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Abstract
The thermal stability of core-shell Pd@SiO: nanostructures was for the first time monitored by using

in-situ Environmental Transmission Electron Microscopy (E-TEM) at atmospheric pressure coupled
with Electron Tomography (ET) on the same particles. The core Pd particles, with octahedral or
icosahedral original shapes were followed during a thermal heating under gas at atmospheric
pressure. In a first step, their morphology/faceting evolution was investigated under reductive H>
environment up to 400°C by electron tomography performed on the same particles before and after
the in situ treatment. As a result, we observed the formation of small Pd particles inside the silica shell
due to the thermally activated diffusion from the core particle. A strong dependence of the shape and
faceting transformations on the initial structure of the particles was evidenced. The octahedral
monocrystalline NPs were found to be less stable than the icosahedral ones, in the first case the Pd
diffusion from the core towards the silica external surface lead to a progressive decrease of the
particles size. The icosahedral polycrystalline NPs do not exhibit morphology/faceting change, as in
this case the atom diffusion within the particle is favored against diffusion towards the silica shell, due
to a high amount of crystallographic defects in the particles.

In the second part, the Pd@SiO2 NPs behavior at high temperatures (up to 1000 °C) was investigated
under reductive or oxidative conditions; it was found to be strongly related to the thermal evolution of
the silica shell: (1) under Ho>, the silica is densified and losses its porous structure leading to a final
state with Pd core NPs encapsulated in the shell; (2) under air, the silica porosity is maintained and
the increase of the temperature leads to an enhancement of the diffusion mechanism from the core
towards the external surface of the silica; as a result, at 850 °C all the Pd atoms are expulsed outside
the silica shell.



Introduction

In the general context of the heterogeneous catalysis process, one of the most important classes of
catalysts, from both a fundamental and an industrial point of view, is based on palladium-supported
nanoparticles. They are generally used for catalysing various chemical processes such as CO
oxidation,?® NOx reduction,*> hydrogenation,5”8 and dehydrogenation.? However, such catalysts are
generally unstable at high reaction temperatures and their activity rapidly decays.11! Indeed, to
increase the catalytic activity, the palladium nanoparticles (NPs) as any metal, should display a size of
a few nanometers (usually less than 10 nm) in order to enhance the number of surface active
sites.1213141516 Sintering and/or agglomeration are among the most important deactivation causes of
nanoparticle catalysts due to an irreversible increase of the particle size resulting from a localized
heating and a high thermal energy."”

To address these problems, considerable effort was devoted to developing new generations of
palladium based-catalysts with original “sintering-resistant” properties such as core@shell structures
consisting of a metallic palladium core encapsulated in a porous oxide shell.181920212223 Jt was recently
shown that silica as a shell can stabilize metal particles and improve the thermal stability of catalysts
against sintering.?224252627.2829 Park et al. reported that Pd@SiO:2 remains stable up to 700 °C and yields
a better catalytic activity than classical Pd/SiO: catalysts for CO oxidation.?? J. Martins et al. used
successfully Pd@SiO: as a catalyst for the CO: hydrogenation reaction and showed that the
encapsulation of Pd with a silica shell has a beneficial impact on the stability of the NPs against
sintering.30 A. Forman showed that compared to traditional Pd/SiO, the core-shell Pd@SiO: displays a
significantly higher activity and longer on-stream lifetime for the C:H: hydrogenation. However,
Pd@SiOz as a “new catalyst” was usually studied in terms of catalytic performances: only seldom
papers presented advanced characterization of these nanostructures in order to understand their
thermal stability, selectivity dependence from the shape/faceting and the mechanisms/phenomena
leading to deactivation.

