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ABSTRACT: Many heterogeneous reactions catalyzed by nanoparticles occur at
relatively high temperatures, which may modulate the surface morphology of
nanoparticles during reaction. Inspired by the discovery of dynamic formation of active
sites on gold nanoparticles, we explore theoretically the nature of the highly mobile atoms
on the surface of nanoparticles of various sizes for 11 transition metals. Using molecular
dynamics simulations, on a 3 nm Fe nanoparticle as an example, the effect of surface
premelting and overall melting on the structure and physical properties of the
nanoparticles is analyzed. When the nanoparticle is heated up, the atoms in the outer shell appear amorphous already at 900 K.
Surface premelting is reached at 1050 K, with more than three liquid atoms, based on the Lindemann criterion. The activated
atoms may transfer their extra kinetic energy to the rest of the nanoparticle and activate other atoms. The dynamic studies
indicate that the number of highly mobile atoms on the surface increases with temperature. Those atoms with a high Lindemann
index, usually located on the edges or vertices, attain much higher kinetic energy than other atoms and potentially form different
active sites in situ. When the temperature passes the surface premelting temperature, a drastic change in the coordination number
(SCN) of the surface atoms occurs, with attendant dramatic broadening of the distribution of the SCN, suppling active sites with
more diverse atomic coordination numbers. The electronic density of states of a nanoparticle tends to “equalize”, due to the
breaking of the translational symmetry of the atoms in the nanoparticle, and the d-band center of the nanoparticle moves further
away from the Fermi level as the temperature increases. Besides Au, other nanoparticles of the transition metals, such as Pt, Pd,

and Ag, may also have active sites easily formed in situ.
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B INTRODUCTION

For some time it has been known that the melting point of a
metal changes inversely with particle dimensions." Thus,
nanoparticles have a substantially lower melting point than
their bulk form. Because of their low coordination number and
the greater degree of freedom in their motions, surface atoms
have higher mobility than atoms in the bulk. The latter fact
makes the melting temperature of the surface atoms even lower
than that of the core atoms of a nanoparticle, causing the
phenomenon of surface melting, or “surface premelting”, as
designated by Bachels,” or “dynamic coexistence melting”, by
Alavi et al.® From extensive studies of phase transitions in small
clusters, Berry et al.* concluded that there exists a finite range of
temperatures over which solidlike and liquidlike clusters can
coexist in equilibrium. A very interesting case’ of phase
coexistence in nanoparticles is that of gallium, with coexistence
of melted surfaces and solid core over a broad range of
temperature from 180 to 800 K. The materials were reported as
“neither solid nor liquid”. Other earlier examples confirmed by
experiments are Sn,”” Pb,® and Pt.’

In heterogeneous catalysis, the catalysts prepared are usually
characterized at low-temperature and with inert gas protection,
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after synthesis by various spectroscopic and microscopic tools.
Such characterization usually assumes that the structures of the
catalysts do not change, and the structural features observed in
the characterization remain fixed during reaction. This
assumption is usually true in low temperature electro-catalysis
and photocatalysis. However, in many thermally driven
industrial heterogeneous catalysis reactions, where highly
dispersed nanoscale catalysts are involved, this assumption
may not be valid, and the morphology and the arrangement of
atoms on the surfaces may change at high temperature.

Such changes in the microscopic properties of nanoparticles
with temperature have been well-recognized in the physics and
material science community and studied extensively over the
past few decades. After reviewing'® the experimental and
theoretical studies of metal clusters up to the 1990’s, de Heer
pointed out that the dynamic properties of metallic nano-
clusters may deviate from the standard “shell-model”
description of metallic nanoparticles. Using optical spectropho-
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tometry, Kirkland et al. observed the evolution of colloidal
metal nanoparticles in solution.'" Dislocation §eneration in
nanocrystals was studied by Penn and Banfield.'” The role of
strong metal—support interactions (SMSTI) on the structure and
dynamics of nanoparticles have been widely studied exper-
imentally; here we cite only a few relevant references.”'* On
the basis of X-ray absorption fine structure (EXAFS) studies,
the atomic scale ordering of supported metal nanoparticles was
explained by Frenkel et al. using surface atom bond relaxation
arguments.”” The elastic driven surface instabilities of nano-
particles have been discussed by Miiller and Sadl, focusing on
the relevant thermodynamics and kinetics.'® The stabilization
of nanoparticles by defects, steps, kinks, and external
modifications is discussed in terms of internal strain by
Mayoral et al.'” The metamorphosis of Au@Fe,0; nano-
particles at high temperature was explored with in situ electron
microscopy and X-ray diffraction, with a fluidlike fusion of Au
and Fe,O; nanoparticles at a temperature far below their size-
reduced melting points."®

