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Silica supported metal catalysts are most widely used in the modern chemical industry because of the high
stability and tunable reactivity. The strong metal-support interaction (SMSI), which has been widely
observed in metal oxide supported catalysts and significantly affects the catalytic behavior, has been
speculated to rarely happen in silica supported catalysts since silica is hard to reduce. Here we revealed
at the atomic scale the interfacial reaction induced SMSI in silica supported Co and Pt catalysts under
reductive conditions at high temperature using aberration-corrected environmental transmission
electron microscopy coupled with in situ electron energy loss spectroscopy. In a Co/SiO, system, the
amorphous SiO, migrated onto the Co surface to form a crystallized quartz-SiO, overlayer, and
simultaneously an interlayer of Si was generated in-between. The metastable crystalline SiO, overlayer

subsequently underwent an order-to-disorder transition due to the continuous dissociation of SiO, and
Received 26th June 2021 the interfacial alloying of Si with the underlying Co. The SMSI in the Pt-SiO, syst found t
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remarkably boost the catalytic hydrogenation. These findings demonstrate the universality of the SMSI in

DOI: 10.1039/d1sc03480d oxide supported catalysts, which is of general importance for designing catalysts and understanding
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Introduction

Oxide supported metal catalysts are of fundamental importance
in a broad range of applications such as petrochemical engi-
neering, energy conversion, and heterogeneous catalysis,"' for
both organic and inorganic synthesis.® Oxide supports were
previously considered to be inert, and their primary role is to
disperse and stabilize the metal catalysts. However, later it was
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demonstrated that oxide supports can manipulate the physi-
cochemical properties of metal nanoparticles and influence the
catalytic performance through so-called carrier effects.”® The
so-called strong metal-support interaction (SMSI) was reported
more than 40 years ago.”™ It presents geometric, electronic,
and compositional effects that can be used to control the
catalyst structure, properties, and performance. SMSI in oxide-
supported metal catalysts has been intensively studied."”**
Many efforts have been focused on addressing the SMSI effect
using either reducible or hard-to-reduce oxides or inert non-
oxides'®" as supports. Among various supports, reducible oxide
supports, such as TiO,,"** Ce0,,>*** FeO,,*** Ta,0s,** and
Nb,0s5,*® were commonly adopted to establish the classical SMSI
systems. These reducible oxide supports undergo redox-induced
dynamic structural changes and then migrate onto the metal
surface to encapsulate the metal nanoparticles, maximizing the
metal-oxide contact surface and the interfacial energy.” For
example, in metal/TiO, systems, SMSI resulted from the partial
reduction of the oxide support, which induced the removal of the
surface lattice oxygen of TiO, and the migration of sub-
stoichiometric TiO,_, onto the metal surface to form an over-
layer.*®?° It was hypothesized that bonding between the Ti atoms
of the reducible TiO, support and the metal catalyst surface made
the migration of the oxide support onto the metal thermody-
namically favorable.”**” The chemical bonding between reducible
TiO, and the metal catalyst may also induce electron transfer
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from Ti*" species to metal nanoparticles, and further migration
to reactant molecules.”* Consequently, classical SMSI has been
utilized to improve the catalyst stability*****® and activity,"* and
identify the mechanisms.™