In the characterization framework of heterogeneous catalysis, the evolution of the catalyst
microstructure and/or morphology and size is usually studied by Transmission Electron Microscopy
(TEM) via observations made on several parts of the sample before and after the catalytic reaction. A
few years ago, new generations of Environmental-TEM (E-TEM) cells were developed that allow the
in situ study of the dynamical behavior of nanomaterials at high temperature and pressure up to the
atmospheric pressure.3! In comparison with the conventional dedicated E-TEM usually operating in
vacuum (up to 30 mbar) the E-TEM cells offer the opportunity to work at atmospheric pressure (~1
bar), which dramatically influences the kinetics of the studied reactions. Otherwise, catalysts
investigations usually need data such as dispersion of the active phase on the support, pores
distribution, accessibility and the 3D morphology that cannot be acquired through 2D images; the
most suited technique to access to this kind of information is Electron Tomography (ET). Therefore,
combining E-TEM with ET appears as a promising very powerful tool allowing a complete and
reliable insight of the catalyst evolution under realistic conditions. In the literature, such E-TEM-ET
coupling was performed only by a few groups in dedicated microscopes for investigating the
dynamical behaviour of nanomaterials such as the oxidation effect on bimetallic alloys at high
temperature with tomographic series acquired before and after the in-situ experiment,3? or for
following in situ and in three dimension (3D) the calcination of silver nanoparticles supported on silica
zeolites using a more complex approach based on rapid tomography acquisitions during the in-situ

experiment.?



This work is at the interface between the development of new characterization tools and the
understanding of material properties. We report on an original study that illustrates for the first time
the experimental combination between E-TEM and ET techniques on the same objects and leads to
results uncovering the thermal evolution of Pd@SiO: catalysts. Their behaviour is monitored as a
function of their structure and type of gas environment under realistic conditions of pressure (1
atmosphere) for various catalytic reactions. In a first step, the thermal stability is investigated during a
typical reduction treatment under Hz at atmospheric pressure up to 400 °C. Such E-TEM-ET “unique
object approach” allowed us to acquire 3D data related to the evolution of the morphology and
faceting of the palladium particles during the reduction treatment. To obtain complementary
information on their evolution at higher temperature, these nanostructures were also studied in a
second step under Hz and air environments, providing thus a complete insight on the atom diffusion

mechanisms in such encapsulated 3D architectures.

Results and discussion

1. General characteristics of the Pd@SiO: nanostructures
The TEM images (Figure 1A and Figure 1SI) of the as synthesized Pd@SiO: particles show a relatively

narrow size distribution of Pd NPs with a size of 17.2 + 3.8 nm and the presence of generally one Pd
particle and, in some rare cases, 2 or 3 particles, inside mesoporous silica shells that are 60-70 nm
thick. Figure 1B presents a STEM-ADF (Scanning TEM, Annular Dark Field) image of typical Pd@SiO:
particles evidencing the mesoporous texture of the silica shell made out of radial channels, but also the
presence of some dispersed atomic Pd clusters (< 0.5 nm in size) probably originating from the
residual KoPdCls used at the time of the synthesis process. The distribution of the palladium and
silicon elements within the nanostructures was investigated using energy-dispersive X-ray
spectroscopy (EDX) in STEM for mapping the Pd, Si and O elements (Figure 1C). The Pd and Si maps
are consistent with the expected core-shell structures. The EDX map of palladium does not detect the
presence of some possible clusters, due to their very small size which gives a poor signal to noise ratio

in the chemical maps.
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Figure 1. A) Typical TEM image of the Pd@SiO: catalyst, B) STEM ADF image (inset, STEM BF) of
some representative Pd@SiO: particles, C) STEM EDX mapping of Si, O, Pd of the particles in B, D)
and F) STEM BF and ADF, HR-TEM (inset, FFT) images of the two types of Pd@SiO: particles presents
in the sample.