Theoretical modeling has also contributed a great deal to the
understanding of the structural evolution of nanoparticles,
including the solid—liquid phase behavior in microclusters,” the
existence of a quasi-melting regime in small particles,"” the
liquid skin nucleation model of melting,20 the role of bond
order deficiency on the size-dependent melting of nano-
particles,”" the amorghization of nanoparticles,””** their
meltin§ and freezing, 4727 and their morphological transi-
tions.”*° For more information on these aslpects, the reader
may refer to the review articles of Baletto,®' Barnard,** and
Marks.”

On the basis of the fundamental studies by physicists and
material scientists cited by us, in the past decade, the surface
structure evolution of nanoparticles has attracted the attention
of scientists working directly on catalysis. Using X-ray scattering
methods, rapid changes of the shape of silver nanoparticles at
room temperature upon exposure to the reactants were
discovered, followed by complex evolution of shape with
increasing temperature.”* Using molecular dynamic simula-
tions, Zhang et al. studied the size-dependent stability of step-
edge surface sites on cobalt nanoparticles.” The shape
evolution of supported Pt nanoparticles was studied exper-
imentally for CO, NH;, formic acid oxidation,® and NO
oxidation,”” and theoretically by Barron et al.*®

In catalysis, surface melting will certainly not only change the
surface morphology of the nanoparticles but also naturally
affect the topology of the active sites, as well as the surface
diffusion and surface reactions on them. We also may not only
be interested in the situation where all surface atoms melt. As
long as there are some atoms that have high mobility, they
could potentially affect the catalytic activity of the entire
nanoparticle, and this could be generally referred to as surface
activation. For example, using ab initio molecular dynamics
(AIMD), a single-atom catalytic active site (to catalyze carbon
monoxide oxidation) was found by Li and Rousseau et al. to be
dynamically created on Au,, nanoparticles supported on CeO,
(111) at 700 K and to disappear after the reaction.’” Using the
same method, they also discovered the evolution of active sites
and morphology of supported nanoparticles of Au/TiO, for
CO oxidation.”*" Similar studies were used to find the
equilibrium structure of the carbon and alumina-supported Co/
La,O, for alcohol synthesis from syngas* and MgAlLO,-
supported Rh and Ir catalysts for methane steam reforming."
Dynamically formed single atom sites were not found in this
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work. We may wonder if the dynamical formation of single-
atom active sites is a unique feature of the Au nanoparticle or
something that may happen for all transition metals. To provide
greater insight into these phenomenon, in situ techniques are
being developed in nanoscale heterogeneous catalysis to
overcome the restriction of static experimental methods and
follow the dynamic evolution of the catalytic system in real
time.** "> However, due to their complex physical-chemical
properties at the nanometer scale, even the location of the
active site in working conditions often remains uncertain.”'

In addition, many important industrial heterogeneous
reactions happen at relatively high temperature, where dynamic
effects are significant. For example, the activation of methane,
the most abundant hydrocarbon on earth, to produce syngas,>”
requires 700—1100 °C on Co, Ru, Ni, Rh, and Cu catalysts.
The oxidation of ammonia for nitric acid production® is
conducted optimally at 810—940 °C with a Pt catalyst,
depending on the pressure and NH; volume ratio. Other
examples include solid oxide fuel cells®* (500—1000 °C on Ni),
carbon nanotube formation™ (750 °C on Fe), and the
synthesis of hydrocyanic acid from ammonia and methane*®
(1200 °C on Pt). Moreover, since the reactions take place at
the interfaces between the gas and the solid phase, for strong
exothermic reactions such as Fischer—Tropsch and Haber-
Bosch processes, much reaction heat is released at the interface
(i.e., the catalyst surface). Then the temperature of the catalyst
surface may grow to exceed that in the impinging gas phase by
as much as a few hundred degrees, due to the poor thermal
conductivities of gases.”” The surface melting of the nano-
catalysts may be enhanced thereby. Recently, Losurdo et al.’
reported the observation of solid-core/liquid-shell coexisting
gallium nanoparticles (with potential catalytic application) of
about 50 nm in size, deposited on a sapphire substrate, which
has a coexistence temperature window of more than 600 K.
Moreover, the recent discovery’® of highly active nanoscale
liquid metal catalysts increased the interest in understanding
the interaction between melted nanoparticle surfaces and
molecules.

