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Tetrahexahedral Pt–Pd alloy nanocatalysts with
high-index facets: an atomistic perspective on
thermodynamic and shape stabilities

Yu-Hua Wen,*a Rao Huang,a Xiang-Ming Zeng,a Gui-Fang Shaob and Shi-Gang Sunc

Metallic nanoparticles with high-index facets exhibit exceptional electrocatalytic activity owing to the high

density of low coordination sites at the surface, thus they have attracted intense interest over the past few

years. Alloying could further improve their catalytic activity by the synergy effects of high-index facets and

electronic structures of components. Using atomistic simulations, we have investigated thermodynamic

and shape stabilities of tetrahexahedral Pt–Pd alloy nanoparticles respectively bound by {210} and {310}

facets. Energy minimization through Monte Carlo simulations has indicated that the outermost layer is

predominated by Pd atoms while Pt atoms preferentially occupy the sub-outermost layer of

nanoparticles. Molecular dynamics simulations of the heating process have shown that the {210} faceted

nanoparticles possess better thermodynamic and shape stabilities than the {310} faceted ones. The

coordination numbers of surface atoms were used to explore the potential origin of the different

stabilities. Furthermore, a high Pt ratio will help enhance their stabilities. For both faceted nanoparticles,

the melting has homogeneously developed from the surface into the core, and the tetrahexahedra have

finally evolved into sphere-like shape prior to the overall melting. These results are helpful for

understanding the composition and thermodynamic properties of high-index faceted nanoparticles, and

are also of practical importance to the development of alloy nanocatalysts.
1. Introduction

Metallic particle catalysts are of growing importance for modern
society because of their extensive applications in the chemical
industry, the petrochemical industry, environmental protec-
tion, and new-energy resources such as fuel cells and lithium
ion batteries.1,2 In the past decades, the rapid development of
nanotechnology has made it possible to sufficiently control the
particle's size, shape, composition, and morphology at the
nanometer level.3 With particle sizes decreasing to the nano-
scale, the particles are formed by a reduced number of atoms
and the majority of them are located at the surface, resulting in
the remarkably increasing surface-to-volume ratio and more
pronounced size effects. These nano-sized particles may exhibit
exceptional physical and chemical properties different from
those of their bulk counterparts.4,5

As is well-known, the catalytic reactions preferentially take
place on surfaces, and the catalytic performance of
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nanoparticles (NPs) highly depends on the structures of facets
enclosing the particles.6 Therefore, understanding the surface
structures such as terraces, steps, kinks, adatoms and vacan-
cies, and their effects on catalytic and other chemical properties
is crucial for developing metallic NPs of high activity. Because
the particle shape is dependent on the crystallographic planes
that terminate the particle surface, the shape-controlled
synthesis of NPs becomes a promising direction for precisely
tuning the activity and selectivity of NP catalysts.7 Aer the
pioneering work of El-Sayed and co-workers for the synthesis of
cubic and tetrahedral Pt NPs,8 many efforts have been devoted
to prepare Pt NPs with different shapes by changing Pt precur-
sors, reducing reagents, stabilizing reagents, and solvents.
However, experimentally synthesized Pt NPs are primarily
enclosed by low-index facets of {100} and {111}, and few Pt ones
with high-index facets are produced by conventional wet
chemistry routes.9–12 Fundamental studies on surface sciences
have revealed that Pt high-index planes with open surface
structure exhibit much higher reactivity and selectivity than
those of low-index planes such as {111} or {100} ones because
high-index planes have a large density of low-coordinated atoms
situated on steps, ledges, and kinks.13 However, in solution
chemistry, high-index facets disappear easily during NP
formation because the rate of crystal growth in the direction
perpendicular to a high-index facet with high surface energy is
much faster than that along the normal direction of a low-index
J. Mater. Chem. A, 2014, 2, 1375–1382 | 1375
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one. Therefore, it is extremely challenging to synthesize high-
index-faceted NPs. Recently, signicant progress has beenmade
in the synthesis of tetrahexahedral (THH) Pt NPs bound with
high-index facets such as {730}, {210} and {520} ones by an
electrochemical route.14,15 These THH Pt NPs exhibited greatly
enhanced catalytic activity compared with the existing
commercial Pt/C catalysts. Subsequently, THH Pd and Au NPs
have also been prepared by the electrochemical and wet-
chemical methods.16,17 To further improve the chemical activity
of metallic nanocatalysts, a feasible approach is to synthesize
high-index-faceted bimetallic or multimetallic NPs by intro-
ducing other metallic elements selectively. A typical example is
that the synthesized THH Pt–Pd alloy NPs, which are mainly
enclosed by {10 3 0} high-index facets, exhibit catalytic activity at
least three times higher than the THH Pd NPs, and six times
higher than commercial Pd black catalysts for the electro-
oxidation of formic acid due to the synergy effects of high-index
facets and electronic structures of the alloy.18 Furthermore, the
THH NPs with entirely high-index {730} facets were found to
display the best electrocatalytic activity in bimetallic Au–Pd NPs
with tetrahexahedron, concave octahedron, and octahedron
shape. Besides, the bimetallic (or multimetallic) NPs are crucial
for exploiting the bifunctional (or multifunctional) catalytic
activities.19 A representative is bimetallic Pt–Au NPs in which Pt
can provide a site for methanol oxidation reactions or oxygen
reduction reactions and Au for adsorption of hydroxide groups
or oxidation of CO to CO2.20,21