It is generally accepted that encapsulation of metal nano-
particles hardly occurs on hard-to-reduce oxide-supports such
as Si0,," MgO,” and ZnO.****** Nonetheless, building an
appropriate oxide-metal interface has always attracted great
attention in industrial processes, in which SiO, is of greater
interest.*>*® For instance, the Fe/SiO, catalyst has been shown
to be promising for direct nonoxidative conversion of methane
to ethylene, aromatics, and hydrogen. Iron species were found
to interact extensively with SiO, supports, becoming embedded
in the silica matrix through bonding with Si after annealing at
1500 °C. Thus, these otherwise extremely reactive and coor-
dinatively unsaturated iron atoms were stabilized and persisted
under the very harsh reaction conditions.”” Recent reports
proposed the construction of a Si-metal interface by depositing
thin film SiO, onto metal nanoparticles at high temperature.***
Owing to the interaction between SiO, and metal, the catalyst
was resistant to sintering and accelerated the activation of O,
(ref. 46) and the hydrogenation of CO, to ethanol.*” Besides,
a thin layer of Al,O; between the metal catalysts and the silicon
substrate was generally adopted to improve the growth effi-
ciency of vertical single-walled carbon nanotube forests. It is
believed that the presence of the Al,O; layer is critical for the
formation of high-density metal nanocatalysts of small size,
which are stable throughout the high temperature (800-1000
°C) process.***** However, SiO, was proven to be invalid in the
same process. Though the mechanism is still not very clear, the
interaction between silica and the metal catalyst may play a role.
There have been only a few examples of metal-silica interaction
revealed by X-ray photoelectron/absorption spectroscopy,
diffraction or magnetic measurements.'**”***¢ However, much

Z:) SiO, film 750 °C [1y
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less is known about the atomic-scale origins of the silica-based
SMSI, silica-metal interface and their interfacial interaction
under reactive conditions compared to that of titania-metal
systems.

Here, we report the unequivocal finding of SMSI in an
industrially relevant Co/SiO, model catalyst where SiO,
migrated onto Co nanocrystals and the SMSI originated from
the interfacial reduction induced SiO,-Si-Co structure, by
employing the state-of-the-art aberration-corrected environ-
mental transmission electron microscopy (ETEM)'2%°7-64
combined with in situ electron energy loss spectroscopy
(EELS),*>** thus providing direct visualization and chemical
evolution at the atomic scale. The dynamic evolution of the
interface accompanied by the interfacial Si-Co alloying was also
investigated in this SMSI system. These findings greatly
broaden the applicability of the SMSI concept on hard-to-reduce
oxide supports and unlock new opportunities to design ther-
mally stable, surface-alloyed metal catalysts.

Results and discussion

Sinter-resistant Co nanoparticles with an overlayer on the SiO,
substrate

The heating chips fitted in the Titan G* 80-300 ETEM micro-
heater used in this work contain an amorphous SiN,
membrane with a native oxide layer of SiO,, which was
confirmed by energy dispersive X-ray (EDX) elemental mapping
and quantification analysis (Fig. S1 and Table S1}). A Co thin
film (thickness: ~1 nm) was sputtered on the surface of the SiO,
film. Co nanoparticles formed on the substrate when annealing
in 3% H,/Ar (50 Pa) at 750 °C with a size distribution of 5-
10 nm. To avoid the effect of beam irradiation, we performed in
situ heating with beam off and then captured the ETEM images
with beam on under 80 kV. When annealing Co nanoparticles

)
111

fcc-Co [110]

In situ ETEM characterization of the stability of Co nanocrystals. (a—d) Sequential ETEM images showing Co nanoparticles before and after

annealing on SiO,/SiN, (a and b) and carbon film (c and d) in 3% H,/Ar, which were acquired at the same region of the sample. The circles are
meant to help with comparison. (e—g) Typical high resolution ETEM images of semi-suspended Co nanoparticles with an overlayer on SiO,/SiN,
acquired under different reactive conditions: CO (280 Pa) (e), 3% H./Ar (50 Pa) (f), and CH4 (63 Pa) (g). Inset: FFT patterns of the particle region.
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for 7294 s, surprisingly, we did not observe any significant
aggregation or leaching of Co nanoparticles on the substrate
(Fig. 1a and b), indicating the high thermal stability of these
nanoparticles on SiO,/SiN,. The selected-area electron diffrac-
tion (SAED) patterns of the nanoparticles before and after
annealing both show the diffraction rings of metallic Co
(Fig. S2t). For comparison, we also prepared Co nanoparticles
on amorphous carbon films and performed ETEM. It was clearly
observed that some Co metal nanoparticles evaporated at
550 °C (Fig. 1c and d, marked by dashed circles, and Fig. S37).
The behaviors of Co nanocrystals on SiO,/SiN, and carbon
substrates indicate different thermal stabilities.

