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Summary: Supported metal nanoparticles play key roles in nanoelectronics, sensors, energy
storage/conversion, and catalysts for the sustainable production of fuels and chemicals. Direct
observation of the dynamic processes of nanocatalysts at high temperatures and the
confinement of supports is of great significance to investigate nanoparticle structure and
functions for practical utilization. Here we present in situ high-resolution transmission
electron microscopy (HRTEM) photos and videos with correlating dynamics simulations to
reveal thereal time dynamic behaviour of Pt nanocatalyst at operation temperatures.
Amorphous Pt surface on moving and deforming particles is the working structure during the
high operation temperature rather than a static crystal surface and immobilization on
supports as proposed before. The free rearrangement of the shape of Pt nanoparticles allowed
them to pass through narrow windows, which was generally considered to immobilize the
particles. The Pt particles, no matter what their sizes, preferred to stay inside nanopores even
when they were fast moving near an opening at temperatures up to 900 °C. The porous
confinement also blocks the sintering of the particles under the confinement size of pores.
These contribute to the continuous high activity and stabilityof Pt nanocatalysts inside
nanoporous supports during a long-term evaluation of catalytic reforming reaction. Our
discovery will promote the rational design of practical nanomaterials with enhanced stability

and functionality, for applications in target reactions.



Introduction

Supported metal nanoparticles have been a hotspot research area for decades, owing to
their wide variety of significant applications in catalysis, gas storage, fuel cells, air/gas
purification, electronics, sensors, batteries, and nano-welding. Among them, nanoparticles for
heterogeneous catalysis is of substantial importance to the chemical industry, since catalysis
involves more than 90% of chemical processes with the resulting impact on the global economy
of $10 trillion per year 2. Most of the catalytic processes, especially calcination, reaction, and
regeneration, require high operating temperatures > *, it therefore remains a significant need in
research to fundamentally understand and predict the local structure and stability of
nanoparticles under thermal conditions.

Most of the previous studies employed computational modelling to investigate the
structural dynamics of nanoparticles, with ex situ characterization experiments at room
temperature as supporting evidence. Unfortunately, this did not truly reflect the textural and
morphological properties of nanocatalysts under real working temperatures. Thanks to the
recent development of the high-temperature transmission electron microscopy (TEM)
technique, it is possible to control the sample temperature up to 1300 °C for an in situ high-
resolution TEM (HRTEM) characterization, which is a powerful and indispensable tool to
reveal the dynamic processes in size, shape, interface structure, and chemical composition of
nanoparticles > °. It has been successfully applied to visualize the domain dynamics during
ferroelectric and magnetic switching 7 ®, the deformation mechanism of body-centred cubic
tungsten °, the dissolution and regrowth behaviour of MoO2 nanowires '°, surface faceting of
palladium-copper nanocrystals !!, the electronic transport in graphene nanoribbons '%, and the
amorphization behaviour of a series of alloys '3 141516,

Supported metal nanoparticle catalyst is a representative category of industrial catalyst,

and Pt nanocatalyst is one of the most popular catalysts in industry due to their high activity



and stability !> 181920 Concerning that Pt catalysts are dominant in many significant processes
at high temperatures, such as hydro-cracking, isomerization, reforming, hydrocarbon
dehydrogenation, oxidation, and hydrogenation/hydrolysis, the surface temperature is
generally high especially frequent regeneration to burn the coke with air at temperatures over
700-800 °C. Therefore, the stability and working activity of Pt nanocatalysts depend highly on
their dynamics at that temperature range.

There are mainly two types of supports, porous and nonporous supports, to load metal
nanoparticles. It should be noted that the support structure could affect the properties of
supported nanoparticles. On nonporous supports, there is no space or structural confinement
for nanoparticles. For porous supports, confining the nanoparticles into the pores was
considered as an effective approach to improve their stability 2! 22, One typical example is
given by Bao and co-workers, who discovered that nanoparticles confined inside the pores of
carbon nanotubes exhibited unusual thermal stability > 2% 2%, A couple of factors have been
proposed to exert influence on the thermal stability of confined nanoparticles, such as the size