The TEM images do also reveal the presence of two types of core Pd particles: (1) monocrystalline
particles with an octahedral shape (Figure 1D) with spots easily indexed to the reflections of the fcc
lattice of Pd metal i.e 2.2 A, 1.9 A and 1.2 A corresponding to the (111), (100) and (220) plans,
respectively (JCPDS Card No. 05-0681), (2) icosahedral multiply twinned particles (MTPs) (Figure 1F),
the twinned atomic plans and the FFT micrograph do confirm that these particles are polycrystalline
with a major (111) external facet as reported in the literature.? The FFT present additional spots with a
dnia distance of 3.4 A, which could be the result of a moiré pattern. The presence of such two types of
Pd particles can be explained by different growth kinetics due to the use of the CTAB as a capping
agent.? Xiong Y. et al reported that MTPs Pd particles could be obtained following a blocking of the
oxidative etching during the growth step.3

2. Thermal stability of Pd@SiO: during a reduction treatment (under Hz up to 400 °C)

Before the in situ treatment under H>, several zones with different magnifications were quickly
visualized under argon at 200 °C in order to limit the contamination in STEM. Then, the cell was
degassed and a H2 flux was introduced at atmospheric pressure (760 torr); the temperature was
subsequently increased to 400 °C with a heating rate of 5 °C.min' and kept for 30 min. Note that such
experimental conditions are similar to that used to reduce catalysts in catalytic reactors.3

Figure 2 presents two areas characterized by ET before and after the in situ treatment under Hz. The
areas were chosen to be representative of the sample with typical structures of the Pd@SiO: particles
and one or two particles inside the silica shell, in order to be able to study the individual and the

“more collective” thermal behaviour of the Pd particles, respectively.
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Figure 2. STEM-ADF (inset STEM-BF) images of two areas with Pd@SiO: particles (chosen for ET
experiments) before and after the in situ reduction treatment. The images after reduction do reveal the
presence of new small particles, the rough Pd NPs faceting evolution (squares) and the sintering trend
of close octahedral NPs (circles).

The direct comparison of STEM images of the two areas before and after thermal treatment shows that
the general appearance of the Pd@SiO: particles is preserved, nevertheless three major observations
were highlighted: (1) the appearance of new small Pd particles in the silica shell (arrows), (2) a
sintering-like and/or coalescence mechanism of some NPs when more than one Pd particle are present
as cores inside the same silica shell (circles) and (3) a faceting evolution mainly in the case of
monocrystalline NPs (squares). Alternately, it is known that the TEM electron beam may induce a
local heating of the irradiated regions especially under gas (due to the gas ionisation effect) and could
accelerate the evolution kinetics. In order to estimate the electron beam effect, only the area 2 was
imaged during the in situ thermal treatment (the area 1 was not exposed to the electron beam during
the thermal reductive treatment). There is only one noticeable difference between the continuously
being irradiated area 2 and the protected area 1: the beam irradiation prevents the formation of large

cluster on the surface of the particles.

2.1 Growth of new Pd particles within the silica shell
Electron tomography data including 3D volume, two typical (xy) slices and the 3D model obtained by

segmenting the volume of the area 1 of Figure 2 after thermal treatment are shown on Figure 3 (two
animations of the 3D models before and after the thermal treatment can be found in movie SI-1 and SI-
2). Such data, especially the extracted slices, clearly show the presence of new small Pd particles with
a size of 1+0.5 nm localized within the porous silica (xy slice 1) and some larger ones of about 3+0.5 nm
on the external surface (xy slice 2). In the literature, only few groups reported such a mechanism for

Pd@SiO: due to the fact that such particles are usually characterized by classical TEM in which the



contrast and the signal to noise ratio of small particles are not sufficient for them to be observed. Mc
Farland et al. reported the presence of such “wall particles” (of 1.7 nm before and 3 nm after catalytic
reaction) in Pd@SiO: catalyst for C2H: hydrogenation but without explanation on their formation
mechanism.? Similarly, “redispersion” of palladium was also reported by C. Y. Seo et al. in Pd@SiO:
used as catalyst for CO oxidation at high temperature and was explained by a diffusion of Pd atoms

followed by condensation upon cooling.3
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Figure 3. Top: 3D volume, two typical (xy) slices and 3D model (of the particles inside the red square)
obtained by electron tomography carried out on particles from the area 1 in Figure 2. Bottom: STEM-
ADF images of typical Pd@SiO: particles evolution during the in situ thermal treatment from 200 °C to
400 °C under H2 gas at 760 torr, inset STEM-BF images of the highlighted region in red square.