To investigate the origin of the unexpected thermal stability
of Co nanoparticles on SiO,/SiN, and achieve an atomic-scale
observation, we chose the semi-suspended Co nanocrystals
standing on the edge of the substrate to study the interaction
between Co and SiO,/SiN,. We found that a crystallized single
layer formed as a conformal coating on the surface of a Co
nanocrystal from the ETEM image acquired in the H, atmo-
sphere (Fig. 1f) and Co nanoparticles of 4-20 nm could all be
coated. The in situ high-angle annular dark field scanning TEM
(HAADF-STEM) images also clearly demonstrated that the Co

a 1n-situ. 750 <
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nanoparticles were partially covered by a layer which showed
a similar contrast to the Co and SiO,/SiN, substrate (Fig. S47),
which excluded the overlayer consisting of light elements such
as carbon. Furthermore, the crystallized overlayer was also
observed when exposing Co nanoparticles to various reductive
gases, such as CO (280 Pa), CH, (63 Pa), and a mixture of CH,/H,
(v/iv = 7/3, 50 Pa) (Fig. 1le and g, and S57), and both face-
centered-cubic (fcc) and hexagonal-close-packing (hcp) Co
nanoparticles of 4-20 nm were coated with overlayers (Fig. S57),
suggesting the universality of the formation of the overlayer.
Generally, there is only one atomic layer coated on each Co
particle. In a few cases, there are 2 to 4 layers (Fig. S61). It is also
worth noting that all the overlayers started from the metal-
substrate boundaries (see arrows in Fig. 1e-g and S57), arguably
through the diffusion of species from the substrate to the Co
surface.

Atom-resolved structure and composition of the Co-SiO,
interface

To confirm the composition and structure of the overlayer on
the Co particle surface, we performed in situ STEM-EELS
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In situ EELS characterization of the crystalline SiO, overlayer on the Co surface. (a and b) In situ HAADF-SETM (a) and EELS spectrum

image (b) showing a Co nanoparticle on SiO,/SiN, in 3% H,/Ar (50 Pa) at 750 °C. (c—g) Corresponding EELS elemental mapping images of the N
K-edge (c), Si L, 3-edge (d), O K-edge (e), and Co L, 3-edge (f), and the combined image (g). Mapping step size: 1.1 nm. (h) Schematic of the SiO,
overlayer on a Co nanoparticle with a Si interface. (i—k) EELS spectra extracted from regions | and Il in (b), showing Si (i), O (j), and Co (k) signals
from the near-surface of the nanoparticle and substrate. () Merged EELS spectra of the Si L-edge from different Co nanoparticles (NP1-8).
Commercial Si and SiO,, SizN4, Co, CoO, and CozO,4 from the EELS database were used as references. All the spectra were calibrated using the
zero-loss peak (0 eV).
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characterization of Co nanoparticles on SiO,/SiN, under H, at
750 °C. It was demonstrated by EELS elemental mapping that Si,
O, and N were distributed continuously and uniformly on the
substrate, again suggesting a homogeneous coating of SiO, on
SiN, (Fig. 2a—e). The EELS elemental mapping of an individual
Co nanoparticle semi-suspended on the substrate confirmed
that the overlayer on the Co nanoparticle was composed of both
O and Si (Fig. 2d-f). It was consistently found from the line scan
profile of EELS across the Co-overlayer that only Si and O coexist
on the surface of Co (Fig. S7f). Carbon and SiN, were also
excluded because there was no C or N signal on the Co particle
(Fig. 2¢, and S8a and bt). The study performed in a reductive H,
environment excluded the possibility of the presence of CoO, in
the overlayer because CoO, can be reduced by H, at 750 °C. For
those Co nanoparticles annealed in CO and CH,4, we also per-
formed the EELS mapping of the sample under ETEM and did
not find the C signal (Fig. S8c and dt). Hence, the overlayer is
not a graphene layer.

