We thus select this EAM potential
by Zhou et al. for all MD simulations of this work. The equations
of motion are integrated using the velocity-Verlet algorithm
with a time step of 1 fs, and the temperature is controlled by the
Nover–Hoover thermostat in heating. The canonical ensemble
(NVT) is used in this work. The initial metal clusters are relaxed
adequately at 0 K and then heated up to melting-above 1600 K
with the temperature step of 20 K. For each temperature step,
the rst 200 ps were used for the cluster heating, and the next
200 ps were used for the atomic structure equilibration and the
statistical averaging. Thus, each temperature step has a dura-
tion of 400 ps, with a heating rate of 100 K ns−1.

3. Results and discussion
3.1 Heating process of PdCu nanoclusters

3.1.1 Potential energy surfaces. We calculated the total
potential energy surfaces (PESs) during the heating of Cu-based
clusters with various Pd surface compositions (Cu, CJ-1, CJ-2,
CJ-3, and Cu@Pd) and sizes (N = 147, 309, 561 and 923
atoms). PES is supposed to scale linearly with heating temper-
ature unless some structural transformation or phase transition
occurs. As shown in Fig. 2, all nanoclusters with various sizes
and Pd compositions have a sudden rise in PES around 900 K,
where smaller sizes jump up earlier (see Fig. 2a and b), but
larger sizes do later (see Fig. 2c and d), which corresponds to the
melting point. The transition temperature from one structure to
another can be identied by the sharp jump in the potential
energy curve.

Interestingly, there is also a sharp drop in PES before
melting. For the smallest size of 147-atom nanoclusters in
Fig. 2(a), PESs of pure Cu and CJ-1 congurations have tiny
drops at 20 K. By checking the corresponding geometries of
congurations, we found that these two nanoclusters both
undergo a solid–solid transformation structurally from the
cuboctahedral conguration to the icosahedral conguration
(Cubo–Ico) at 20 K. The geometry evolution process during
heating will be thoroughly discussed in the next sections. The
drop in PESs at the transformation temperature indicates that it
is exothermic, which is attributed to the total energy difference
between the icosahedral (product phase) and cuboctahedral
(parent phase) congurations. Besides, we fail to see a similar
drop in PES for high Pd-compositions (CJ-2, CJ-3, and Cu@Pd
structures) because it happens prematurely at the stage of
relaxation of 0 K. Taking CJ-2 conguration of 147-atom PdCu
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic structures of cuboctahedral Cu-based nanoclusters with five surface Pd/Cu compositions. (a) Pure Cu, (b) one single vertex-
decorated CJ-1 PdCu, (c) all vertices-decorated CJ-2 PdCu, (d) all edges-decorated CJ-3 PdCu, and (e) core–shell Cu@Pd structures. Cu and Pd
elements are denoted in yellow and dark blue balls, respectively.
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nanocluster as a representative, we demonstrate some struc-
tural snapshots taken during the continuous structural trans-
formation for the cuboctahedral cluster at 0 K in Fig. 3. From
the gure we found that the Cubo–Ico transition is rapid,
diffusion-less, and solid-to-solid structural change occurs
Fig. 2 The PES versus the temperature during heating for pure Cu, Pd com
number of nanoclusters N = 147; (b) N = 309, (c) N = 561, and (d) N =

© 2023 The Author(s). Published by the Royal Society of Chemistry
through the cooperative displacement of all atoms over very
short distances, where atoms maintain a close relationship with
one another in the crystal structure.

Similarly, some PdCu nanoclusters with larger sizes (N =

309, 561, and 923 atoms) also undergo the structural transition
position-varied CJ PdCu, and Cu@Pd core–shell nanoclusters. (a) The
923.

RSC Adv., 2023, 13, 7963–7971 | 7965
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Fig. 3 The top-view and side-view of atomic configuration snapshots showing the structural evolution of 147-atomPdCu nanocluster with CJ-2
during 0 K relaxation.