Meanwhile, the thermodynamic stability of metallic NP
catalysts is of considerable importance for their chemical
synthesis and ultimate applications for the following two
reasons: on one hand, the NPs tend to aggregate into larger
particles due to the enhanced atomic diffusion when the
ambient temperature reaches the Tammann temperature.22

Thus, controlling the synthesis and catalytic temperature
reasonably is of technological importance for preventing the
sintering and coarsening of metallic NPs. On the other hand,
most of the catalytic reactions take place on surfaces, and
surface structures of NPs will thereby play key roles during the
catalytic processes. Some of the catalytic reactions, such as the
catalytic cracking of petroleum and the purication of automo-
bile exhaust gases, are usually performed at high temperature.
The high-index planes are more easily destroyed at elevated
temperature owing to their higher surface energy compared with
that of low-index ones such as {111} and {100}. Once the high-
index-faceted surface structures are broken, the NPs will lose
their excellent catalytic properties. Furthermore, composition
distribution may be varied at different temperatures due to the
differences of alloy elements in cohesive energy, surface energy,
atomic radius and diffusivity. Hence, the examination on ther-
modynamic stability of metallic NPs is particularly helpful not
only for suppressing their sintering and coarsening but also for
stabilizing their high-index-faceted structures at high tempera-
tures. Despite the continuously growing reports on the
synthesis, characterization and catalytic performance of metallic
NP catalysts with such open surface structures, however, there
has not been an elaborate study on the thermodynamic stability
of alloy NPs with different high-index facets.
1376 | J. Mater. Chem. A, 2014, 2, 1375–1382
In this article, the THH Pt–Pd alloy NPs bound with high-
index facets were chosen to be investigated by atomistic
simulations. Considering that the {730} surface is periodically
composed of two {210} subfacets followed by one {310} sub-
facet, the {520} surface is periodically composed of one {210}
subfacet followed by one {310} subfacet, and the {1030} surface
is periodically composed of two {310} subfacets followed by one
{410} subfacet, {210} and {310} surfaces can be regarded as
representatives of high-index planes. Therefore, the THH Pt–Pd
alloy NPs, enclosed with {210} and {310} high-index facets, have
been examined in this work. Besides, the percentage of Pt
atoms from 0 to 100% has been considered in modeling the
THH Pt–Pd alloy NPs to trace the effects of Pt/Pd ratio. These
NPs were continuously heated to examine their thermody-
namic stabilities. Both the microstructure and shape at
different temperatures were explored. To the best of our
knowledge, this is the rst report about the thermodynamic
stability and shape evolution of polyhedral alloyed NPs with
high-index facets. This article is structured as follows. Section 2
briey describes the simulation methods. Section 3 presents
the calculated results, discussion and comparison with avail-
able results. The main conclusions are summarized in the
fourth section.
2. Simulation methodology

