http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

Structural and thermal stabilities of Au@Ag core-shell nanoparticles and their arrays: A

molecular dynamics simulation

Hai-Hong Jia(%i#7it), De-Liang Bao(f4{# %), Yu-Yang Zhang(5k 42 7¥), Shi-Xuan Du(f %)
Citation:Chin. Phys. B . 2020, 29(4): 048701 . doi: 10.1088/1674-1056/ab7da9
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Unidirectional rotation of circles driven by chiral active particles

Jiamin Chen([%£#1), Xiaolin Zhou(J& 1), Linxi Zhang (& #ki%)
Chin. Phys. B . 2018, 27(11): 118701 . doi: 10.1088/1674-1056/27/11/118701

Molecular dynamic simulation of the thermodynamic and kinetic properties of nucleotide base
pair

Yu-Jie Wang(E£F74), Zhen Wang(E£), Yan-Li Wang(E 2 #]), Wen-Bing Zhang(5k 3 f#)
Chin. Phys. B . 2017, 26(12): 128705 . doi: 10.1088/1674-1056/26/12/128705

Modulation of intra- and inter-sheet interactions in short peptide self-assembly by acetonitrile in
aqueous solution

Li Deng(¥34L), Yurong Zhao(#* £ %¢), Peng Zhou(f ), Hai Xu(#&:iF), Yanting Wang( T %E &)
Chin. Phys. B . 2016, 25(12): 128704 . doi: 10.1088/1674-1056/25/12/128704

Segregations and desorptions of Ge atoms in nanocomposite Si,..Ge, films during
high-temperature annealing

Yu Wang(7£4%), Meng Yang(#i5), Gang Wang(ERI), Xiao-Xu Wei(FLFH/E), Jun-Zhuan Wang(E %), Yun
Li(Z=/), Ze-Wen Zou(Z: 1 32), You-Dou Zheng(A %}, Yi Shi(jii %)
Chin. Phys. B . 2017, 26(12): 126801 . doi: 10.1088/1674-1056/26/12/126801


http://cpb.iphy.ac.cn/EN/abstract/abstract75531.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract75531.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract73093.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71226.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71226.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68954.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract68954.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71081.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract71081.shtml

Chin. Phys. B Vol. 29, No. 4 (2020) 048701

Structural and thermal stabilities of Au@Ag core-shell nanoparticles
and their arrays: A molecular dynamics simulation”

Hai-Hong Jia(B7 /)12, De-Liang Bao(f4f5%)12, Yu-Yang Zhang(5K 4x¥£)"%, and Shi-Xuan Du(ft {H )2

! nnstitute of Physics, Chinese Academy of Sciences, Beijing 100190, China

2 University of Chinese Academy of Sciences, Chinese Academy of Sciences, Beijing 100190, China

(Received 10 February 2020; revised manuscript received 29 February 2020; accepted manuscript online 9 March 2020)

Thermal stability of core-shell nanoparticles (CSNPs) is crucial to their fabrication processes, chemical and physical
properties, and applications. Here we systematically investigate the structural and thermal stabilities of single Au@Ag
CSNPs with different sizes and their arrays by means of all-atom molecular dynamics simulations. The formation energies
of all Au@Ag CSNPs we reported are all negative, indicating that Au@Ag CSNPs are energetically favorable to be formed.
For Au@Ag CSNPs with the same core size, their melting points increase with increasing shell thickness. If we keep the
shell thickness unchanged, the melting points increase as the core sizes increase except for the CSNP with the smallest core
size and a bilayer Ag shell. The melting points of Au@Ag CSNPs show a feature of non-monotonicity with increasing core
size at a fixed NP size. Further simulations on the Au@Ag CSNP arrays with 923 atoms reveal that their melting points
decrease dramatically compared with single Au@Ag CSNPs. We find that the premelting processes start from the surface

region for both the single NPs and their arrays.