In situ EELS spectra extracted from elemental mapping were
also used to reveal the fine structure of the overlayer. The Si L, 3-
edge spectra extracted from the near-surface (thickness: 1.6 nm)
of a particle (Fig. 2b, region I) showed that its peak positions
and fine structures were very similar to those of both quartz-
structure a-SiO, (107.7 and 115.0 eV) and Si (100.1 eV), while
the Si signal from the substrate (Fig. 2b, region II, and Fig. 2i)
exhibited a mixture of structures of Si;N, and SiO,. We also
performed EELS simulation with the combination of standard
Si and SiO, (molar ratio of Si : SiO, = 1 : 2). The simulated EELS
spectrum matched well with the experimental result (Fig. 2i,
dashed line), which further confirmed the existence of Si in the
overlayer. The energy loss peaks of the O K-edge from the
overlayer and substrate were both associated with SiO, instead
of Co30, or CoO (Fig. 2j). These data further verified that there
was no cobalt oxide in the overlayer, and O was attributed to
SiO,. In the Co regime, the energy loss peaks of the L, ;-edge
(780.6 and 795.7 eV) and the intensity ratio of L,/L; acquired
from the near-surface were similar to those of metallic Co
(Fig. 2k). The in situ EELS result clearly evidenced that the SiO,
overlayer migrated from SiO,/SiN, onto the Co surface with the
formation of Si in-between and such interfaces existed in all
observed nanoparticles (Fig. 21). The configuration of the SiO,-
Si-Co interface is schematically illustrated in Fig. 2h.

Based on EELS results, we combined the high-resolution
ETEM images to resolve the atomic structure of the crystalline
overlayer. Fig. 3a shows a close-up view of an overlayer stabi-
lized on the surface of a Co nanocrystal. The fast Fourier
transform (FFT) derived from the interfacial region between Co
and the overlayer shows at least two groups of diffraction spots,
indicating the inhomogeneous structure (Fig. 3b). Among them,
one group of spots marked by circles corresponds to the fcc-Co
along the [110] direction. Another group marked by boxes with
spacings of 3.4 A, 3.4 A, and 4.3 A could readily be attributed to
quartz SiO, along the [101] direction (ICSD 16331, space group:
P3,2,) (Fig. S91). Additionally, we also noted that a pair of
diffraction spots at around 3.4 A expanded (Fig. 3b, marked by
dashed ellipses), which probably originated from different
interlayer distances of SiO,-Si-Co as Si was evidenced by in situ
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Fig.3 Atomic-resolution ETEM characterization of the crystalline SiO,
overlayer on the Co surface. (a) Close-up view of Co with a double
overlayer acquired at 750 °C under 3% Hy/Ar (50 Pa). (b) Corre-
sponding FFT from the interface region marked in (a). (c—e) Experi-
mental TEM image (c) and simulated TEM image (d) obtained from the
proposed atomic model of the SiO,-Si—Co interface (e), along the
orientations of a-SiO, [101], Si [100], and fcc-Co [110], respectively.

EELS. An interface structure of SiO,-Si-Co was proposed, in
which Si (ICSD 51688, space group Fd3m) was orientated along
the [001] direction. The simulated TEM image based on this
proposed atomic interface structure matched well with the
experimental image (Fig. 3c-e). These in situ ETEM and EELS
results demonstrated that a crystallized SiO, overlayer was
formed on the Co surface with an interface structure of SiO,-Si-
Co.

We also prepared supported Co nanoparticles on SiO,
spheres (~400 nm in size). The powder sample was annealed in
a tube furnace under 10% H,/Ar at 750 °C for 6 h. It was found
from STEM-EDX elemental mapping that Si and O appeared on
Co nanoparticles (Fig. S10t), demonstrating the general obser-
vation of diffusion of SiO, onto Co.