As is known, the THH NPs are bound by 24 facets of Miller
indices {hk0} with at least one index being larger than unit.14

The tetrahexahedron can be considered as a cube with each face
capped by a square pyramid (see Fig. 1a). In order to reasonably
accord with the experimentally observed structure and shape,
THH Pt–Pd alloy NPs terminated by {210} and {310} facets were
constructed from a large cubic fcc single crystal. Initially, Pt and
Pd atoms are arbitrarily distributed in the NPs by computer-
produced random seeds. As an example, Fig. 1b illustrates the
cross-section structures of {310} faceted Pt–Pd alloy NPs with
the Pt/Pd atomic ratio equal to one. To investigate the effects of
Pt/Pd ratio on the stability, the Pt composition is continuously
varied from 0 to 100% with an increment of 10%. Note that the
Pt–Pd alloy NP will be evolved into the Pd monometallic one for
the Pt percentage of zero and the Pt monometallic one for the Pt
percentage of 100. To facilitate a comparison study, the side
length of the cube was set at 12a0 in each tetrahexahedron (a0 ¼
3.924 Å), corresponding to the particle size of 4.71 nm or so.
Resultantly, the total number of atoms is 10 831 for {210}
faceted NPs and 9553 for {310} faceted NPs.

In atomistic simulations, the quantum corrected Sutton–
Chen (Q-SC) type potentials were adopted to describe the
interatomic interactions.23 These potentials represent many-
body interactions, and their parameters are optimized to
describe the lattice parameter, cohesive energy, bulk modulus,
elastic constants, phonon dispersion, vacancy formation
energy, and surface energy, leading to an accurate description of
thermodynamic and transport properties of metals and their
alloys.24–27 The total potential energy for a system of atoms can
be written as
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Schematic illustration of THH Pt–Pd alloy NPs: (a) tetrahexahedral model, (b) initial configuration of {310} faceted NP with 50% Pt, energy
minimization configurations of NPs with Pt compositions of (c) 50%, (d) 10%, and (e) 90%. Note that (b)–(e) present the cross-sections of NPs, and
coloring denotes the type of atom: white, Pt atom; and bright green, Pd atom.
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U ¼
X
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Ui ¼
X
i
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"
1
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X
jsi

V
�
Rij

�� c
ffiffiffiffi
ri

p
#
; (1)

in which V(Rij) is a pair interaction function dened by the
following equation:

V
�
Rij

� ¼ �
a

Rij

�n

; (2)

accounting for the repulsion between the i and j atomic cores; ri
is a local electron density accounting for cohesion associated
with atom i dened as

ri ¼
X
jsi

�
a

Rij

�m

(3)

In eqn (1)–(3), Rij is the distance between atoms i and j; a is a
length parameter scaling all spacings (leading to dimensionless
V and r); c is a dimensionless parameter scaling the attractive
terms; 3 sets the overall energy scale; n and m are integer
parameters such that n > m. Given the exponents (n, m), c is
determined by the equilibrium lattice parameter, and 3 is
determined by the total cohesive energy.

The model parameters for Pt and Pd are listed in Table 1. In
order to describe the atomic interaction between Pt and Pd, the
geometric mean was used to obtain the energy parameter 3

while the arithmetic mean was used for the remaining
parameters.28

As the rst stage of atomistic simulations, the energy mini-
mization scheme should be applied to search the lowest-energy
congurations of the modeled NPs. Note that the total energy at
absolute zero could be obtained by summing the potential
energy of each atom in the NPs. However, the prediction of
energetically most stable structures is highly complicated for
such large NPs because it is related to searching the minimum
points on the potential energy surface, which corresponds to
Table 1 Potential parameters used in atomistic simulations of Pt–Pd
alloy NPs

Element n m 3 (meV) C a (Å)