The thermal evolution of Pd@SiO: particles in a typical region observed in situ is schematized on
Figure 3 (bottom), more particles are shown in Figure 2SI. Above 300 °C, the TEM images show the
formation of a large number of small Pd NPs in the inner part and on the external surface of the silica
shells. The zone highlighted (in insets) illustrates the formation mechanism of such NPs between
200 °C and 400 °C, which appears as a dynamic coalescence/ripening resulting from the migration of
Pd clusters initially present in the mesoporous silica. In addition, the formation of a large number of
new Pd particles compared to the few clusters initially observed in the silica shell suggests the
presence of an additional source of palladium. In such Pd@SiO: structures, two possible reservoirs
could ensure such intake of palladium at high temperatures: (1) the presence of an important amount
of residual palladium precursor in the silica shell and/or (2) the palladium core. To check the possible
presence of K2PdCls inside the shell, several EDX spectra were recorded on large parts of silica that
did reveal the presence of only Si and O peaks, no Pd, Cl, or K peaks were observed (Figure 3SI). As a
result, we can presume that the new small particles can be formed first from the coalescence of the few
clusters initially present in the silica shells but also, additionally, through a diffusion mechanism of
palladium atoms from the core which aggregate on the Pd small particles already nucleated in the
silica shell. In addition, the presence of new Pd NPs smaller than 2 nm inside the silica and bigger
ones at the outer surface can be due to the fact that the ripening/growth process of new Pd NPs
formed inside the silica is limited by the pores size (about 2.2 nm as reported in the ref 30). Such
observations suggest that, as a function of temperature, the first new NPs of palladium (of 1+0.5 nm)

are formed inside the silica shell (at about 300 °C) via the coalescence of the clusters/diffusion from the



core and diffuse through the pores until the surface and then sintered to form the larger particles at
the external surface (of 3+0.5 nm). Similar results were reported by De Jong et al. in the case of nickel
precursors during calcination in SBA15 support. 3

The mechanism of palladium diffusion from the core through silica was reported as a result of inter-
diffusion and the formation of metal silicide via oxygen vacancies at the interfacial region between Pd
and Si.7# It is also known that palladium can react with hydrogen to form instable palladium hydride
phase leading to increase the particles volume due to the incorporation of H2 into the palladium
structure.®41 In our case, we suggest that the formation of such palladium hydride species occurred
principally on the areas of palladium NPs surface in contact with the opened pores of silica shell,
which can enhance the diffusion kinetic of palladium. We therefore expect the hydruration of the
particles to only play a very marginal role in their morphology evolution. The diffusion orientation of
the atoms from the core to the outside part of the silica shell can be explained also by a partial
shrinkage of the silica shell, which leads to an additional stress on the Pd core. In a similar case,
Forman et al. reported after catalytic tests an important agglomeration of silica shell leading to an
increase of the size of the Pd particles formed within the silica from 1.7 nm to 3 nm.% In our case,
using the ET results we can evidence that the larger 3 nm particles (in our case) are localized on the
external surface of the silica shell. To investigate the shrinkage of the silica shells at 400 °C, we
followed their sizes in the areas 1 and 2 (Figure 2) before and after the thermal treatment (see Figure

4SJ), and we could evidence a slight size decrease of about 3-5 nm.

2.2 Thermal dependence of the shape/faceting of Pd particles during the reduction treatment
Most of the studies performed on Pd@SiO: reported a better resistance against sintering when the

metal particles are encapsulated, regardless of the intrinsic microstructural properties of different Pd
particles i.e size, morphology and faceting. In this work, further investigations were carried out using
the “unique object approach” in order to discriminate the thermal evolution behaviour of the
octahedral and icosahedral Pd particles observed in our case. Indeed, the morphological changes of
the Pd@SiO2 deduced from in situ E-TEM observations under Hz at 400 °C reveals, qualitatively, the
presence of more new Pd NPs on the external surface of silica shells containing octahedral Pd cores
(area 1, Figure 2), while the particles with icosahedral Pd cores show almost only new small particles
within the silica pores (area 2, Figure 2).