Table 1 The Cubo–Ico transition temperatures at different heating
rates for 309-atom PdCu nanoclusters with four surface compositions

Structures 200 K ns−1 100 K ns−1 50 K ns−1 25 K ns−1

CJ-1 422 407 402 381
CJ-2 341 321 303 318
CJ-3 141 120 137 136
Cu@Pd 0 0 0 0
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from Cubo to Ico structure before the melting point. To have
a clearer view, we extracted the transition points from Fig. 2 and
summarized the solid–solid Cubo–Ico transition temperatures
(Ttran) and solid–liquid transition temperatures (Tmelt) versus
Pd-composition varied nanoclusters with four sizes in Fig. 4.

From Fig. 4, we see the trend that the transformation
temperatures decrease with the increasing Pd-composition of
nanoclusters for the xed size, while the 923-atom large size
depresses the occurrence of the transformation of pure Cu and
CJ structures before solid–liquid transition. It indicates that
Cubo–Ico structural transition is strongly related to the cluster
size and occurs only in small clusters.

Besides, to investigate the inuence of heating rate on the
Cubo–Ico transition temperature, we vary the heating rate, and
200 K ns−1, 100 K ns−1, 50 K ns−1, and 25 K ns−1 heating rates
are used in this work. Taking 309-atom PdCu nanoclusters as an
example, we study the heating process of CJ-1, CJ-2, and CJ-3
structures and Cu@Pd nanoclusters, and the Cubo–Ico transi-
tion temperatures at different heating rates are shown in Table
1. From the table, we can see that for three kinds of CJ
Fig. 4 The distributions of (a) Cubo–Ico transformation temperatures (T
compositions with various sizes.

7966 | RSC Adv., 2023, 13, 7963–7971
structures, the Cubo–Ico transition temperature has an overall
declining trend as the heating rate decreases, but the change is
small. For the 309-atom Cu@Pd nanocluster, the transition
temperature is always 0 K due to the large interfacial lattice
strain. The above indicates that the heating rate has an impact
on the Cubo–Ico transition, but the inuence is small.

3.1.2 Geometry evolution and radial distribution func-
tions. Apart from PES curves, the structural transformation or
phase transition can also be tracked by comparing the differ-
ences between structural properties such as the radial
tran) and (b) melting temperatures (Tmelt) of PdCu nanoclusters versus

© 2023 The Author(s). Published by the Royal Society of Chemistry
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distribution functions (RDFs) and bond order parameter (BOP).
RDF is dened as the probability of nding a pair of atoms with
a distance of r, relative to the probability expected for
a completely random distribution against a homogeneous
distribution.34,35 It can thus be used to analyze the structural
changes and the degree of disorder of the nanostructure. Fig. 5
presents the RDFs of 309-atom Cu, CJ-1, CJ-2, CJ-3, and Cu@Pd
nanoclusters, accompanied by the corresponding geometric
congurations at transition-critical temperatures as insets. RDF
gives a series of individual sharp peaks for crystalline phases
but broad peaks superimposed on the oscillatory trajectory
because of the absence of long-range order characteristics.36 At
100 K (Fig. 5), all nanoclusters inherit crystalline characteristics
from initial states and remain as cuboctahedral (but icosahe-
dral for Cu147@Pd162) geometries because of the sharp peaks
(also see le images of insets of Fig. 5).

As it heats up to the transformation temperatures, we see the
changes in geometry from cuboctahedrons to icosahedrons for
Cu cluster and CJ nanostructures in the middle images of insets
of Fig. 5, but the crystallinity remains, although a little more
broadening of RDF peaks compared to that at 100 K because of
the enhanced perturbation of atomic orientation caused by
atomic kinetics. When the temperature is further raised to
around 900 K, we see the peaks become less and wider, and
a clear gap appears between the rst two peaks of RDF, which
shows the sign of a liquid phase. The highly disordered atom
arrangements in the right images of insets of Fig. 5 also sup-
ported solid–liquid transition.