Pt 11 7 9.7894 71.336 3.9163
Pd 12 6 3.2864 148.205 3.8813

This journal is © The Royal Society of Chemistry 2014
the stable states of the systems. In this article, the Monte Carlo
(MC) method has been used for energy minimization due to its
popularity and effectivity.29 We have performed a series of
Metropolis MC simulations in which both the number of total
atoms and that of each element in the alloy NP are invariable,
and the minimum-energy congurations of the systems at the
ground state were predicted by optimizing their total energies
with respect to their compositional exchange.30 Considering
that the predictive quality of MC simulations may be associated
with the initial conditions, we have adopted different random
seeds to produce various initial congurations. The MC simu-
lations have been performed for at least 200 000 steps for the
optimization of these congurations at absolute zero. To guar-
antee that the energy minimum is actually achieved at xed
tetrahexahedral shape and composition, we have also per-
formed a series of MC simulated annealing. The annealing
procedure was simulated from 1000 to 0 K at a cooling rate of
0.001 K per MC step. Fig. 1c–e illustrate the nal congurations
of THH Pt–Pd alloy NPs with Pt compositions of 50%, 10%, and
90%. These congurations show that the outermost layer is
mainly composed of Pd atoms while the sub-outermost layer is
preferentially occupied by Pt atoms, which is benecial for
minimizing the surface energy and total energy of Pt–Pd alloy
NPs due to the surface energy of Pd being lower than that of Pt.28

Aer initial energy minimization, molecular dynamics (MD)
methods were employed to simulate the continuous heating
process of all the NPs. To make the simulations more reliable,
we employed constant volume and temperature molecular
dynamics (NVT-MD) to allow energy uctuations, which may be
critical for the resulting dynamics. The NPs underwent the
heating process consisting of a series of NVT-MD simulations
from 0 to 1800 K with a temperature increment of 50 K.
However, a smaller step of 10 K was adopted to investigate the
melting behavior more accurately when the temperature
reached to around the melting point. The simulations were
carried out for 200 picoseconds of the relaxation time at each
temperature, and the statistical quantities were obtained in the
last 25 picoseconds. The desired temperature and ambient
pressure were maintained by the Nose–Hoover thermostat31 and
Berendsen approach,32 respectively. The equations of atomic
motion were integrated by the velocity Verlet algorithm33 with a
femtosecond time step.
J. Mater. Chem. A, 2014, 2, 1375–1382 | 1377
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3. Results and discussion

Important information concerning the thermodynamic prop-
erties, the characteristics and progress of melting during the
heating process can be obtained from data records from MD
simulations. Experimentally, one effective way to study the
phase transition is to investigate the caloric curve (energy versus
temperature) of the system. To date, the caloric curves have
been successfully used to detect the melting behavior of nano-
particles, nanowires, and bulk materials both experimentally
and theoretically.34,35 The heat capacity can be deduced from the
caloric curve. Note that it has a sharp peak at some cases but it
does not at others: the former cases have been called a rst-
order melting transition while the latter cases have oen been
called a second-order melting transition.36 The melting
temperature (Tm) is usually dened as a temperature at which
the heat capacity reaches its maximum. We calculated the total
potential energy as a function of temperature during the heat-
ing process and then deduced the heat capacity according to the
following equation:37

CpðTÞ ¼ dU

dT
þ 3

2
Rgc; (4)

where U is the potential energy, and Rgc ¼ 8.314 J mol�1 K�1.
As a representative, Fig. 2a shows the temperature depen-

dence of potential energies and specic heat capacities of THH
Pt–Pd alloy NPs with a Pt/Pd molar ratio of 1 : 1. For
Fig. 2 (a) Temperature dependent potential energies and specific heat
capacities of THH Pt NPs, Pd NPs, and Pt–Pd alloy NPs with 50% Pt
composition. Note that the dashed lines correspond to the heat
capacity. (b) Dependence of the melting points of Pt–Pd alloy NPs on
the Pt composition.