Figure 4 shows the thermal evolution of typical octahedral particles during the reduction treatment.
The impact of the thermal treatment on the octahedral particles was studied by considering two
particles inside the same silica shell from the area 1 and one particle from the area 2 (particles in red
squares). The 3D models obtained through ET before and after the reduction treatment confirms the
octahedral shape of the particles having 7-8 facets (see the 3D models, inset). After the thermal
treatment, we observe that the global morphology is maintained, but a considerable downsizing was

observed for the studied particles (as example, the particle in Figure 4 lost about 3 nm in size).
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Figure 4. Octahedral Pd particles before (top) and after (bottom) the thermal treatment: From Left to
right: (1) STEM-ADF images of the area 1, (2) a typical slice through the reconstruction of the two
particles highlighted by red square in (1), in insets the 3D models, (3) STEM-ADF images of the area 2,
(4) a typical slice through the reconstruction of the particle highlighted by red square in (3).

To better analyze the faceting, the external surface of the particles was separated in its corresponding
facets, before and after the reduction treatment, using a geometrical approach based on the relative
orientations of the normal axes between neighbouring surface voxels (for much details, see
Experimental Part). The areas of well-identified facets of the two particles of area 1 were calculated
and are presented in the Table 1SI (3D models are shown in movie SI-3 and movie SI-4). It is obvious
that a direct comparison of the values obtained for the particles before and after the thermal treatment
allows obtaining information on the evolution of the faceting in a more reliable way as compared to a
basic visualization. In addition, from the segmented 3D reconstruction we could calculate a
representative volume (given in voxels) for the particles before and after the thermal treatment and
thus a volume evolution during the thermal treatment. The comparison of the areas obtained for both
particles before and after the treatment reveals an important decrease of the well-defined faceted
surfaces. By considering the total number of pixels identified as facets, we could calculate decreases of
17.5 % and 31 % of the total defined facets for the two analyzed particles and decreases of 9 % and 18
% from their initial volumes, respectively. These two particles, being present in the same silica shell,
the faceting/size evolution was followed by a trend toward the sintering/coalescence phenomena (see
the (xy) slices and the 3D volume, in insets). The (xy) slice of a single particle (last column, Figure 4)
illustrates that a new quite round surface appears instead of the well-defined facets existing before the
thermal treatment.

The Pd MTPs were found to display a better stability regarding the thermal treatment. Figure 5
illustrates the evolution of typical Pd MTPs from the area 2 via 2D images and (xy) slices extracted
from the ET reconstructions of the same particles, before and after the thermal treatment. The 3D
model obtained for a typical MTP (particle 1) confirms that the particle displays an icosahedral
morphology, before and after the thermal treatment, with at least twelve facets (mixture of triangular
and hexagonal shapes). To investigate the faceting and the morphology evolution, a similar
quantitative analysis of the external faceting was performed on the particle 1, allowing comparing the

type and the areas of the well identified facets (see Table 2SI and movies SI-5 and SI-6). This analysis



has shown that the morphology and faceting are generally well preserved during the thermal
treatment, except to the fact that the facets areas are slightly smaller, in agreement with the small
rounding of the particle. By considering the total number of pixels identified as facets, we could
quantify 5% less of well-defined facets due to thermal treatment and a decrease of volume of about 3

%. No sintering phenomena were observed even when two particles (or more) are encapsulated in the
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Figure 5. MTPs Pd before (fop) and after (bottom) the thermal treatment: From Left to right: (1) STEM-
ADF images of the area 2 with the two particles chosen for a more detailed analysis highlighted by
white squares, (2) a typical slice through the reconstruction of the particle 1, with in insets the 3D
models with the crystallographic facets, (3) STEM-ADF images of the particles 2, with in insets a more
detailed view of the area between the two individual particles, (4) High resolution STEM-BF images of
one typical MTP, inset the STEM-HAADF images.