SMSI of Co/SiO, induced surface evolution of Co nanocrystals

Fig. 4a-d show a round-to-faceted Co particle transformation
coinciding with the migration of the SiO, overlayer on the Co
surface, which was captured in situ under 3% H,/Ar (50 Pa) at
750 °C. At a moment designated as 0 s, the low index facets,
{020} and {220}, and high index facet, {420}, were identifiable.
The shape of Co appeared to be a truncated polyhedron with
rounded corners. A crystallized SiO, overlayer already formed
on the (020) plane of the Co nanoparticle (Fig. 4a). When further
heated, the SiO, overlayer gradually grew from the (220) plane to
the (200) plane of the Co particle accompanied by the trans-
formation of SiO, from an amorphous to a crystallized single
layer. Meanwhile, the low index (220) and (200) facets gradually
expanded, while the high index (420) facet shrank, as shown in
the sequence of Fig. 4a-d. The FFT pattern derived from the
particle region confirmed the orientation of the Co nanoparticle
(Fig. 4d, inset). We further quantified the shape evolution by
tracking the propagation of different Co facets. Changes in the
length of each Co facet as a function of time were plotted in
Fig. 4e, which clearly showed the transformation described
above. Besides, we also noted that the high index (420) facet,
which is adjacent to the (200) facet, exhibited a clean surface

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SMSI induced dynamic shape evolution of a Co nanocrystal with a SiO, overlayer. (a—d) Time-sequenced ETEM images of a Co nano-
crystal during SiO, overlayer formation. The same TEM images were highlighted with facets of the nanocrystal. The growth direction of SiO, was
marked by arrows. Inset in (d): FFT pattern derived from the particle region. (e) Length of facets plotted against annealing time. (f) Statistic of the
formation of the SiO, overlayer on different crystal planes of fcc and hcp Co nanoparticles.

without the SiO, overlayer and did not significantly change
during the process (Fig. 4a-e).

To exclude the effect of electron beam irradiation induced
facet evolution, we also performed in situ heating with beam off
and then captured the ETEM images with beam on. It was found
from single-shot ETEM images that the Co surface with a SiO,
overlayer exhibited a flat facet with a low index, such as fcc-Co
(002), (111) and hep-Co (1010), while the surface without the
SiO, overlayer exposed the round surface consisting of high
index crystal planes (Fig. S11t). The statistical TEM analysis
based on these in situ observations further showed that the SiO,
overlayer preferentially stabilized on the low index facets of fcc-
Co {111}, {200}, and {220} as well as hcp-Co (1010) and (101T)
(Fig. 4f). The reconstruction and evolution of high index (420)
facets to low index (200) facets during the SMSI process could be
thermodynamically favourable. Because it was reported that
adhesion energy between the metal and oxide overlayer is
negative (vaqn < 0 €V) and the extension energy of the two facets
is inversely proportional to their surface energy, that is, the
lower the surface energy, the more the facet is extended (4,00/
Ayzo © Yazolva200 > 1).4*° Contact of the SiO, overlayer with Co
will result in a net increase of the ratio of the surface area A,qo/
Ay (i.e., anet increase of ratio of surface energies (v420 + Yaan)/
(Y200 * Yadn))- A similar tendency has been reported in a TiO,-
SMSI system where the decrease of the whole surface energy is

© 2021 The Author(s). Published by the Royal Society of Chemistry

generally considered to be the driving force for the encapsula-
tion of reducible oxide TiO,.'*” Besides the effect of SiO,
coverage, other factors such as alloying of two components®®
and gas adsorption*® may also affect the surface energies and
reconstruction of Co nanocrystal facets. From these results, it
was believed that SMSI was initiated by the partial reduction of
SiO, at the SiO,-Co interface, which can be projected by the
facet evolution of Co nanocrystals.