Despite the importance of surface melting and activation of
nanocatalysts in heterogeneous catalysis, their effect on the
catalytic activity of the nanoparticles is still not well-
understood. There is some theoretical work on the surface
melting of Fe,” Ni,®° Cu,”’ Ag,él’63 and Cu—Ag bimetallic®*
nanoparticles. However, none of these contributions discuss the
relationship of surface melting/activation to heterogeneous
catalysis. In this paper, we report a systematic study of the
surface activation of nanoparticles of 11 transition metal
elements that are commonly used for catalysis (Fe, Co, Ni, Cu,
Mo, Ry, Rh, Pd, Ag, Pt, and Au). The goal of this work is to
provide atomistic and conceptual understanding of the surface
activation and premelting phenomenon of transition metal
particles and to shed light on their potential effects on
heterogeneous catalysis.

Since surface premelting can only happen in nanoparticles
(not microparticles or the bulk), where the surface tensions of
solid—liquid, liquid—vapor, and solid—vapor obey the inequality
Yo > ¥4 + ¥ (Ya» Ys and y,, represent the surface tension
between solid—vapor, solid—liquid, and liquid—vapor, respec-
tively)," we restrict our study to nanoparticles of the transition
metals with diameters of 1 to 8 nm. By analyzing the
Lindemann index for the nanoparticles from molecular dynamic
(MD) trajectories, trends in surface melting for the transition
metals are elucidated. The connection between the activation of

DOI: 10.1021/acscatal.7b04468
ACS Catal. 2018, 8, 33653375


http://dx.doi.org/10.1021/acscatal.7b04468

ACS Catalysis

Research Article

the surface atoms in surface melting and the Ccatalytic
performance of the nanocatalysts is in this paper discussed
conceptually. In future work, we will explore some specific
catalytic reactions.

B COMPUTATIONAL METHOD

The Lindemann index® is the quotient of the root-mean-
square distance of an atom from its equilibrium position to the
averaged nearest neighbor distance of that particular atom. It
measures roughly the vibrational motion of atoms and can be
calculated as a function of interatomic distance. The index is
defined as
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where §; and 6 are the Lindemann indices of the ith atom and
the cluster, respectively, N is the number of atoms, 1y is the
interatomic distance between atoms i and j, and (---); denotes
the thermal average at temperature T. A high Lindemann index
naturally indicates high vibrational motion of the particular
atoms which make up the active sites. The melting point may
be seen as the temperature at which the Lindemann index
increases suddenly.”>®” It is generally accepted that values of &
below 0.1 indicate an ordered solid state, and a value above 0.1
points to a liquid. This is known as the Lindemann criterion for
melting.l’é5 In accordance with the model developed by
Chernyshev,* strict surface premelting only takes place if the
NP radius is larger than a critical radius, which is different for
different materials. And the surface melting temperature in
Chernyshev’s model can be calculated as a function of the
melting point.

In catalysis, we are not necessarily interested in the situation
where all of the surface atoms melt, and a core—shell type
liquid—solid interface emerges, reaching the “surface premelt-
ing” regime defined by Chernyshev. Rather, we believe that of
more relevance is the situation where some of the surface atoms
gain high mobility, sufficient to affect catalytic reactions on
these surface atoms. Following the Lindemann criterion, the
surface premelting temperature is defined as the temperature
where a certain fraction of atoms have 6 larger than 0.1. To rule
out error caused by random events where only a particular
atom obtains high kinetic energy, the surface premelting
temperature is defined arbitrarily as the temperature with at
least three atoms with o larger than 0.1.

We are interested in nanoparticles with sizes of 1-10 nm,
because it is in this range that metal nanoparticles undergo a
transition from atomic to metallic properties. For this reason,
five sizes are chosen (roughly 1, 2, 3, 4, 6, and 8 nm) to build
nanoparticles with the Wulff construction® for the transition
metal elements studied. The surface energy data behind the
Wulff construction derives from the literature (BCC:”° Fe, Mo;
FCC:"' Rh, Ni, Pd, Pt, Cu, Ag, Au; and HCP: Ru, Co’”). The
shape of the largest nanoparticle of the elements is shown in
Figure 1; detailed information about the nanoparticles
constructed is provided in the Supporting Information.