In the literature, similar faceting dependence of the thermal stability was observed for Pd@Pt single-
crystal particles treated at high temperature: cubic particles enclosed by (100) facets were found to be
less stable and their shape readily deformed at a temperature 300 °C lower than the one of octahedral
particles enclosed inside (111) facets.®2 In our case, the different behaviour of two Pd particles types
can be explained by the fact that the MTPs display a majority of (111) facets with lower surface energy
than the (100) facets present at the surface of the monocrystalline particles, which enhances the
reactivity and the inter-diffusion of palladium through the Pd/SiO: interface in the case of the
monocrystalline NPs. In order to investigate this hypothesis, a new sample of Pd@SiO», with a cubic
core Pd NP, was thermally reduced in situ in the same conditions (Figure 5 SI). The presence of almost
only (100) facets at the cubic Pd surface was found to significantly enhance the diffusion kinetics
leading to the formation of a much larger number of new Pd particles within the silica shell and on its
outer surface. In fact, previous studies via CO adsorbed DRIFT (Diffuse Reflectance Infrared Fourier
Transform spectroscopy) realized at 400 °C on Pd@SiO: samples with Pd icosahedral and cubic shapes
showed that the total proportion of (100) facets is higher in the Pd@SiO: containing cubic Pd than in
the Pd@SiO2 containing polyedric Pd (50% versus 39%).30

The better thermal stability of Pd MTPs can be also explained by the fact that such polycrystalline
structures present more defects like grain boundaries, voids, vacancies, etc., and the thermal activated

diffusion leads to “internal atom displacements” and less exchange with the external surface. Such a



hypothesis can be confirmed by analysing the high resolution STEM image in Figure 5 (last column),
showing the MTP at 200 °C with a contrast revealing the presence of voids inside some regions,
supposing that no chemical heterogeneities are present; at 400 °C the particle seems to be more

homogeneous.

3. Behavior of Pd@SiO: nanostructures at high temperatures under Hz and air
To provide additional information on the diffusion mechanism from the core during the reduction of

Pd@SiO: nanostructures, two additional in situ E-TEM experiments were carried out: (1) a thermal
treatment up to 400 °C under argon (Ar) followed by a thermal treatment under Hz from 400 °C up to
1000 °C, (2) a thermal treatment up to 850 °C under air. These experiments were aimed at
investigating the formation of the small particles within the silica shells up to 400 °C under different
gas (Ar and air) and to study the thermal stability of the Pd@SiO: nanostructures under Hz and air at
high temperatures. Figure 6 illustrates the thermal evolution of typical Pd@SiO: particles during such
treatments (more particles are present in Figure 6SI and 7SI).

200°C, Ar

1000°C, H,

=
c
7]
E
F=]
]
a
-]
™
£
=
7]
£
=

200°C, Air 400°C, Air 850°C, Air

Thermal treatment

Figure 6. STEM-ADF images (in inset BF-STEM images) illustrating the evolution of typical Pd@SiO:
particles during the in situ thermal treatment (top) up to 400 °C under Ar and then from 400 °C to
1000 °C under Hz and (bottom) up to 850 °C under air.

For both in situ thermal treatment under argon and air, the images show a similar mechanism of small
particles formation between 300 °C and 400 °C, which suggest that the coalescence and/or the
diffusion of palladium process is thermally activated and does not depend upon the environment gas.
Under H, starting from 400 °C the kinetics of palladium diffusion increases as a function of the
temperature and additional small particles appeared up to 700 °C, whereas for higher temperatures
we observed fewer particles inside the shell and only a few particles remain at 1000 °C. In fact, starting
from 700°C the silica shells become denser due to partial reduction/shrinkage phenomena and such
morphological transformations are expected to result in a decrease of the pores sizes until the
formation of a non-porous dense layer (as observed at 1000 °C). As a result, the core Pd coalesces and
completely loses its morphology, but remains “trapped” inside the shell; the small particles formed at
300 °C do diffuse conversely in the direction of the Pd core due to the closing of the porosity, some of
them being encapsulated in the silica.