1378 | J. Mater. Chem. A, 2014, 2, 1375–1382
comparison, the results of THH Pt and Pd NPs are also pre-
sented in this gure. It can be observed from the gure that the
gradual increase of potential energy is followed by a sudden
upward jump, clearly indicating the occurrence of melting. The
melting temperatures of pure Pt and Pd NPs are all remarkably
lower than those of their bulk counterparts (2045 K for Pt and
1825 K for Pd, respectively).38 This reduction should be attrib-
uted to the high surface–volume ratio in nano-sized particles
and low surface premelting temperature associated with the
weak bonds in the low-coordinated surface atoms, which have
been veried by both experimental and theoretical studies.34,35,39

Furthermore, the melting points of {210} faceted NPs are about
10 K higher than those of {310} faceted ones. By comparing with
monometallic NPs, a notable feature is that the melting points
of Pt–Pd alloy NPs are remarkably higher than those of pure Pd
ones but lower than those of pure Pt NPs. Interestingly, two
prominent peaks in the heat capacity curves of Pt–Pd core–shell
NPs40 have not been observed here. This difference reects the
strong dependence of themelting behaviors on the structures of
bimetallic Pt–Pd NPs such as the detailed distribution of Pt and
Pd atoms.

Similarly, the melting temperatures of THH Pt–Pd alloy NPs
with other Pt/Pd ratios can be identied from their caloric
curves. Fig. 2b illustrates the melting point as a function of Pt
composition. Evidently, the melting point of {210} faceted NPs
is higher than that of {310} faceted ones at the same Pt/Pd ratio.
With an average value of about 10 K, their differences are 8–12 K
except for the NPs with 10% Pt composition. One should be
careful when comparing their melting points because the
possible error may lie in the MD simulations. For both faceted
Pt–Pd alloy NPs, the melting point presents a close-linear
increase with respect to the Pt composition below 60%,
following a deviation from linearity for a high Pt composition.
This progressive increase suggests that the addition of Pt
element into Pd NPs can signicantly enhance their melting
points. The close-linear variation of melting points for alloy NPs
can be attributed to the balance between the extent of surface
melting and the radius of the remaining solid core.41 At high Pt
compositions, the surface melting will be reduced to a great
extent, leading to nonlinear variation.

As is mentioned above, the melting points of alloy NPs are
dependent not only on the surface structures of facets enclosing
the particles but also on the Pt/Pd ratios. Therefore, it is
necessary to further examine the melting behaviors of these NPs
of different facets and compositions. Generally, the melting
mechanism of materials can be detected through analysis of the
structural evolution, diffusion coefficients, root-mean-square
displacement of atoms and so on. However, the Lindemann
index is a simple but effective measurement of thermally driven
disorder. It is usually used to characterize the thermodynamic
evolution of a system.42 For a system of N atoms, the local
Lindemann index for the ith atom is dened as the root-mean-
squared bond length uctuation as43

di ¼ 1

N � 1

X
jsi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiD
Rij

2
E
� �

Rij

�2r
�
Rij

� ; (5)
This journal is © The Royal Society of Chemistry 2014
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and the system-averaged Lindemann index is calculated as

d ¼ 1

N

X
i

di; (6)

where Rij is the distance between the ith and jth atoms. The
Lindemann index was originally developed to study the melting
behavior of bulk crystals. The Lindemann criterion suggests
that the melting occurs when the index is in the range of 0.1–
0.15, depending on materials, while a smaller critical index of
about 0.03 was adopted in clusters and homopolymers due to
the relaxed constraint of the surface atoms.44

The temperature dependent Lindemann indices during the
heating process were respectively calculated for Pt and Pd atoms
in both faceted Pt–Pd alloy NPs (not shown here). By investi-
gating the Lindemann index curves of pure Pt and Pd NPs, we
found that the critical value of Lindemann index should be
ascertained to be 0.039 and 0.044 for Pt and Pd atoms, respec-
tively. This suggests that different critical values should be
adopted when one use the Lindemann criterion to investigate
themelting behavior of bimetallic particles. In order to visualize
the melting process at the atomic level, we have extracted some
snapshots of all the NPs taken at representative temperatures
during the simulation of continuous heating. As a representa-
tive, Fig. 3 illustrates the snapshots of {310} faceted alloy NPs
with 50% Pt composition at six temperatures. In these snap-
shots, the concept of Lindemann atom was introduced:45 the
atom whose Lindemann index exceeds the critical value (0.039
for Pt and 0.044 for Pd) is dened as the Lindemann atom;
otherwise it is noted as the non-Lindemann atom.