The MD simulations are performed with the LAMMPS code
using the EAM potentials (Foiles et al:”® Au, Ag, Cu, Nj, Pd,
and Pt; Pun et al:"* Co; Mendelev et al:”° Fe; Fortini et al:’®

(1)
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Figure 1. Investigated structures of the transition metal nanoparticles
from a Wulff construction.

Ru; and Sheng et al:”’ Rh) that have been previously published,
and which lead to realistic bulk melting point or sublimation
energy. It also has been shown that modeling of the melting
behavior of gold nanorods usin§ the EAM potential ® agrees
with laser heating experiments.”” For Mo, for which a reliable
EAM potential is not available, the N-Body semiempirical
potential by Ackland and Thetford®® was used. The electronic
structure calculation was done at the density functional tight-
binding (DFTB) level of theory with the DFTB+ code,®" with
published parameters.”

Bl RESULTS AND DISCUSSION

Melting and Surface Premelting Temperature of Fe
Nanoparticles. Because of the large amount of data collected,
we will use Fe, in most cases a 3 nm Fe, (5 nanoparticle, as an
example for the discussion. Figure 2a shows the overall
Lindemann index and the potential energy of the Fe,y5 (3 nm)
nanoparticle. From these curves, the melting point can be
deduced as ~1350 K. It is clear that the melting point from the
Lindemann index criterion is consistent with that derived from
the potential energy criterion. However, the Lindemann index
is a more explicit and sharper indicator of the melting point.
Both diagrams suggest the existence of a first-order phase
transition in the nanoparticle at about 1350 K, accompanied by
evolution of latent heat. Since the Lindemann index is a
measurement of the vibrational motion of the atoms, it is also a
good indicator of the entropy change during heating. Clearly,
much of the latent heat absorbed by the nanoparticle is
contributed to the increase in entropy.

The dependence of melting and surface premelting temper-
ature of an Fe nanoparticle on the size of the cluster is shown in
Figure 2b, aiming for a quantitative understanding of their
relation. When the Fe nanoparticle is large, its surface activation
temperature (as defined earlier) is S00 K less than the complete
melting temperature of the nanoparticle. As the size of the
nanoparticle decreases (the 1/R,, value increases), the
difference between the surface activation temperature and the
complete melting temperature becomes smaller and is about
200 K in the case of Fe nanoparticles. However, the ratio of the
two is maintained at about 0.75, regardless of the particle size.
This can be used as a rule-of-thumb to estimate the surface
activation temperature of nanoparticles from their complete
melting temperature. The bulk melting temperature of Fe
calculated using the same potential is 1772 K,”° and the
experimental melting temperature of Fe is 1812 K.
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Figure 2. (a) Calculated Lindemann index and potential energy curve
of the Fe,y;5 (3 nm) Wulff nanoparticle. (b) Melting point and surface
premelting (surface activation) point of different sizes of Fe
nanoparticles.

Surface Premelting and the Highly Mobile Atoms on
the Surface. Figure 3 shows the radial distribution of the

Figure 3. Calculated Lindemann index (each point in the plots
represent an atom) of the atoms in a 3 nm Feg;s nanoparticle as they
vary with the distance of the atom from center of mass of a particle at
different temperatures. Atomic configurations taken from a snapshot of
the MD at all the temperatures are embedded in the corresponding
plots. The Fe atoms are represented by spheres; solid atoms (0 < §; <
0.1) are gray balls and liquid atoms (&; > 0.1) are cyan balls.
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Lindemann indices at different temperatures for all atoms in the
3 nm Fe,,s nanoparticle, averaged over the trajectories of the
MD simulations. As expected, not much happens at low
temperatures. Up to 800 K, the atoms remain pretty much in
their crystalline positions. Starting from 1000 K, some of the
surface atoms have a large amplitude of movement from their
original lattice positions. The atoms that are activated are
mostly located on the edges of the Wulff-shape nanoparticle. At
1000 K, two of the surface atoms may be identified as liquid
state atoms by the Lindemann criterion. These atoms have high
mobility and are likely to be involved in the dynamic formation
of active sites on the nanoparticle, similar to the case of
dynamic formation of single-atom active sites on Au,,/CeO, at
700 K reported in literature. When the temperature is increased
further, surface melting becomes more significant, illustrated by
the increase in the number of surface atoms that have high
mobility. Surface activation, defined as three atoms having a
Lindeman index > 0.1, is reached at 1050 K. These atoms, with
high kinetic energy, are mobile on the surface.