In the case of thermal treatment under air, the kept opened porosity allows to observe the

enhancement of the diffusion kinetics of Pd from the core. At 500 °C, larger particles of about 3-4 nm



are formed on the external surface of silica and at 850 °C, the palladium completely disappeared and
only void silica particles were observed due to a diffusion of the totality of the Pd cores through silica
which still displays a porous microstructure (observed in STEM-ADF images at 850 °C). The in situ
diffusion mechanism of palladium from the core was recorded between 700 °C and 850 °C (movie SI-
7). The images extracted from this video (Figure 7SI) show a (1) continuous decreasing of the Pd core
size, (2) the disappearance of small particles formed at 300 °C inside the shell accompanied by (3) the
appearance/growth of new particles on the outer surface of silica. After the total diffusion of the Pd
core and of the small particles inside the silica pores has taken place, the size of the new particles
formed on the outer surface decreases down to their disappearance. The above in situ results do
evidence that encapsulated Pd particles can completely redisperse/diffuse within the silica shell in the
form of very small entities provided the presence of opened pores. Such total diffusion mechanism in
Pd@SiO: was observed by C.Y. Seo et al. at 800 °C under a pressure of 150 Torr of Oz with core Pd of

about 5 nm.%

Conclusions
Herein, we report on the first quantitative application of a combined TEM-based approach of E-TEM

at atmospheric pressure and Electron Tomography (ET), as a unique tool for investigating the 3D-
dynamical evolution of materials or catalysts. Applied on the same objects, it provides correlative
information on the particle morphology and crystallographic faceting on the one hand, and its
evolution under thermal constraints in various gas environments on the other hand.

This approach was here applied for following the in situ reduction of Pd@SiO: particles using
traditional experimental conditions (400 °C, Hz, 760 Torr). At 300 °C the formation of new Pd particles
inside the silica shell is related to a diffusion-ripening mechanism of the clusters initially present
inside the silica poresor of the atoms originating from the core Pd. The same behaviour was observed
under Ar and air, thus demonstrating that the as-observed diffusion at medium temperature is
thermally activated. In addition, thanks to the 3D approach by combining E-TEM and ET, we were
able to precisely quantify the volume and the faceting evolution of the two kinds of studied Pd
particles against their thermal treatment. We have shown higher thermal stability for icosahedral
MTPs owing to lower diffusion at the Pd/silica surface, the atomic diffusion happening generally via
the internal defects of such polycristalline structures. The octahedral particles were found to be less
stable during the thermal treatment and exhibited a more efficient diffusion leading to a size decrease
and a variation of the faceting. At higher temperatures, the stability of Pd@S5iO: depends on the
oxidative/reductive nature of gas environment. Under Hy, the silica lost its porosity and formed a
dense layer at 700 °C, with the Pd at the core no more faceted but encapsulated in the shell up to
1000 °C. Under air, the porous structure of the silica is still stable, the diffusion mechanism of Pd from
the core inside the silica pores increases as a function of temperature to form new particles on the

external surface of silica up to 850 °C, temperature at which the whole the core was diffused.
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Experimental methods

Pd@SiO: preparation

The Pd@SiO:2 nanostructures were synthesized following the procedure detailed in ref. 30 and consists
in three steps: (1) a seed mediated growth of Pd particles from isotropic colloids of 3-4 nm following
the Nikoobakht method,* (2) the Pd encapsulation by a mesoporous silica shell and (3) the thermal
treatment at 250 °C under Ho.

Palladium NPs synthesis via a seed mediated growth method: 180 ml of a KoPdCls (2.7mM) solution
was added to 150 ml of a hexadecyltrimethylammonium bromide (CTAB) 95 mM under stirring at
30 °C under H: atmosphere. Then, 6 ml of a sodium ascorbate 80 mM were added and the final
solution was stirred at 30 °C for 4 h under Ha.