Keywords: bimetallic nanoparticles, thermal stability, melting point

PACS: 87.10.Tf, 68.60.Dv

1. Introduction

Bimetallic nanoparticles (BNPs), composed of two dif-
ferent metal elements, have attracted great interest due
to their novel electronic,!! optical,[**! catalytic/*7! and
photocatalytic!*! properties. Depending on the synthesis pro-
cedures, the configuration of BNPs can be alloyed,®3! core-
shelled, 1114161 etc. For the core-shell BNPs (CSNPs), one
metal element forms a core and the other forms a concentric
shell, while for the alloyed ones, the distribution of the two
types of atoms is discrete. Consequently, the properties of
BNPs can be tuned not only by varying their sizes and shapes,
but also by changing the spatial distribution of two metal el-
ements. CSNPs with different functionalities have been de-
signed by changing the core-to-shell volume ratio.>!7-2 For
example, the efficiency of the catalytic reaction was increased
with increasing core size of Au@Ag CSNPs. "] Through sys-
tematic investigation on the localized surface plasmon reso-
nance (LSPR) properties of the Au@Ag core-shell nanotubes
as a function of the Ag shell thickness, Ma et al. found
that a shell thickness of 3 nm completely screened the LSPR
of the Au cores.’! As for bimetallic nanoalloys, numerous
works have been devoted to explore highly efficient nanoalloy-

(21241 However,

based catalysts by tuning component ratios.
high temperature is inevitably involved not only in the synthe-
sis and postprocessing (thermal annealing) processes of BNPs

but also in their applications such as high-temperature cat-
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alytic reactions. The structural, chemical and physical prop-
erties of BNPs can be changed significantly with increasing
temperature.!>! In view of this, extensive efforts have been
taken to investigation of the thermal stabilities of BNPs in
experiments>>-271 and theory. [23-4%1

Among a wide range of BNPs, Au—Ag NPs have shown

2,3,43,44 45-47]

great potential in the field of optics,! 1 biosensorl

and catalysis.[*3-5%! Similar lattice constant and chemical en-
vironment in their bulk phase facilitate the synthesis of Au—Ag

51,52] 53-55]

alloy! or core-shell! nanoparticles. The effects of

structural factors, such as shape,>®! atomic arrangement!>6-7]
and component,’’*8] on the thermal stabilities of Au-Ag
BNPs have been investigated theoretically by several research
Chen et al.

thermal stability of Au,Agss_, with a fixed size of 55 atoms

groups. studied the component effect on the
and found that the melting point decreases with increasing
Au concentration.®® Qi er al. found that both the shape and
atomic configuration effects are minor factors in affecting the
melting temperature of Au—Ag BNPs.[®! The calculated for-
mation energies of NPs with 555 atoms and 959 atoms indicate
that the large NPs are more stable than the small ones with
the same composition. Gould et al. reported that the melt-
ing points of Au@Ag CSNPs are much higher than Ag@Au
CSNPs with a fixed size of 147 atoms.>”] However, systemati-
cally investigating the effects of both the core size and the shell
size on the thermal stabilities of Au@ Ag CSNPs with different
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sizes is still lacking. Moreover, though the NPs synthesized
are always assembly structures, the theoretical investigations
are mainly focused on a single NP or several NPs with a lim-
ited number of NPs. A theoretical study of arrays of NPs is
also important to understand the experimental observations.

In this article, we choose small size of NPs to study their
structural and thermal stabilities because the NP as a catalyst
becomes more effective as its size goes down and its melting
point is very different from its bulk. The Au@Ag CSNPs are
constructed by doping different numbers of Au atoms into the
core of Ag NPs with different sizes and we investigate the ef-
fects of both the core and the shell sizes on the thermal stabil-
ity of these Au@Ag CSNPs. Molecular dynamics (MD) sim-
ulations with embedded-atoms method (EAM) potential are
used to study the structural and thermal stabilities of Au@Ag
CSNPs and close-packed arrays. It is found that for Au@Ag
CSNPs with the same core size, the melting points increase
with increasing shell thickness. Except for Au@Ag CSNP
with 13 Au and 134 Ag atoms, an increase of the thickness
of Au core leads to an increase of the melting point when the
thickness of Ag shell is fixed. For Au@Ag CSNPs at a fixed
size, the melting points show a feature of non-monotonicity
with increasing core size, either higher or lower than that of a
AgNP with the same size. Furthermore, the thermal stability
of a two-dimensional close-packed Au@Ag CSNP (with 923
atoms) array has also been explored. It is found that the ther-
mal stability of a single Au@Ag CSNP is much better than
their arrays.