and shape of the nanoparticles inside the pores 227

, and the interactions between nanoparticles
and the support ?® %, However, visible evidence is still lacking, and therefore further
exploration using in situ HRTEM technique is needed. In this research, nanoporous silica
MCM-41 was used as a support of Pt nanoparticles because of its regular porous structure (2-
7 nm) with thin amorphous-silica walls (ca. 1 nm), which allows clear TEM observation of the
dynamics of the Pt particles 3% 3!-3%33.34.35 The nonporous silica supported Pt nanoparticles
and commercial Pt/Al2O3 were prepared and investigated for comparison because silica and
alumina are the most popular supports for metal nanocatalysts. The catalytic performance of Pt
nanoparticles on the three supports was addressed by a testing reaction of ethanol steam

reforming. /n situ HRTEM and computational dynamics simulations were used to investigate

the structural dynamics of supported Pt nanoparticles at high temperatures.



Results and discussion

As introduced above, the temperatures for calcination, reaction, and regeneration of
nanocatalysts are around 700-800 °C. As a case study, we carried out the steam reforming of
ethanol at supported Pt nanocatalysts in the range of temperatures. The catalytic performance
of each Pt catalysts is summarized in Figures S1-S2. Pt/MCM-41 showed the highest activity
and stability, and maintained stable activity and selectivities during a 20 h long-term evaluation
at 750 °C, whereas obvious deactivation was observed over Pt/SiO2 and Pt/Al.Os. Serious
sintering has been observed for Pt nanoparticles on Pt/SiO2 and Pt/Al2Os3 after reaction (Figures
S3-S4). However, no obvious aggregation of Pt nanoparticles was detected over Pt/MCM-41
before and after reaction as shown in TEM images (Figures S5-S6). The Pt nanoparticles were
small and well crystallized with {100} as the predominant crystal facet before and after reaction
(Figures S5-S6) 3°. Normally, it could be concluded that Pt nanoparticles in the stable catalysts
maintain the same location, shape, size, crystal structure and surface property at the working
temperature. However, in situ HRTEM offered a significantly different picture.

At temperatures lower than 750 °C, no obvious dynamic evolution was observed for the
Pt nanoparticles via the in situ HRTEM. At 750 °C, Pt nanoparticles began to move on all
supports and started sintering on SiO2 and Al203 (supplementary movies for Pt/MCM-41 and
Pt/Al203 were displayed in Movie S1-S2, and the movie for Pt/SiO2 was not shown because of
its similarity with that for Pt/Al2O3), which is analogous to the observation of stability trend of
Pt/SiO2 and Pt/ALl2O3 due to the sintering during the reforming reaction in Figures S1-S2.
Contrast to general thought, the dynamics of nanoparticles was observed to change even for
the relatively stable nanocatalysts, suggested by the real time dynamic behaviour of Pt/MCM-
41 at 750 °C in supplementary Movie S1 (some screenshots of Movie S1 are displayed in

Figure 1, with the time increasing from Figure 1a to 1d). The location of the Pt nanoparticles



over Pt/MCM-41, exampled by the particle labelled 1 in Figure 1 and Movie S1, was confirmed

by following the movement trajectory of the particle, to be in pores.
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Figure 1 HRTEM images of Pt/MCM-41 at 750 °C, screenshotted from Movie S1 with time
increasing from (a) to (d).

It is interesting to note that, even though the melting point of Pt metal (1769 °C *7) is
higher than that of silica (1710 °C %), no rearrangement or shape changes was noticed for the
support amorphous MCM-41 with thin wall (ca. 1 nm) whilst strong deformation and
movement were observed for Pt nanoparticles (> 1 nm) (Figure 1 and Movie S1). In other
words, even though mesoporous MCM-41 was generally considered unstable at high
temperature due to its thin wall (ca. 1 nm) and amorphous silica network, the in situ TEM
showed the unchanged structure of MCM-41 and revealed its good thermal stability as a
support. Meanwhile, significant flexible deformation of the nanoparticles was observed,
especially during their passing through non-uniform pores or obstacles (Movie S1 and Figure
1). It demonstrated that at high temperatures, the shape of Pt nanoparticles was rearranged
according to the pore structures when they were moving through the pores of the support.