How does an activated atom move on the nanoparticle?
Figure 4 tracks the movement of one such activated atom at

Figure 4. Dynamic relocation of an activated surface Fe atom (in red
color, ID: 373) on the nanoparticle from an equilibration trajectory at
1050 K, starting from O ps.

1050 K. In the beginning, the atom is located on the edge of the
particle. It then moves to the top of a flat surface, forming a
“single-atom” site. Afterward, it moves to another edge of the
particle, filling the vacancy due to the leaving of another
activated atom. Because of the high mobility of these atoms,
when a support is supplied, we can imagine that these atoms
may temporarily “flow” from the rest of the nanoparticle to the
support, forming supported “single-atom” type active sites.

At 1000, 1050, and 1100 K, although the activated Fe atoms
are all edge atoms, they are not identical. The extra kinetic
energy of one active atom can be transferred to another atom
on the surface, not necessarily nearby, by the complex
vibrations of the nanoparticle. This is in agreement with the
findings of Engelmann,60 who suggests that because of the
small size of the cluster, fluctuations in a small part of the
cluster will immediately affect the rest of the cluster. Therefore,
the classical way of separating solid and liquid phases in space
has little meaning at nanoscale. Rather, the physical state of the
cluster might change as a function of time, so that there is a
dual-state system in time. At 1300 K, where most of the surface
atoms have melted, the Fe atoms in the core of the nanoparticle
still remain in their lattice positions, maintaining a crystalline
core. At 1400 K, complete melting of the nanoparticle is
observed.

DOI: 10.1021/acscatal.7b04468
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An interesting observation in Figure 3 is the formation of
seemingly “hollow shells” at high temperature, when complete
melting is reached. At temperatures above 1400 K on average,
none of the atoms seem to remain in the core regions, with
average distance smaller than S A from the center of mass of the
nanoparticle. To further examine this phenomenon, a slice of
space was defined (—1.2 A < x < 1.2 A), and the atoms that
come into the slice with time are shown in Figure S. From these

Figure S. Fe atoms that appears in a slice of space during the heating
of a 3 nm Fe ;5 nanoparticle. The instant temperature of the system at
the corresponding simulation time is provided underneath.

snapshots, no hollow region was detected even at 2000 K. This
makes us reconsider the idea of hollow shells in Figure 3. These
apparent hollow shells at the higher temperature of the
simulation do not mean that there are no atoms in the core
region but rather imply that statistically no atoms remain in the
core region over a long period of time. Instead, these atoms
move quickly through the core. The core (with, say, half of the
radius of the particle) constitutes only a small fraction (about
1/8) of the entire volume of the nanoparticle, and the shell
makes up most of the volume (about 7/8).

For melted nanoparticles in a liquid state, the atoms can
move freely over the entire volume of the nanoparticle, and the
average distance of the atom to the center of mass is weighted
much higher in the shell region than the core region, causing
the average distance to the center of mass to be larger than
radius of the core (about S A in this case). After melting, the
higher the temperature, the more degrees of freedom are
available to the Fe atoms in motion. So the distribution of the
average distance of an Fe atom from the center of the
nanoparticle would become more compact, centered around
the distance-of-half-volume (d, ,,) of the particle, about 11.9 A.
In the extreme of an ideal gas, we could expect the average
distance from the center of mass estimated in this way to form a
sphere at d,,,, if we set up an external spherical potential of
radius 15 A to prevent the gasification of the melted
nanoparticle.

Phase Diagram of the Melting Fe Nanoparticle. To
calculate of the liquid fractions of the whole system
quantitatively and thermodynamicallgf, we apply the equilibrium
constant scheme of Engelmann® (Figure 6a). For an
isothermal process which starts from the solid state, the
transition to the equilibrium state of a certain temperature with
liquid fraction y and solid fraction x has an energy of AU, as is
shown in Figure Sa. Since in our simulations, the external
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Figure 6. (a) Time-averaged total energy curve of the Fejqs
nanoparticle at different temperatures; the lower black line indicates
the variation in the total energy of the solid cluster with temperature,
and the higher blue line shows how the total energy of the liquid
cluster varies with temperature. (b) Calculated liquid fraction (red
curve) and solid fraction (blue curve) of the 3 nm Fe,y,s nanoparticle,
based on a total energy graph from the scheme of Engelmann et al®

pressure is zero, the Gibbs free energy will be zero at
equilibrium:

AG=AH -TAS=0

H equals U + pV, and at zero temperature, H equals U. AS is
the difference in entropy between the solid state (initial) and
the solid/liquid mixed state (final): AS = f 18Q/T. Since only a
small fraction of y melts and the system is in isobaric condition,
the difference in entropy can be approximated as yAH/T,
where A¢H is the enthalpy of fusion of the whole system,
equivalent to the internal energy of fusion AU (Figure 5a) in
isobaric conditions. This leads to

AU
AG:AU—Tnyzo

From this equation, the liquid fraction y can be calculated as
AU
y —_—
Here, AU (Figure 6a) is the change of internal energy from
solid state to the equilibrium mixture of solid and liquid state
during surface premelting.
The liquid and solid fractions in the 3 nm Fe,,; nanoparticle
are presented in Figure 6b. Surface premelting becomes
noticeable at about 900 K, where the liquid fraction reaches
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5%. This is in agreement with the observation of liquid atoms at
1000 K from the Lindemann criterion in Figure 3.

In the above sections, we have discussed the possibility of in
situ formation of active sites on nanoparticles due to surface
premelting. These dynamically formed new active sites may or
may not be the dominant factor in determining the catalytic
activity of a nanoparticle. On the basis of the case of an Au
nanoparticle sugpported on CeO, (for CO oxidation) reported
in literature,” we expect that when nanoparticles are
supported, the activated atoms characterized by high
Lindemann indexes could form highly active “single-atom
sites” on the support. And these in turn might greatly affect the
catalytic activity of the nanoparticle. However, we cannot be
certain if these activated atoms on the nanoparticle, dynamically
forming “add-atom” sites, would be decisive in determining the
catalytic activity of the nanoparticle. We intend to study this in
future work.

No matter how active these in situ formed sites are, a
Lindemann index criterion can only characterize the mobile
atoms and the dynamically formed active sites. It does not
recognize intrinsic active sites that have high catalytic activity
but do not involve mobile atoms or the dynamic site formation.
Consequently, a more general indicator is needed to discuss the
effect of surface premelting on the catalytic activity of a
nanoparticle. And for that purpose, we proceed to explore the
coordination number of surface atoms.

Surface Premelting of an Fe Nanoparticle and Its
Potential Catalytic Activity: Coordination Number. It is
known that even slight changes in the surface structure of
catalytic materials can have great impact on their activity and
selectivity.” It has been shown by Calle-Vallejo et al.** that a
volcano-shaped activity-coordination relationship exists and
that the catalytic activity of the nanoparticles is closely related
to the number of the nearest neighbors of the surface atoms on
the nanoparticle. We therefore wished to explore the effect of
surface premelting on the coordination number of surface
atoms. In this work, the surface atoms are defined using a spider
algorithm,*® which requires that for any atom to be labeled as a
surface atom, there can be at least one additional atom of the
same type that can fit onto the top and in contact with the
surface atom. To be specific, for each atom, 5000 random
points are created on a sphere with radius of d,,;, = 2.46 A,
which is nearest Fe—Fe distance in Fe BCC lattice. If an atom is
a surface atom then there is at least one point among the trial
random points, for which the minimum distance to all of the
rest of the atoms in the nanoparticle is d, for in that case an
additional Fe atom can be fitted. This is schematically shown in
Scheme 1.

Coordination numbers of the surface atoms (SCN) are
determined using the radial distribution function. For liquids,
there are at least four ways to compute the CN from the radial
distribution function g(r): symmetrizing the first peak in rg(r);
symmetrizing the first peak in r’g(r); decomposition of r*g(r)
into shells; and computation of area to the first minimum in
r’g(r), as discussed by Mikolaj and Ping®* and also by Wen et
al.*° Different method may lead to different CNs. In this work,
the coordination number is calculated with the fourth method:
integration to the first minimum in 47r*@g(r). The radial pair
distribution function g(r) among all the Fe atoms in the Fe
nanoparticle at different temperatures is shown in Figure 7. To
be consistent in the choice of the cutoff radius for solid and
liquid state, we use the first minimum of the radial distribution
function (ie, 3.5 A) as the cutoff distance. From the MD
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Scheme 1. Surface Atom Spider Criterion”

“The atom A in (a) is a surface atom because a new atom (green
sphere with dashed lines) can fit into the space around it. Atom B in
(b) is not a surface atom because a new atom (green sphere with
dashed lines) cannot fit on top of B as a result of the steric constraints
from its neighbors N1 and N2.

Figure 7. Radial pair distribution function of the 3 nm Fe ;s
nanoparticle at different temperatures.

trajectories, the SCN of each atom is calculated by integrating
its radial distribution function to the cutoff distance of 3.5 A.