2. Computational methods
2.1. Initial configurations setup

Because the icosahedral motif is the most favored config-
uration for NPs with less than 3000 atoms, 5%l here we only
consider the stability of icosahedral NPs. For an icosahedron
with K atomic layers, the magic number of atoms can be writ-

ten as
5 10

= K —ZK’+—K-—1. 1
3 3 + 3 (D

Therefore, icosahedral Ag NPs with 147 atoms consists of four

N(K)

atomic layers. In this work, icosahedral Ag NPs with four
(147 atoms), five (309 atoms), six (561 atoms), and seven (923
atoms) atomic layers are constructed to study the cluster size
effect on thermodynamic stability of NPs. For each Ag NP, we
dope different layers of Au atoms as a core to study the effects
of core size on thermal stability of Au@Ag CSNPs. Since
the particles with one layer of Au core only has one atom and
their properties are sensitive to the doping environment, >7! we
did not include them in our calculation. To differentiate these
Au@Ag CSNPs, Au,@Agg_, are used, where x is the num-
ber of Au layers and K is the total number of layers of the NP.
Ag NPs and Au NPs are regarded as special cases of Au@Ag

CSNPs, where the thicknesses of the Au core are 0 and K, re-
spectively. The initial configurations of these NPs are shown
in Fig. 1.
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Fig. 1. Schematic diagrams of the atomic arrangement of Ag NPs,
Au@Ag CSNPs and Au NPs. To clearly see the size of the Au core,
only bottom half of Ag atoms for Au@Ag CSNPs are shown here.

2.2. Potential model

The integrated EAM potential database developed by
Zhou et al. is applicable to a number of metals and their al-
loys including Ag, Au and AuAg alloys.[®!-%4 In the EAM
potential model, the total energy of the system is defined as

1
E= Eziﬁjyi;ﬁjq)ij(rij)JFZiE‘(pi)v 2
where ¢;; represents the pair energy between atoms i and j
separated by a distance of 7;;, and F; is the embedding energy
associated with embedding an atom i into a local site with an
electron density p;. The electron density can be calculated us-
ing

Piizj#ifj(rij), 3

where f;(ri;) is the electron density at the site of atom i arising
from j at a distance of 7;; away.

2.3. Simulation details

The software used in our simulation is a large-scale
atomic molecular massively parallel simulator (LAMMPS).
Upon starting the MD simulations, all NPs are first quasi-
statically relaxed to a local minimum energy state through the
steepest descent method. All simulations are conducted un-
der the NVT (fixed number of particles, volume, and tempera-
ture) ensemble with Nosé—Hoove thermostat with a relaxation
time of 0.1 ps. The time step of 2 fs is used. Periodic bound-
ary condition (PBC) is applied in three dimensions. For sin-
gle NPs, a vacuum layer in simulation cells (>2 nm) is large
enough to ignore interactions between neighboring NPs. In or-
der to study the thermal behavior, NPs are heated from 300 K
to 1000 K with an interval of 5 K. At each temperature, we
heat the sample to the setting temperature in 0.1 ns and do the
simulation under NVT for 8 ns to achieve an equilibrium state.
The equilibrium state then undergoes a 2 ns production run in
which the trajectories are stored every 1 ps.
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3. Results and discussion
3.1. Stability of single Au@Ag CSNPs

The stabilities of Au@Ag CSNPs with different sizes at
0 K are investigated by calculating their formation energies.

The formation energy Ey is defined as37-%]

Er = Exg — XEg — (1 — ) E, “4)

where Eap, Ea, and Ep are the cohesive energies of bimetal-
lic NP, NPs with pure component A and B, respectively; x is
the atomic concentration. The Ef values for different Au@Ag
CSNPs are listed in Table 1.

For an NP with four layers, as shown in Table 1, the
mean cohesive energies for pure Ag and Au NPs are —2.45 eV
and —3.52 eV, respectively. Both the mean cohesive energies
are higher than their corresponding bulk values —2.85 eV and
—3.93 eV for Ag and Au, respectively. This suggests that the
stability of bulk metal decreases when the size is in nanoscale.
With the increasing NP size, the mean cohesive energies for
pure Ag and Au NPs decrease, suggesting an increasing sta-
bility of pure NPs as the size of the NP increase. In addition,
we find that the formation energies of Au@Ag CSNPs are all
negative, indicating that Au@Ag CSNPs are energetically fa-
vorable to be formed.