Silica shell growth: 300 ml of H20, 260 ml of EtOH and 3.5 ml of NH«OH 28wt.% aqueous solution
were added to the previous colloidal solution of nanoparticles.

In order to obtain core@shell Pd nanoparticles with a mesoporous silica shell (Pd@m-5i02), 1 g of
tetraethylorthosilicate (TEOS) is added afterwards drop-wise under strong magnetic stirring and the
mixture is left overnight for maturation under moderate stirring at room temperature.

After maturation and EtOH addition, the suspension was centrifuged (20 min, 14,000 rpm) to recover
the precipitate.

Thermal treatment: The black solid is then dried under air at room temperature and finally treated
with a hydrogen flow at 250 °C for 12 h (heating rate of 2 °C min-?).

Transmission Electron Microscopy (TEM) and Scanning TEM (STEM)
Transmission electron microscopy (TEM) analysis was carried out using a JEOL 2100 FEG S/TEM

microscope operated at 200 kV equipped with a spherical aberration corrector on the probe forming
lens. For imaging, the samples were dispersed in ethanol and deposited on a holey carbon coated TEM
grid. For scanning transmission electron microscopy (STEM) high-angular annular dark field
(HAADF) analysis, a spot size of 0.13 nm, a current density of 140 pA, a camera focal length of 8 cm,
corresponding to inner and outer diameters of the annular detector of about 73 and 194 mrad, were
used. Elemental analyses were carried out with an energy dispersive X-ray spectroscopy (EDX) probe

using a silicon drift detector (SDD) with a sensor size of 60 mm?2.

Environmental TEM
The Pd@SiO: sample was deposited onto a Protochip support (E-Chip)#, which is a thin ceramic

heating membrane controlled with the “Atmosphere” software in order to automatically adjust the
temperature under different pressures and gas species. The sample was deposited on the heating
membrane via sputtering through a thin slit directly above the membrane. A second cell chip with a
SiN membrane is located on top of the thermal E-chip in the TEM holder, producing a thin gas cavity
sealed with small o-rings maintaining the high vacuum in the TEM column.

During the experiment, the sample was observed and imaged at a pressure of 1 atm (760 Torr) of
argon to localize the zones that will be observed later, then the gaz (Ar, Hz or air) was introduced and

the sample was heated to the desired temperatures.

Electron Tomography
In order to realize the Electron tomography (ET), the E-chip containing the sample was introduced

and fixed inside the specific sample holder destined to the ET experiments. The acquisition of tilt



series was acquired using the tomography plug-in of the Digital Micrograph software, which controls
the specimen tilt step by step, the defocusing and the specimen drift. The HAADF and BF tilt series in
the STEM were acquired by using the ADF and BF detectors and tilting the specimen in the angular
range of + 51.5° using an increment of 1.5° in the equal mode, giving thus a total number of images
equal to 69 images in each series. The inner radius of the ADF detector was about 40 mrad, a relatively
large value that allows us to consider that the intensity in the corresponding images is proportional to
the mean atomic number of the specimen in a first approximation.

The recorded images of the tilt series were spatially aligned by cross correlating consecutive images
using IMOD software.® For the volume calculation, we have used the algebraic reconstruction
technique (ART)% implemented in the Tomo] plugin® working in the Image] software® were thus
used to compute the reconstructed volumes. Finally, the visualization and the analysis of the final
volumes were carried out using the displaying capabilities and the isosurface rendering method in the

Slicer software.®

Quantitative 3D analysis of the particle faceting

Quantitative analysis of the particles faceting is carried out as follows, using the DESK framework>:
First, each particle surface is extracted and meshed using the ACVD software.5! The result is a uniform
mesh with 10000 vertices. A normal axes is estimated on each vertex. Then the normal axes are
clustered into 20 classes using the K-means algorithm. In order to remove small non-planar regions,
only the 14 biggest classes are kept. Finally, for each planar region, the vertices with a normal
deviating less than 20 degrees from the region average are kept. This gives a robust vertex count for
each planar region, and as the mesh is uniform, the number of vertices inside each planar region is a

good approximation of the region area.
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