With the above definition of SCN, Figure 8 shows the
distribution of the SCN for the Fe atoms at various
temperatures. At 500 K, there are six bins of SCN, with bin
size of 0.5. The highest column at 10 corresponds to the atoms
on the (110) facets, the second highest at 14 corresponds to the
atoms at (100) facets; the others belongs to atoms at the edges
and vertexes of the nanoparticle. That the SCN of the surface
atoms is higher than the coordination of a BCC lattice, namely
8, occurs because we used the liquid state cutoff distance 3.5 A
in the radial distribution function to calculate CN. And while
we usually think of 12 as the highest (close-packed) CN, in fact
in a bec lattice the CN is effectively 14 (8 + 6), given the
slightly higher tolerance or cutoft in distance.

At 800 K, as the nanoparticle approaches surface premelting
and a small fraction of the atoms are in liquid state (see Figure
6b), the SCN of the atoms on the (100) and (110) facets does
not change much, but the atom at one of the edges changes
slightly from 8 to 8.5. At 1200 K, when the temperature passes
the surface premelting temperature, there is a drastic change in
the SCN of the surface atoms. The number of surface atoms on
the (110) and (100) with SCN of 14 and 10 drops
substantially, and a broad peak appears at 7.5—10 neighbors.
Also, atoms with SCN between 10 and 14 appear, although
with relatively small numbers. At 1400 K, when the system
passes the melting temperature, the melting of the core region
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Figure 8. A histogram of the coordination numbers (CN) of the
surface atoms on the 3 nm Fejy s nanoparticle at different
temperatures.

causes frequent exchange of atoms between the surface and the
core. The surface atom that we identify in the beginning of the
MD simulation can become core atoms. Therefore, the SCN at
1400 K shows a uniform distribution centered around 12,
typical for core atoms in a liquid state.

As a system approaches surface premelting, how different are
the surface and core atoms in terms of local environment? In
Figure 9, we compare the local radial distribution function of a
surface atom (in the middle of the facet) and an atom in the
core of the nanoparticle at 700 K. At this temperature, the
surface atoms have already lost the sharp peak at 2.86 A, which
corresponds to the second nearest neighbors in a BCC lattice
[the first peak is at (\/3/2)11, and the second peak is at 4, where
a is the BCC cell parameter]. However, this peak remains for
the core atom. When comparing Figure 9 with Figure 7, it
seems that the surface atoms at 700 K (Figure 9, red curve) are
characterized by radial distribution functions similar to that of
the whole system at 1200 K (Figure 7, blue curve), where the
peak at 2.86 disappears completely.

Surface Premelting of an Fe Nanoparticle and Its
Potential Catalytic Activity: Electronic Structure. In
addition to SCN, the catalytic activity of the nanoparticle is
also closely related to its electronic structure.”” Figure 10 shows
how the temperature affects the density of states (DOS) and d-
band center of the nanoparticle, at the density functional tight-
binding (DFTB) level of theory. Our calculations ignore
potential magnetism in the nanoparticles; this is left for future
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Figure 9. Radial distribution function of a surface atom in the middle
of a (110) facet and an atom in the core of the Fe nanoparticle at 700
K

Figure 10. (a) The density of states and (b) d-band center of the 3 nm
Fe y;s nanoparticle at all temperatures, with Fermi level as the
reference (0 eV).

work. The calculation is averaged over 100 snapshots, which
were picked out every 10000 steps from an MD trajectory of 1
ns. In Figure 10a, the 3 nm Fe nanoparticle definitely shows
metallic character with high DOS at the Fermi level. When the
temperature increases, the DOS at the Fermi level drops
substantially, while the number of states increases in the region
near —1.0 eV. The most obvious change happens in the
following three regions: from 0 to 900 K, from 900 to 1200 K
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(surface premelting), and 1300 to 1400 K (melting region).
The first region corresponds to increasing distortion of the
structure from the local minimum energy by the vibrational
motions. The second and third regions correspond to partial
and full collapse of the crystalline structure of the NP, after
passing the surface premelting point and the melting point,
respectively. The “equalization” of the DOS is a structural effect
caused by the increase of temperature. At low temperature, the
atoms remain in crystalline positions. Because of the high
translational symmetry, many of the electronic states are
degenerate or close in energy, thereby forming sharp peaks on
the DOS plot. However, when the temperature is increased, the
displacement of the atoms breaks the symmetry of the
underlying translational lattice. Therefore, the peaks on DOS
plot begin to flatten out. The equalization of the DOS
converges at 1400 K, after the nanoparticle is melted.