As shown in Fig. 3a, the Pt–Pd alloy NP retains a clear-cut fcc
arrangement at a room temperature of 300 K. No change is
found in both the surface structure and shape compared with
Fig. 3 (a)–(f) present the snapshots of cross-sections of {310} faceted
temperatures. Coloring denotes the type of atom: white, Pt non-Lindem
and orange, Pd Lindemann atom. (g) and (h) respectively illustrates the L
corresponding to (a)–(f). Note that the horizontal axis denotes the distan
indicates the critical Lindemann index: 0.044 for Pd in (g) and 0.039 for

This journal is © The Royal Society of Chemistry 2014
its initial conguration. With the temperature increased to 450
K, atoms at eight corner sites rstly move inward, while those at
six apices remained at their initial positions. The common
neighbor analysis (CNA)46 shows that the former are three-
coordinated, and the latter are four-coordinated. This indicates
that the less-coordinated atoms diffuse away more easily as the
temperature is increased. The apex atoms are stable until 900 K.
Further heating will push them to leave their initial positions
and to diffuse towards the steps in facets. Meanwhile, some
atoms on the edges also start to deviate from their original
positions. Nevertheless, the NP preserves the tetrahexahedral
shape well at 1000 K, and {310} facets can be discernible (see
Fig. 3b). By comparing Fig. 3a and b, it is ascertainable that no
signicant diffusion can be observed for the interior atoms,
unlike the surface ones.

As is known, the atomic diffusion activities highly depend on
the ambient temperature. Due to the low coordination number,
surface atoms exhibit higher mobility than the interior ones so
that surface diffusion is faster than bulk diffusion. The snap-
shot of the NP at 1300 K indicates that all corner atoms disap-
pear, and the edges become obtuse although the atomic steps
are still resident on the surface (see Fig. 3c). With the temper-
ature increased up to 1600 K, the {310} facets have absolutely
been destroyed, and the NP has already lost the tetrahexahedral
shape. Moreover, the premelting has been initiated on the
surface, as shown in Fig. 3d. Once the melting extends over the
entire surface, it will spread into the interior region progres-
sively. At this time, the NP can be regarded as a mixture con-
sisting of a liquid shell and a solid core (see Fig. 3e). This
morphology is chemically interesting because the liquid metal
atoms on the surface of solid particles could facilitate the
dissolution of adsorbates due to their enhanced mobility,
Pt–Pd alloy NPs with 50% Pt composition taken at six representative
ann atom; green, Pd non-Lindemann atom; red, Pt Lindemann atom;
indemann index distributions of Pt and Pd atoms at the temperatures
ce between the atom and particle center of mass, and the dashed line
Pt in (h).

J. Mater. Chem. A, 2014, 2, 1375–1382 | 1379
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Fig. 4 Shape factors of (a) {210} and (b) {310} faceted THH NPs as a
function of temperature. Dashed lines indicate the initial values at low
temperatures.
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enabling the occurrence of different chemical processes.47 At
1700 K, a typical liquid NP can be clearly seen from the atom-
istic image illustrated in Fig. 3f. The outer shell is dominated by
Pd atoms while Pt atoms are preferentially distributed in the
inner core. This aggregation behavior is driven by the fact that
Pd has signicantly lower surface energy than Pt.48

Fig. 3g and h show the Lindemann index distributions of Pt
and Pd atoms in the THH NP at different temperatures,
respectively. Evidently, the Lindemann index of atoms increases
with temperature, and the atoms in the outer layer possess
higher Lindemann indices than those in the inner layer. This
should be associated with their different abilities of atomic
diffusion. In fact, both the Lindemann index and diffusion
coefficient can be characterized by the atomic mean-square
displacement, which is directly related to the ambient temper-
ature and atomic position. By comparing the two gures, it can
be found that Pd atom has a higher Lindemann index than Pt
atom at the same layer and temperature, which is attributed to
the lower atomic radius and smaller atomic mass of Pd
compared with Pt.49 Besides, it is directly seen from these
gures that the melting starts on the surface and gradually
propagates into the core, consistent with previous studies.25–28 It
is worth noting that these results, as mentioned above, still keep
valid for {310} faceted NPs with other Pt/Pd ratios and {210}
faceted NPs aer carefully checking their thermodynamic
evolution during the heating process.