In addition, the relative positions between atoms of clusters
remain unchanged before and aer the Cubo–Ico
Fig. 5 The calculated RDFs of 309-atom (a) pure Cu309, (b) CJ-1: Pd
Cu147@Pd162 nanoclusters. Their corresponding structural snapshots at 1
temperatures during the heating, are displayed as insets, respectively. C

© 2023 The Author(s). Published by the Royal Society of Chemistry
transformation, indicating the diffusion-less process. Pd atoms
always stay at the initial vertex or edge positions, and the crown-
jewel structures are well maintained until melting, which
further conrms the thermal stabilities of PdCu nanoclusters.

3.1.3 Bond order parameter. The bond order parameter is
also an effective way to distinguish solid and liquid states and
examine crystalline structures such as face-centered cubic
(FCC), body-centered cubic (BCC), hexagonal close-packed
(HCP), and ICO types.37 In this section, we use the bond order
parameter W6 to differentiate nanoclusters. W6 has a set of
numerical assignments to quantify crystalline and liquid pha-
ses, including−0.013 for FCC,−0.17 for Ico, and 0 for the liquid
phase. We present the W6 bond order parameters with heating
for 309-atom nanoclusters in Fig. 6. At the low-temperature
stage (T < Ttran), all structures (but for Cu147@Pd162) maintain
initial FCC packing, indicating the Cubo conguration. As
temperatures increase and step into the transformation stage
(Ttran # T < Tmelt), W6 parameters dump down to near −0.17
from ∼−0.013, indicating a new Ico transformation. W6
remains at ∼−0.17 until temperatures go up to melting points
and further holds at 0 at the liquid stage (T $ Tmelt) because of
the disorder of liquid structure for all nanoclusters. Our bond
order parameter analysis of structural transformation and
melting temperatures is in good agreement with that of PESs in
Fig. 2(b) and RDFs in Fig. 5.

3.2 Effects of Pd composition on stabilities and
transformation temperatures of PdCu nanoclusters

To better understand the role of the Pd component in the
structural evolution of PdCu nanoclusters, we plot the
1Cu308, (c) CJ-2: Pd12Cu297, (d) CJ-3: Pd84Cu225, and (e) core–shell
00 K, around Cubo–Ico structural transformation (if exists) and melting
u and Pd atoms are denoted in yellow and dark blue balls.

RSC Adv., 2023, 13, 7963–7971 | 7967
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Fig. 6 The bond order W6 parameters versus the temperatures of 309-atom pure Cu, CJ-PdCu, and Cu@Pd core–shell nanoclusters with five
compositions.
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correlation between Ttran and Tmelt and Pd-decorated concen-
trations at different cluster sizes in Fig. 7(a) and (b). We see
a clear trend that Ttran decreases with the increasing Pd
concentration, as shown in Fig. 7(a), which can be attributed to
surface reconstruction induced by Pd doping. When Pd atoms
are doped on the surface of Cu clusters, there is a large inter-
facial lattice mismatch between Pd and Cu atoms in alloy
nanoclusters due to the different atomic radii. The dislocation
thus would occur spontaneously as long as temperature-aided
kinetic energy overcomes the energy barrier between struc-
tural transformations. More specically, when Pd atoms on the
cluster surface increase, there will be a larger interfacial lattice
mismatch in PdCu clusters, providing the necessary driving
force for Cubo–Ico structural transformation, so the Cubo–Ico
transformation temperature further gets lower. When Pd
composition maximizes and covers all over the NCs surface (i.e.,
Cu@Pd), there will be a very large interfacial mismatch stress at
the core–shell interface lattice site. Thus, the atomic layer
adjacent to the interface slides more easily, and the ordering of
lattice strain can be propagated more easily in a long-range
mode, as discussed in the previous theoretical studies in the
literature.38 Hence, the Cu@Pd core–shell NCs have the lowest
Cubo–Ico transition temperature.