3.2. Melting temperature of single A u@Ag CSNPs

To simulate the melting process, we increase the temper-
ature of Au@Ag CSNPs from 300 K to 1000 K with an in-
terval of 5 K. Lindemann index, an effective indicator of the
thermally driven disorder, which has been widely applied to
determine the melting point (7;,) of NPs, %! is calculated for

each temperature. For a system in which the number of atoms
is N, the local Lindemann index of atom i can be defined as

)~ ()’
qi:Nl—lz < >

i <r ij > ’

&)

where angular brackets indicate a time average at a constant
temperature. The system-averaged Lindemann index is calcu-
lated by & = 3 L.

14

It is generally accepted that a value of 6 smaller than ~0.1
indicates a solid state, while a value larger than ~0.1 is a lig-
uid state.[°®! Here we employ a Lindeman index of 0.1 as the
criterion to determine the melting point. These melting points
have been further confirmed by using common neighbor anal-
ysis. Temperature dependences of the Lindemann indices for
Ag NPs, Au NPs, and Au@Ag CSNPs with different sizes are
shown in Fig. 2. We find that the Lindemann indices increase
linearly at the beginning of heating and show an obvious and
nonlinear increase as the temperature is close to the melting
point. The solid and liquid phases coexist in the vicinity of
the melting point, corresponding to the premelting stage. It
is difficult for us to determine the melting point of Auy di-
rectly by Lindemann index because of the slow solid-liquid
deformation, which is similar to the observation of Gould et
al.’7) Here the Lindemann index in combination with a com-
mon neighbor analysis (the next section will describe this pa-
rameter in detail) is used to decide the melting point of Auy.
The melting points of Ag NPs, Au NPs, and Au@Ag CSNPs
are given in Table 1.

Table 1. The mean cohesive energies per atom (Eq), formation energies (Er), surface area to volume ratios (sa/vol) and melting points

(Tm) of single Au@Ag CSNPs with different sizes.

Composition Number of atoms in NPs Ec.on/eV E¢/leV (sa/vol)/A~! Tm/K
Agy 147 —2.450 0 0.462 835
Auy 147 —3.522 0 0.470 720
Au, @Ag, 147 —2.555 —1.500 0.462 875
Aus@Ag 147 —2.911 —8.807 0.462 770

Ags 309 —2.542 0 0.345 875

Aus 309 —3.614 0 0.351 855
Au, @Ags 309 —2.590 —0.896 0.345 900
Auz @Ag; 309 —2.741 —2.531 0.345 870
Auys@Ag; 309 —3.101 —15.147 0.345 820

Agg 561 —2.598 0 0.275 900

Aug 561 —-3.671 0 0.280 885
Au, @Agy 561 —2.624 —0.637 0.274 915
Aus@Ags 561 —2.707 —2.134 0.276 915
Au @Ag, 561 —2.887 —4.398 0.275 915
Aus @Ag 561 —3.230 —22.995 0.274 860

Agy 923 —2.635 0 0.228 960

Auy 923 —3.708 0 0.230 960
Au, @Ags 923 —2.651 -0.819 0.228 945
Aus@Agy 923 —2.701 —1.903 0.228 955
Auy@Ags 923 —2.811 —4.717 0.228 955
Aus @Ag, 923 —3.003 —8.107 0.228 960
Aug@Ag 923 —3.325 —34.917 0.228 905
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Fig. 2. Lindemann indices as a function of temperature for Ag NPs, Au@Ag CSNPs and Au NPs in different sizes. (a)-(d) Lindemann indices
as a function of temperature for NPs with four, five, six and seven atomic layers, respectively. The black and pink curves show the Lindemann
indices of Ag NPs and Au NPs, respectively. The Lindemann indices of Au@Ag CSNPs with two, three, four and five layers of Au core are

plotted by red, green, blue, olive and orange curves, respectively.