According to the d-band theory of catalysis,* the catalytic
activity of a nanoparticle can be directly related to its d-band
center.®”?° As Figure 10b shows, the average d-band center of
the Fe nanoparticle generally moves further away from the
Fermi level as the temperature increases. It also converges at
about 1400 K.

Melting and Surface Premelting Temperatures of
Other Transition Metal Nanoparticles. As discussed in
detail for the 3 nm Fe nanoparticle example, surface premelting
has many important implications in catalysis. It is therefore
interesting to know at what temperature the commonly used
transition metal nanoparticles may premelt. From Figure 11, we

Figure 11. Surface premelting temperature of transition metal
nanoparticles as a function of nanoparticle size.

can clearly see that an Au nanoparticle of very small size, say 1
and 2 nm, undergoes surface premelting at 250 and 550 K,
respectively. Our results nicely explain the dynamic formation
of Au single-atom active sites during the carbon monoxide
oxidation reaction at 700 K reported by Li et al.”’ At the
working temperature, some of the surface atoms of the Au
nanoparticle melted (&; > 0.1). Because of the greater degrees
of freedom of these surface atoms, the in situ dynamic
formation of a single-atom active site on the Au,, nanoparticle
becomes possible, which one believes is responsible for its high
catalytic activity in oxidation of carbon monoxide.

Our result is also in agreement with the experimental
observation of the dynamic evolution of small Au clusters at
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room temperature (300 K)”' and the formation of partially
melted atomic regions on the surface of Au,, nanoparticles
from AIMD simulations.** Other “soft” transition metal
nanoparticles worthy of attention for exhibiting surface
premelting at low temperature (300—700 K) are Pt, Pd, and
Ag. The case of Ag is consistent with the experimental finding
of liquidlike pseudoelasticity of sub-10 nm crystalline silver
nanoparticles.”” However, most of the other metals which form
nanoparticles have surface activation temperature above 700 K.
For these transition metal nanoparticles, surface premelting
may happen in high temperature catalytic processes such as
methane steam reforming.

B CONCLUSIONS

To understand the surface activation of metallic nanoparticles
in heterogeneous catalysis due to surface premelting, a
systematic MD study of the premelting of 11 transition metal
nanoparticles 1 to 8 nm in size is undertaken. Detailed
discussions focus on a 3 nm Fe,y nanoparticle. The overall
Lindemann index is a good indication of the melting
phenomenon and is a more sensitive indicator than the internal
energy. The Lindemann index of the atoms indicates a
temperature of surface activation that is consistent with
thermodynamic predictions based on the equilibrium constant.
More importantly, this index also identifies the atoms with high
degrees of freedom (activated surface atom) during surface
premelting. Due to the small size of a nanoparticle, the identity
of the active atoms on a nanoparticle can change dynamically
with time. A surface premelting temperature can be hundreds of
Kelvin lower than the melting temperature of the nanoparticle,
depending on the particle size.

Surface premelting not only causes the dynamic formation of
active sites but generally affects three key factors related to
catalysis: the surface coordination number, density of states,
and d-band center of the nanoparticles on which potential
catalysis may take place. The evolution of these characteristics
is complex but can be understood. Surface premelting causes
the atoms with high Lindemann index, usually located on the
edges or vertices, to gain much greater kinetic energy than
others. These atoms could potentially form new active sites in
situ. When the temperature passes the surface premelting
temperature, a drastic change in the coordination number of
the surface atoms occurs, with dramatic broadening of the
distribution of the SCN. The DOS of a nanoparticle tends to
“equalize”, due to the broken translational symmetry of the
atoms in the nanoparticle. Also, the d-band center of the
nanoparticle moves further away from the Fermi level as the
temperature increases. Besides temperature, there are other
factors that may affect the in situ formation of active sites in
realistic conditions, such as pressure, coverage, and reactants;
attention should also be paid to these.

We also show that the dynamic formation of active sites is
not limited to Au nanoparticles. In fact, several noble transition
metals that have fairly low surface premelting temperatures,
such as Ag, Pt, and Pd, may also feature dynamic formation of
unique active sites during catalytic reactions. Most of the other
non-noble transition metals require a temperature of over 700
K for surface premelting to occur. We hope that our work may
inspire the discovery and design of new nanocatalysts with in
situ-formed unique active sites.
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