Conversely, Pd composition seems to have a positive effect
on the melting point. As shown in Fig. 7(b), the increase in Tmelt

is not straightforward from pure Cu, CJ-1, CJ-2 to CJ-3 NCs but
a noticeable rise at Cu@Pd. It is associated with the higher Tmelt

of 1828 K for bulk Pd than that of 1358 K for bulk Cu, as the
fraction of Pd of Cu@Pd rises evidently, and thus we see the
obvious jump from CJ-3 to Cu@Pd nanocluster.

Since the surface and interface effects of nanoclusters have
a signicant inuence on the structural evolution of clusters, we
7968 | RSC Adv., 2023, 13, 7963–7971
can further quantitatively characterize it by the excess energy
DEc,31,39 which will be adopted to analyze the Cubo–Ico struc-
tural transition behavior. The excess energy of clusters is given
by,

DEc = Ec − EId
c (1)

where Ec is the average energy per atom in the nanocluster and
EIdc is the average energy per atom in an innite ideal solution
with the same concentration, which is dened as:

EId
c ¼ 1

NA þNB

½NAECðAÞ þNBECðBÞ� (2)

where EC(A) and EC(B) are the energy per atom of A and B bulk
materials at a given temperature, respectively. The bulk system
is obtained by using a cubic periodic supercell with an FCC
structure including 500 atoms. NA and NB are the total number
of A and B atoms, respectively.

Taking PdCu alloy clusters with 309 atoms as an example, we
show the excess energy of PdCu clusters with ve compositions
at different temperatures in Fig. 7(c). Some conclusions are as
follows. First, we can see that the excess energy at 0 K is almost
the same as that at 200 K for Cu309, Pd1Cu308 (CJ-1 structure),
and Pd12Cu297 (CJ-2 structure) nanoclusters. As discussed
above, these three nanoclusters do not undergo the Cubo–Ico
transition at 0 K and 200 K, which suggests that the excess
energy is independent of the temperature when the cluster does
not experience the Cubo–Ico transition. Second, the excess
energy of CJ-3 structured PdCu nanocluster at 200 K is lower
than that at 0 K since this cluster undergoes Cubo–Ico trans-
formation at 120 K (between 0 K and 200 K), suggesting that the
release of the excess energy of PdCu clusters will lead to the
Cubo–Ico structural transformation. Third, we see that the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) The Cubo–Ico structural transformation temperature (Ttran), (b) solid–liquid transition temperature (Tmelt) and (c and d) excess energy
versus Pd composition-varied Cu-based nanoclusters. Four samples with sizes ranging from 147 to 923 atoms are presented for Ttran in (a) and
Tmelt in (b). 309-atom (c) and 561-atom (d) samples are selected for excess energy.
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excess energy at 200 K is almost identical to that at 300 K for
PdCu nanoclusters with ve compositions, and the cluster does
not undergo the Cubo–Ico structural transition at these
temperatures. Fourth, as Cu309, CJ-1, and CJ-2 structures have
undergone the Cubo–Ico structural transformation at 409 K,
407 K, and 322 K, respectively (between 300 K and 500 K), their
excess energy at 500 K is lower than that at 300 K. This further
conrms that the release of excess energy will lead to the Cubo–
Ico transformation. Fih, we found that the excess energy of
Cu147@Pd162 core–shell cluster at 0 K, 200 K, 300 K, and 500 K is
almost the same, which is because this cluster undergoes the
Cubo–Ico structural transition at the stage of relaxation at 0 K.