It is found that the melting point of Ag NP increases with

[67) and agrees

increasing size, which follows the Pawlow law
with the existing experiments. 8] The Pawlow law is also suit-
able for Au NPs. However, different from the bulk phase,
where the melting point of bulk Au is higher than that of bulk
Ag, the melting points of Au NPs are lower than or equal to
that of Ag NPs with the same size. For a single-component
bulk material, the melting point is proportional to its cohesive
energy, according to Lindemann’s criterion.[®] The cohesive
energy of bulk Ag is —2.85 eV per atom, which is higher than
that of bulk Au, —3.93 eV per atom. Therefore, the melt-
ing point of bulk Au (1415 K) is higher than that of bulk Ag
(1175 K). When bulk material changes to nanoparticles, the
melting point decreases because surface atoms with low coor-
dination numbers and greater degrees of freedom have less sta-
bility than atoms in the bulk. It is for this reason that the melt-
ing process of the monometallic NP begins at surface region,
causing the phenomenon of surface premelting.!”®! Figure 2
shows that the Lindemann indices of Au NPs (the pink curves)
start to fluctuate, indicating a premelting, at lower tempera-
tures than Ag NPs (black curves). The lower premelting tem-
perature of Au NPs is mainly attributed to the higher surface
energy of Au (1.5 J-m~2) compared with Ag (1.25 J-m~2).[71]
As shown in Table 1, the surface area to volume ratio (sa/vol)
of the NP increases with a decreasing NP’s size. For a small
NP, surface atoms even dominate the melting point. Thus, it
is quite possible that the melting point of Aug (K = 4-6) is
lower than that of Agg (K = 4-6) due to the large sa/vol.
Different from the case of NPs composed of single el-
ements, the thermal stability of CSNPs is more complicated
due to the versatile atomic arrangement. The melting points
of Au@Ag CSNPs with the same core size increase as the
shell thickness increases as indicated by the green arrows in

Fig. 3(a). The melting points of CSNPs with the same shell
thickness increase as the core size increases except for the NPs
with a shell thickness of bilayer Ag, as shown in Fig. 3(b). For
Au@Ag CSNPs with the same size, the melting points display
a feature of non-monotonicity with the increasing thickness of
Au core. For Ag NPs with a total layer less than seven, dop-
ing Au core with two atomic layers will improve their thermal

stabilities.

1000

E (a)s T T T @
‘2 900f ¢ i 1 o | B
o I | A E
o0 800 ® = NPs with 4 layers -
S r 1 e NPs with 5 layers =
= A NPs with 6 layers k=
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b= 700
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Fig. 3. The melting points of Au@Ag CSNPs with different sizes. (a)
The green arrows show that the melting points increase as the shell-size
increases with a fixed core size for all the NPs. (b) The dotted lines
show that the melting points increase as the core size increases with a
fixed shell thickness for all the NPs except for the Au, @ Ag, CSNP.

3.3. Structural evolution of single Au@Ag CSNPs during
the melting process

To investigate the structural changes of BNPs during
melting process, the radial distribution functions (RDF) are
calculated at the initial temperature of 300 K and at the melt-
ing point. The RDFs of Ag NPs, Au NPs and Auy, @Agg_»
CSNPs (K = 4-7, four different sizes) at 300 K and their melt-
ing points are shown in Figs. 4(a)-4(d). For Au@Ag CSNPs
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in each size, only one typical core-to-shell ratio is given here
because the other CSNPs with the same particle radius are very
similar to the given ones. There are many RDF peaks at 300 K
(black curves in each panel) for all the simulated NPs, indi-
cating that the atomic structure is long-range ordered in each
case. At melting point, the RDF peaks (red curves) become
broader and the height of RDF peaks become lower. In ad-
dition, many characteristic peaks disappear, indicating the de-
crease of structural order.

In order to monitor the structural evolution of Au@Ag
CSNPs during heating, we applied the common neighbor anal-
ysis (CNA)!"?] for all the NPs to investigate the local order of
the NPs. In the CNA method, each bond that connects a cen-
tral atom and its nearby neighbors is characterized by a set of
four characteristic numbers, i, j, k, and /. These numbers de-
pend on whether the atoms are nearest (1) or next-nearest (2)
neighbors (i), the number of nearest neighbors that they have
in common (), the number of bonds among these common
neighbors (k), and the number of bonds in the longest continu-
ous chain of bonds connecting the common neighbors (/). For