It is well-known that the catalytic reactions preferentially
take place on the surface. Therefore, surface characteristics
have an important effect on the catalytic activity, and play a
crucial role at some stages of chemical processing. From the
aforementioned results, it is observed that the high-index-
faceted surface of THH NPs is changed with increasing
temperature, and is nally evolved into the sphere-like surface
before the overall melting. Once the initial surface structures
are broken, the THH NPs will lose their excellent catalytic
properties. Hence, it is essential to ascertain the critical
temperature of surface transformation, which could help opti-
mize the synthesis and the catalytic operating temperatures.
However, it is rather difficult to accurately detect the surface
changes due to small facets in nano-sized particles. Considering
that the Miller index of facets determines the shapes of poly-
hedra, the shape change is indicative of the surface trans-
formation of NPs. To precisely characterize the shape, here we
introduce the shape factor S as follows:50

S ¼ 1

R2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

�
ri
2 � R2

�2vuut ; (7)

in which ri is the distance of atom i from the particle center of
mass and R is the root-mean-square of ri:

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i¼1

ri
2

vuut : (8)

According to this denition, the shape factors of mono-
metallic THH NPs with an ideal fcc lattice structure are about
0.451 and 0.465 for {210} and {310} facets, respectively,
1380 | J. Mater. Chem. A, 2014, 2, 1375–1382
independent of the total number of atoms in the NPs. Actually,
the value of shape factor is slightly deviated from the ideal one
due to the surface relaxation of NPs. For bimetallic or multi-
metallic NPs, it is also affected by the atomic radius ratio and
molar ratio of alloy elements.

Fig. 4 demonstrates the temperature dependent shape
factors of {210} and {310} faceted Pt–Pd alloy NPs during the
heating process. Due to the similar tetrahexahedral shape for all
the Pt/Pd atomic ratios, the shape factors basically keep at
around 0.452 for {210} facets and 0.467 for {310} facets. They
uctuate slightly around the mean values (see the dashed lines
in Fig. 4) at low temperatures (typically below 750 K), which
should be associated with the thermal motions of atoms at non-
zero temperatures. However, as the temperature is further
elevated, all the shape factors present a continuous decrease.
Once the NPs have completely melted, they would experience
larger uctuation.

From Fig. 4, there are two main results worth noting. One is
that the critical temperature at which the shape factor begins to
continuously decrease is dependent on the Pt composition
although its initial value is independent of the Pt/Pd ratio. In
both faceted NPs, the critical temperature is increased with
increasing Pt ratio, indicating that the addition of Pt can
solidify the shapes of Pt–Pd alloy NPs. Also, this implies that the
NP with higher Pt ratio possesses better shape stability, in
agreement with the results of the thermodynamic stability
aforementioned. Another result is that the critical temperature
of shape factor is remarkably lower than the melting point. This
means that the shapes of THH NPs have signicantly changed
prior to their overall melting, as indicated by Fig. 3.