What’s more, no diffraction spots were obtained over the FFT image of these in situ



characterized Pt nanoparticles (in Figure S7), whereas the crystallinity of these Pt nanoparticles
could not be speculated, since the movement of Pt nanoparticles could also influence greatly
the FFT image. Therefore, the nanoparticles at high temperatures look like a ‘soft’ material
rather than ‘hard’ metal crystals at room temperature. The ‘soft’ Pt nanoparticles were changing
shape and structure to fit the internal shape of the pores. It allowed them even to pass through
the narrow channels, which was generally considered to immobilize the particles.

These unexpected in situ TEM observation results concerning the mobility and
deformation behaviour of Pt nanoparticles in nanopores at high temperatures were further
supported by molecular dynamics (MD) simulations, with Pt nanoparticles being encapsulated
inside a straight channel as the model (Figures 2a and 2b). The simulation results revealed that,
with its high surface energy as the driving force *°, Pt nanoparticles could move inside the
channels at elevated temperatures. Smaller nanoparticles had a higher diffusivity and moved
faster (Figure 2¢) because of the smaller contact area and subsequently weaker interaction with
the channel (Figure 2d), whereas larger nanoparticles were seen to adjust their surface pattern
and fit to the channel surface, which finally resulted in a strong interaction and obstructed its
movement to some extent (Figures 2¢ and 2d). Additionally, Pt atoms on the {111} and {100}
surfaces of Pt nanoparticles (some typical atoms are coloured in blue and red, respectively)
could move freely at high temperatures (Figures 2e, 2f and Figure S8). Also the calculations of
radial distribution function (RDF) indicated that the atoms in nanoparticles were more liquid-
like, especially in small nanoparticles (Figure S9a and Movie S3). The interior atoms of large
nanoparticle (»=2.0 nm), however, was more solid-like (Figure S9b and Movie S4). The high
mobility of the Pt atoms on the surface of Pt nanoparticles indicated the nanoparticles could

evolve easily and ultimately lead to deformation and amorphorization of the nanoparticles *°.
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Figure 2 (a) front view and (b) side view of the schematic illustration of the simulation system,
(c) the mean square displacement (MSD) as a function of time for Pt nanoparticles with
different sizes within the channel, (d) the evolution of interaction energy between the
nanoparticles and channel, and the diffusion of Pt atoms on the facets of Pt nanoparticles (e)
t=50 ns and (f) t=100 ns.

When the temperature of in situ HRTEM characterization was increased from 750 to 800
°C, the movement of the Pt particles inside nanopores became faster (Movie S5), and the
combination of small nanoparticles to form bigger ones was clearly observed (Figure 3 and
Movie S5), as evidenced by the merging of three nanoparticles (the nanoparticles are circled in
Figures 3a and 3b) into a big one (circled in Figures 3c and 3d). However, the aggregation
occurred only for very small nanoparticles on MCM-41 and stopped when the average particle
size was close to the pore diameter (Figure 3). The possible reason for aggregation is that the
relatively larger-sized pores provided enough space for particle growth and exhibited an
inefficient confinement effect for the smaller nanoparticles located inside them *'. The non-

uniform spherical shape was detected for the combined nanoparticles to fit the pore internal



shape (The schematic illustration is displayed in Figure S10). For large particles, no
aggregation was observed inside MCM-41, however, the aggregation did not stop on

nonporous supports (Movie S2 and Figures S11).
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Figure 3 HRTEM images of Pt/MCM-41 by increasing the temperature from 750 °C to 800 °C,
with the movement of small Pt particles and their combination to a big particle being observed
in the pores. Time and temperature increased from (a) to (d).

Additionally, it is also noteworthy that, the growth of Pt nanoparticles occurred by the
combination of two or more individual particles, rather than by atom transfer between two
particles as previously proposed *> *** 4. The phenomenon of direct attachment of nearby
particles into a larger one was also obtained from MD simulations, with 5 nanoparticles (=1.5
nm) being initially placed inside a channel with certain interval (Figure 4 and Movie S6). It
was apparent that the first two nanoparticles contacted and fused in a short time (at 7=0.6 ns),
followed by another fusion of the 4™ and 5™ nanoparticles at t=2.5 ns, and the joining of the 3™
nanoparticle to the fused one at /=23.1 ns, respectively. Then, at t=100 ns, the fused
nanoparticles deformed and became truncated octahedrons. One possible reason for the direct

attachment of the nanoparticles is proposed below. At high temperatures, the movement of the



nanoparticles became faster, which provided more opportunities for them to shorten their
distances. When the distance between two nanoparticles was sufficiently short, the short-range
van der Waals force would be the driving force that attracted the nanoparticles to move together
45 Then direct attachment of small nanoparticles would occur when the van der Waals force
was high enough to overcome the interaction energy barrier between the Pt nanoparticle and
the MCM-41 pore channel **. This discovery is expected to be fundamentally significant for

particle transportation and nano-welding *%47,
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Figure 4 MD simulation of the combination of separated small nanoparticles (#=1.5 nm) into
fused ones and their subsequent evolution into the truncated octahedrons.