example, an atom located in a face-centered cubic (fcc) envi-
ronment forms 12 pairs of 1421 type bonds with its nearest
neighbors. For an atom located in a hexagonal close packing
(hcp) environment, it forms 6 pairs of 1421 type and 6 pairs of
1422 type bonds with its nearest neighbors. Based on CNA,
each atom in an NP can be classified according to its local
crystal structure. In this work, the atoms in NPs are classified
into four categories: atoms in a local hep, fcc and icosahedral
order are classified as hcp, fcc and ico atoms, respectively;
atoms in all other local orders are collectively considered to be
“other” atoms because they do not reveal any usefully struc-
tural information. We have presented the percentage of the
hep, ico and other coordination atoms as a function of temper-
ature for Ag NPs, Au NPs and Au, @Agg_, CSNPs (K = 4-
7) in Fig. 5. At temperature below 500 K, the percentage of
the three types of atoms remain unchanged. By increasing the
temperature, a sudden increase of other atoms and a decrease
of ico, fcc and hcp atoms to 0% indicates a transition from
crystalline structure to amorphous one, suggesting the melting
of the NPs.

400} (2) Ags 200} (b) Ags - (c) Ags r(d) Ag;
- - 100} 100}
200 | —300 K | 100k —300 K — 300 K — 300 K
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Fig. 4. Radial distribution function in single Aggx NPs, Au; @Ag,_, CSNPs, and Aug NPs at 300 K and their melting temperatures, K = 4 (a),

5 (b), 6 (c), 7 (d).
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Fig. 5. Percentage of the hcp, ico and other coordination atoms as a function of temperature. (a) Au, @Agy_,, (b) Au,@Ags_,, (c) Au,@Agq_,
(d) Auy@Ag7_,. The insets are the corresponding snapshots of cross sections of nanoparticles. The snapshots are the structure at 0 K, 600 K

and the melting temperature from left to right, respectively.
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Figure 6(a) shows the cross sections of snapshots of
Au,@Ag7_, (x =0, 2, 7) at melting temperature and several
temperatures before melting. We find that the surface atoms
start melting at around 800 K while the inside atoms keep the
crystalline configuration. This premelting behavior exists in
both CSNPs and pure Ag/Au nanoparticles. At a temperature
higher than 800 K, the disordering of the NPs extends from
the surface to the core gradually. At melting temperature, the
disordering of the NP results in a transformation from crys-
talline structures to amorphous ones. The similar melting be-
havior is also observed in Auz @Agy, Aus @Ag3, Aus@Agy,
and Aug @Ag; CSNPs. For small NPs, the premelting process
also starts from the surface, and gradually extends to the core.
Thus, we only show one typical composition for each size of
NPs in Fig. 6(b). For Au, @Agg_», it is obvious that more
atoms in the thicker-shell CSNPs keep the crystalline struc-
ture at 800 K than those in the thinner-shell CSNPs, implying
an increase of thermal stability with increasing thickness of
Ag shell of Au@Ag CSNP with fixed Au core. This finding is
in agreement with the results in Fig. 2.

0 K 400 K 600 K 800 K

900 K T

(a)

Au;@Agy Au,@Ag; Aug@Agr

0K 400 K 600 K 700 K

@-@-0-6-0-8

800 K T

(b)

Auz@Ag4 Auz@Agg Auz@AgQ

@ inner Ag atom
@ inner Au atom

@ surface Ag atom
o surface Au atom

Fig. 6. Snapshots of cross section of NPs at different temperatures dur-
ing heating process. (a) Auy@Ag7_, (x =0, 2, 7 are shown in top,
middle and bottom panel, respectively), (b) Auy @Agg_> (K = 4-6 are
shown in top, middle and bottom panel, respectively).

3.4. Thermal stability and melting behavior of Au, @Ag;_,

CSNP arrays

A two-dimensional (2D) ordered array of Au—Ag BNPs
has been used as plasmonic substrate to improve the sensitivity
of surface-enhanced Raman spectroscopy.!’>~771 It is expected
that the thermal stability and melting behavior of the Au-Ag
BNP array are different from their single NPs. In previous
work, the two- or three-NP sintering model has been exten-
sively used to study the sintering process of loosely packed
NPs. 78301 While for a closed-packed NP array, such sinter-
ing models overlook the pore effect, which significantly con-

tributes to the porosity of final sintered structures.'3!-8?! There-
fore, a simulation based on a real case, 2D array, is essential
for elucidating the sintering mechanism of closed-packed NP

array.
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Number layer of Au core

Fig. 7. Energy evolution of Agy NP array and the melting points of
single Au,@Ag7_, NPs and arrays. (a) The total energy per unit cell
of Ag7 NP array as a function of the distance between two neighboring
NPs. The unit cell with the lowest energy for Ags is the one in which
d = 3.56 nm. Inset shows the configuration of a Ag; NP array and the
unit cell (red rhombus). (b) Composition-dependent melting points of
Au, @Ag7;_, NP arrays (red) and the corresponding single Au, @Ag7_,
NPs (black).