Besides, we also calculated the excess energy of PdCu clus-
ters with N = 561 atoms, as shown in Fig. 7(d). A similar
conclusion can be reached: the excess energy of CJ-3 at 500 K is
lower than that at 200 K since the cluster undergoes the Cubo–
Ico transformation at 438 K (between 200 K and 500 K). The
excess energy at 200 K and 500 K for the Cu@Pd cluster is lower
than that at 0 K since the Ttran is 20 K. In a word, the Cubo–Ico
structural transition is strongly related to the release of excess
energy.
3.3 Size-dependent structural and solid–liquid
transformation temperatures of PdCu nanoclusters

Fig. 8 exhibits the Cubo–Ico structural transition temperatures
(Ttran) and the melting temperatures (Tmelt) versus N

−1/3 (N is the
number of total atoms of nanoclusters) of PdCu nanoclusters at
© 2023 The Author(s). Published by the Royal Society of Chemistry
each composition (pure Cu, three CJ structures, and Cu@Pd
core–shell nanoclusters). From Fig. 8(a), we see that as the
cluster size increases, Ttran becomes higher, indicating that the
structural transformation becomes more difficult. When the
cluster size increases to 923 atoms (N−1/3= 0.10277), this Cubo–
Ico structural transformation will no longer occur in some PdCu
nanoclusters, which can be explained by the surface effect. With
the increase of the nanocluster size, the surface effect will
become weaker, and the lower surface-to-volume ratios will
result in lower values of intrinsic compressive stress imposed
on the nanocluster surface, thus reducing the driving force
provided for the Cubo–Ico transition. Therefore, the Cubo–Ico
structural transition temperature of PdCu nanoclusters rises
with the increasing cluster size.

In addition, we can see from Fig. 8(b) that the melting
temperature rises with the increase of PdCu cluster size for each
composition. The melting point has a nearly linear relationship
with N−1/3 for all ve compositions, which is in qualitative
agreement with Pawlow's law.40 Therefore, the cluster size has
a signicant effect on the structural transformation behavior.

As far as we know, there are no DFT or experimental reports
in the literature on the particular Cubo–Ico transition in PdCu
nanoalloys. However, similar Cubo–Ico structural trans-
formations have been found in other alloy nanoclusters by MD
simulations, for example, AuAg nanoclusters,25,38 RhCu,41 and
Cu-based nanoclusters.31 Because of the small size, it is difficult
to observe the microstructural evolution of nanoclusters and
RSC Adv., 2023, 13, 7963–7971 | 7969
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Fig. 8 (a) The Cubo–Ico structural transformation temperature (Ttran) and (b) the melting point (Tmelt) as a function of the inverse cube root of
size N−1/3 for pure Cu, Pd-decorated CJ, and Cu@Pd core–shell nanoclusters.
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produce well-controlled nanostructures at the atomic scale in
the experiment, while MD simulation is an effective tool to
achieve this. Although experimental conrmation is still scarce,
our calculation provides signicant guidance for the experi-
mental study and practical application of PdCu nanoclusters.

4. Conclusions

In this study, we investigate the heating process of PdCu
nanoclusters with CJ structures using MD simulations based on
the EAM method and explore the inuence of surface compo-
sition and cluster size on thermal stabilities and structural
evolutions. Five compositions, including pure Cu cluster, three
types of crown-jewel structures and core–shell structures, and
four cluster sizes with N = 147, 309, 561, and 923 atoms, are
used for this study. The structural transformation temperatures
of these PdCu nanoclusters have been identied through the
PESs, W6 bond order parameter, and RDFs analyses. Some
PdCu nanoclusters are observed to experience the structural
transition from the cuboctahedral to the icosahedral congu-
ration before melting. We found that Cubo–Ico transition
temperature decreases monotonically with the increase in Pd
content of the PdCu cluster, and Cu@Pd core–shell structure
always has the lowest Ico transformation temperature for each
cluster size. This indicates that doping Pd atoms is benecial to
the occurrence of Cubo–Ico structural transition. Besides, with
the increase in PdCu cluster size, it will become more and more
difficult to experience the Cubo–Ico transformation. Finally, we
also found that the cluster size has a signicant impact on the
melting point of PdCu clusters.
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