With the temperature further increasing from 850 °C to 900 °C, no further aggregation of
the Pt nanoparticles was observed within the pores (Figure S5 and Movie S7), which was due
to the strong confinement effect of MCM-41 pores to the Pt nanoparticles 2> 2% 2%, In contrast,

the aggregation process of Pt nanoparticles without porous confinement did not stop on



nonporous supports (Movie S2 and Figures S11), forming the large Pt particles. Interestingly,
it was discovered that, the Pt particles, no matter what their sizes, preferred to stay inside
nanopores and no particles moved out of the pores even when they were rapidly moving near
an opening. This phenomenon was demonstrated by the two nanoparticles (radius of 1.0 nm
and 4.0 nm, respectively) circled in Figures 5 (a)-(d), with their locations inside pores being
confirmed via the obvious void space after the leaving of the Pt nanoparticles (Movie S7). The
curvature effect of the pores may participate and play a key role in trapping and confining the

nanoparticles inside the pores, due to the superstability of nanoparticles on concave surfaces

48,49, 50

compared to on convex and planar surfaces

@)

Figure 5 HRTEM images of Pt/MCM-41 at 850-900 °C, screenshotted from Movie S7 with
the time and temperature increasing from (a) to (d).

Therefore, over Pt/MCM-41, Pt nanoparticles always maintain small sizes inside
nanopores rather than moving out the pores to aggregate into bulk particles at high temperatures.
The initial aggregation of very small Pt nanoparticles inside pores at the starting point of
reaction has very limited effects to the overall Pt dispersion, which contributes to the

continuous high activity and stability during the reforming (Figures S1-S2). Due to the fast



movement/deformation of Pt particles inside pores and the fast movement of Pt atoms on the
amorphous surface of Pt nanoparticles, Pt particles would not block the diffusion of reactants
and products during the reaction. On the contrary, Pt nanoparticles without porous confinement
could not stop aggregation on nonporous supports (Movie S2) to form the large Pt particles,
which leads to the loss of active sites in the reforming reaction (Figures S1-S2).
Conclusions

By in situ HRTEM and MD simulations, this research discovered the significant change
of Pt nanocatalysts’ dynamics at high temperatures. The real time dynamic behaviour of Pt
particles showed that the well-crystallized Pt nanocatalysts started deformation and movement
at 750 °C. The Pt crystal structure with prominent facet {100} disappeared in both in situ
HRTEM images and videos. MD simulations indicated the formation of an amorphous Pt shell
with a crystal Pt core for large size nanoparticles (» > 2.0 nm) and the formation of the
amorphous Pt particles for very fine nanoparticles (» < 1.5 nm) at high temperatures. Pt atoms
moved freely on the amorphous shell of nanoparticles and their high surface energy drove the
movement of Pt nanoparticles inside pores or on the surface of the supports. The high mobility
of the amorphous Pt atoms indicated that the nanoparticles could evolve easily and ultimately
lead to deformation and amorphorization of the nanoparticles to fit the internal shape of the
support’s pores. The free rearrangement of the shape of Pt nanoparticles allowed them to pass
through narrow channels, which was generally considered to immobilize the particles. Even
though the melting point of Pt is higher than SiOz, the strong deformation and movement of Pt
nanoparticles did not damage the thin wall (ca. 1 nm) of amorphous silica between nanopores.