We use Au,@Ag;_, CSNPs containing 923 atoms to
set up an NP array and investigate the effect of the core-to-
shell ratio on the thermal stability and melting behavior of the
NP array. Close-packed NP arrays are energy favorable for
hard NPs.[83] To determine the lattice constant of close-packed
Au,@Ag7_, NP arrays, we calculate the total energy per unit
cell as a function of the distance between the center of mass
of neighboring NPs. It is found that the lattice constants are
all around 3.56 nm for Au,@Ag;_, (x =0, 2-7) NPs arrays.
The result of Ag; NP arrays is shown in Fig. 7(a) as an exam-
ple. Then, the arrays are heated from 300 K to 1000 K with
a step of 5 K. By analyzing the Lindemann index for these
NP arrays as a function of temperature, the melting points are
745 K, 715 K, 735 K, 735 K, 745 K, 800 K, and 860 K for
Au,@Ag7_, (x =0, 2-7), respectively. The melting temper-
atures of NP arrays are much lower than those of the corre-
sponding single NPs, as shown in Fig. 7(b), because an NP
tends to coalesce with its neighbors to decrease the surface en-
ergy. Therefore, the Lindemann index reaches the criteria of
melting point at lower temperatures in comparison with single
NPs.
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Figure 8 shows the top view of snapshots and cross sec-
tions for Ag7, Auy @Ags and Au; CSNP arrays at their melt-
ing temperatures and at four different temperatures before
melting. We find that the melting starts from the surface,
which is similar to the single NPs. The NP array transforms to
a continuing film at melting temperature where the surface en-
ergy decreases as their surface areas decrease. For Ag7 NP and
Auy; @Ags CSNP arrays, different from the single NPs which

Ag7 NPs

(b)

mmmmmmmm———

AUQ@Ags CSNPs

(c)

1
1
'
'
'
'
'
'
'
'
'
'
'

Au; NPs

involve a gradually melting from the surface to the core, the
NP arrays directly transform to a film after premelting of sur-
face layers. The melting behavior of other Au, @Ag;_, CSNP
arrays are similar to that of Au@Ags CSNP arrays. For a
Au; NP array, the spaces between NPs disappear at 550 K
with a corrugated surface, which is different from Ag NP and
Au@Ag CSNP arrays. As the temperature increases, the cor-
rugated surface gradually changes to a flat one at 860 K.

750 K

Fig. 8. Snapshots of cross section of Ag NP, A u@Ag CSNP and Au NP arrays at different temperatures during heating process. (a) Ag; NP
array, (b) Au, @Ags CSNP array, (c) Auy NP array. The upper panels are top views, the lower panels are cross sections. Surface Ag, inner Ag,
surface Au and inner Au atoms are marked by red, silver, green and orange, respectively.

4. Conclusion and perspectives

In this study, the effects of core and shell sizes on the
thermal stability of Au@Ag CSNPs with varying particle ra-
dius are investigated by MD simulations. For Au@Ag CSNPs,
an increase of the thickness of Ag shell leads to an increase of
the melting point when the thickness of Au core is unchanged.
Except for Au;@Ag, CSNPs, the melting point of Au@Ag
CSNP increases as the thickness of Au core increases with a
fixed thickness of Ag shell. For Au@Ag CSNPs with the same
size, the melting points display a feature of non-monotonicity
with the increasing core-to-shell ratio. For all these BNPs, the
premelting process starts from the surface, and gradually ex-
tends to the interior. In addition, we have studied the thermal
stability and melting behavior of Au,@Ag;_, CSNP array. It
is found that the melting point of Au,@Ag;_, CSNP array is
much lower than the corresponding single NP. The premelting
of Au,@Ag7_, CSNP array also starts from the shell region.
When reaching the melting point, icosahedral NP transforms

into a continuing layer. These results provide a better under-
standing of thermal stability of Au@Ag CSNPs (their array)
and are expected to be useful for the construction and produc-
tion of BNP with special stability.
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