The above analyses show that the {210} faceted NPs present
higher critical temperature of melting and shape trans-
formation, indicating their better thermodynamic and shape
stabilities compared with the {310} faceted NPs. Although the
surface energy of {210} planes is higher than that of {310} ones
for fcc metals,51 the surface energy seems not to be the deter-
minant of particle stability. By comparison, arrangements of
This journal is © The Royal Society of Chemistry 2014
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surface atoms, which are commonly determined by the surface
Miller index and directly reect the atomic distribution of
apices, edges, steps and facets, could play more important roles
in determining the thermodynamic and shape stabilities of NPs
because their instability generally starts from surface destruc-
tion. These surface atoms have different coordination numbers,
depending on their local environments. They are generally low-
coordinated (less than 12 for fcc metals), and usually act as
catalytic active sites. Precisely due to the low atomic coordina-
tion, they move away from their initial positions more easily
than bulk atoms under thermal driving forces at elevated
temperatures. Therefore, we use the concept of coordination
number to analyze the arrangement characteristics of surface
atoms in the THH NPs. Here, the low-coordinated atoms are
dened as surface atoms. Fig. 5 shows the coordination number
distribution of atoms in the {210} and {310} faceted NPs.
Evidently, it is observed that the coordination numbers of
atoms occupying the apices and edges in the {210} faceted NPs
are similar to those in the {310} faceted ones. The atomic
coordination number is three and four for eight cubic and six
pyramidal apices, respectively. As seen in Fig. 3, these apex
atoms rst move away from their initial geometrical positions
when subjected to heating. Those atoms occupying the eight
cubic and twenty-four pyramidal sides (see the model in Fig. 1a)
have ve-fold coordination, therefore these sides are destroyed
following the apices. The differences between the {210} and
{310} facets lie in the steps: each step has two rows of atoms in
the former while three rows in the latter (see Fig. 5a and b).
Although the atoms in the outer and inner rows respectively
have six- and nine-fold coordination for both the {210} and
{310} facets, the atoms in the middle row of the {310} facets are
eight-coordinated. These eight-coordinated atoms can initiate
their thermally driven migrations at lower temperature than the
nine-coordinated ones. Therefore, it is expectable that the {310}
facets are more easily destroyed than the {210} ones at elevated
temperatures. Also, through the analyses of coordination
number distribution, we nd that the average coordination
number of surface atoms is 8.38 for the {210} faceted NPs and
8.17 for the {310} faceted NPs. The high coordination number is
Fig. 5 Coordination number (CN) of atoms in one of the six square
pyramids for (a) {210} and (b) {310} faceted NPs.

This journal is © The Royal Society of Chemistry 2014
benecial for stabilizing the atomic arrangement at the surface,
thus the {210} faceted NPs should exhibit better thermodynamic
and shape stabilities compared with the {310} faceted NPs.
4. Conclusions

In summary, we have employed atomistic simulations to
systematically investigate the thermodynamic stability of THH
Pt–Pd alloy NPs enclosed by {210} and {310} facets. The Linde-
mann index, shape factor, and coordination number were
adopted to characterize the melting behavior and thermody-
namic evolution of NPs. The Monte Carlo energy minimization
procedure indicated that the outermost layer is mainly
composed of Pd atoms while the sub-outermost layer is prefer-
entially occupied by Pt atoms in the NPs. Our simulations have
revealed that the thermodynamic stability of Pt–Pd NPs is
strongly dependent on the surface structures of facets enclosing
the particles and the Pt/Pd ratios: the THHNPs enclosed by {210}
facets exhibit better thermodynamic stability than those bound
by {310} facets at the same side length and Pt/Pd ratio. The
former have about 10 K higher melting point than the latter.
Meanwhile, a high Pt composition will help enhance their
melting temperature. The atomistic snapshots have demon-
strated that for both faceted THHNPs, the melting process starts
on the surface and gradually propagates into the core region, in
agreement with previous studies. The analyses of shape factor
show that shape changes occur prior to the overall melting, and
{210} faceted NPs have better shape stability than {310} faceted
ones. The atomic coordination number has been used to eluci-
date the potential origin of the different stabilities. These results
suggest that the thermodynamic and shape stabilities of THH
alloy NPs could be tunable by adjusting the surface Miller index
and the molar ratio of alloy elements, indicating a highly
promising strategy to synthesize high-index-faceted NPs of high
catalytic performance and excellent stability. Also, our study
indicates that it is possible to tailor the distribution of atoms in
bimetallic or multimetallic NPs by controlling the alloy compo-
sition and annealing temperature, which is desirable for
improving the selectivity of catalysts for chemical reactions. This
study is expected to have important implications not only in the
exploitation of high-index-faceted bimetallic NPs, but also in the
further design of multimetallic NP catalysts.
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