When Pt nanoparticles were close to each other, sintering of Pt nanoparticles occurred by
the combination of two or more individual particles, rather than by atom transfer between two
particles. When the distance between two nanoparticles was sufficiently short, the short-range

van der Waals force would be the driving force for aggregation. Aggregation of Pt



nanoparticles without porous confinement did not stop on nonporous SiO2 and Al2O3, since all
nanoparticles on the surface could easily join together due to their fast movement. Finally, most
of active sites would disappear due to the formation of big Pt particles, which resulted in the
deactivation of catalysts in the reaction. However, aggregation was only observed for very fine
nanoparticles on the MCM-41 nanoporous support and stopped when the particle size was close
to the pore diameter due to the confinement effects. Importantly, the Pt particles, no matter
what their size, preferred to stay inside nanopores due to the curvature effect of the pores and
no particles moved out of the pores even when they were located near an opening at enhanced
temperatures even up to 900 °C. Therefore, Pt nanoparticles always maintained small sizes and
movement inside nanopores rather than moving out the pores to aggregate into big particles.
This kind of dynamic change confined inside nanopores contributes to the continuous high
activity and stability of Pt nanocatalysts during a long-term evaluation at 750 °C in catalytic
reforming. The obtained knowledge concerning the behavior of Pt particles may also be
applicable for other metal nanoparticles during the high temperature application.
Experimental Procedures
Sample preparation

Platinum was loaded onto MCM-41 °! or fumed SiO: via an impregnation method.
Pt(acac)2 (20 mg) was firstly diluted in toluene (7 ml) and then mixed with 500 mg of MCM-
41 or SiO2 under magnetic stirring at room temperature for 24 h. Subsequently, the mixtures
were dried under ambient atmosphere at 25 °C, followed by heating to 120 °C overnight and
calcination in dry air at 350 °C for 2 h. The Pt loadings of Pt/MCM-41 and Pt/SiO2 were 5.0
wt.%. The 5 wt.% Pt/Al1203 (E4759) was purchased from Engelhard.

Sample characterization



HRTEM images of the freshly prepared and spent samples were obtained by using a JEOL
JEM-2200FS (200 kV). The specimens were mounted on a carbon-coated copper grid by
drying a droplet of a suspension of the ground sample in ethanol.

The in situ heating was performed and observed in a JEOL JEM-2000FS TEM operated
at 200 kV. The HRTEM specimen holder used for heating is The Wildfire in Situ Heating
Series, a product by the DENS solutions. The holder enables heating from room temperature
to 1300 °C.

Molecular dynamics simulations

A series of molecular dynamics (MD) simulations were carried out with Pt nanoparticles
encapsulated inside a straight amorphous SiO2 channel. The Pt nanoparticles with different
sizes of 1.0 nm, 1.5 nm, and 2.0 nm in radius were constructed by truncating a bulk Pt sample.
Two SiOz channel with length of 40 nm and inner radii of 2.0 nm and 3.0 nm were constructed,
respectively. The amorphous structures were realized by increasing the temperature of the
system to 3000 K first, then quenching to 300 K in 30 ns. In these simulations the Tersoff
potential was used to describe the interaction of SiO2 atoms 2. The as-prepared channels were
then used in the following simulations where the atoms of SiO2 were fixed. The embedded
atom potential (EAM) was used to describe the Pt-Pt interactions >3, which has been proven to

be capable of describing the structural and mechanical properties of Pt. We used the classical

r Ir

12 6
Lennard—Jones (L-J) potential 7 (r)= 45((3) - [Ej }to describe interaction between Pt and

Si02 atoms, where r is the distance between two atoms, ¢ and o are the two L-J parameters.
Here ¢ = 16 meV and ¢ = 0.22 nm were selected in all the simulations. The parameters were
selected to ensure that the NPs of 1 nm in radius could move within the channel at 1173 K
while it cannot at 1043 K. The Large-scale Atomic/Molecular Massively Parallel Simulator

(LAMMPS) ** was used for running the simulations and virtual molecular dynamics (VMD) >



for molecular visualization. All simulations were performed at constant atom number (N),
volume (V) and temperature (T) (NVT) ensemble in LAMMPS, and a simulated system had a
constant temperature of 1173 K. A constant time step of 1 fs was used and all the simulations
last at least 100 ns. The periodic boundary condition was applied along the axial direction of

the channel. The mean square displacement (MSD) values were calculated using the equation
of MSD=(x, —x,)’ +(y, —¥,)" +(z, —z,)°, where x, y, and z represented the coordinates of a

Pt nanoparticles, and ¢ was the duration of the time lag.
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