It was generally accepted that the ordered crystalline oxide
was very effective in blocking access of gas molecules to the
underlying metal surface, while the amorphous oxide overlayer
was gas permeable.””® We found that most of the Co nano-
particles were coated by the amorphous SiO, overlayer after
heating at 750 °C for 8 h (Fig. 5a). The sample was annealed
using an ETEM with the electron beam off. The order-to-
disorder transition of the SiO, overlayer could be attributed to
continuous reduction of SiO, at the interface, thus destroying
the lattice of quartz SiO,. The as-reduced Si atoms gradually
diffused into Co to probably form a silicide alloy, which was
schematically shown in Fig. 5d and e. This deduced process was
evidenced by in situ STEM-EELS measurement. The in situ EELS
mapping showed that Si distributed in both the surface and
body of Co nanoparticles while the O was surface-rich (Fig. 5b),
indicating the diffusion of Si into the body of the Co nano-
particle. More Co/SiO, particles displaying the similar

Chem. Sci., 2021, 12, 12651-12660 | 12655
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Fig. 5 Order-to-disorder transition of the SiO, overlayer on Co
nanoparticles. (a) Single-shot ETEM image showing the amorphous
SiO, overlayer on Co nanoparticles. (b) In situ EELS mapping of a Co/
SiO, showing the distributions of O, Co, and Si. (c) In situ EELS Co L, 3
spectra after the SiO, order-to-disorder transition. The metallic Co
and CoSi, were used as references. The spectra were calibrated by the
zero-loss peak (0 eV) and then normalized by the energy loss peak of
the Co L,-edge. (d and e) Proposed model of ordered to amorphous
transition of the SiO, overlayer coinciding with diffusion of Si in Co.

behaviour of Si diffusion are shown in Fig. S12.f It was
consistently found from in situ EELS spectra by comparing the
intensity ratio of the Co Ls/L, edge that the Co signal was close
to that of the Si-Co alloy instead of metallic Co after the order-
to-disorder transition of the SiO, overlayer (Fig. 5d, S13 and
S14%).

These ETEM and in situ EELS results clearly reveal that SiO,
migrated to the Co surface and a quartz SiO, overlayer was
formed. The formation of Si most probably originated from
a mechanism proposed by D. Duprez et al.,”* in which silica is
reduced to form Si by hydrogen spillover from the metal to the
oxide. In our in situ experiments, various reductive gases such as
H,, CH,, and CO were used (Fig. 1le-g and S57), which may
undergo spillover from metallic Co to SiO, and reduce SiO, at
750 °C. The hydrogen spillover effect lowers the reduction
temperature of SiO, as follows:

Co-OjpierSi-0-Si-0 = Co-Si-O-Si-0 +10, () (i)
302 (g) + Ha (g) — H20 (9) (i)

Subsequently, the interfacial alloying of Co-Si promotes the
interaction between Co and the SiO, support and prevents the
diffusion of Co atoms or the migration of Co nanoparticles, thus
inhibiting the sintering of Co nanoparticles. The two-step
reaction was dependent on the reaction temperature and the
pressure of H, (or other reducible gases) and O,. At lower
temperature (<600 °C), we did not find the interfacial reaction

12656 | Chem. Sci,, 2021, 12, 12651-12660
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induced SMSI effect. The vacuum could also promote the
interfacial alloying of Co and Si, similar to what was proposed in
early studies for the interaction of Cu/SiO, (ref. 72) and Rh/
Si0,.* In the metal-silica (metal-O-Si-O) contact, oxygen was
first transformed into a chemisorption state on the metal
surface as shown in the above step (i), from where it is subse-
quently thermally desorbed and vacuumed. Additionally, the
interaction between the metal and Si could further induce
interfacial alloying to form a silicide alloy.

Boosting the catalysis of hydrogenation with SMSI induced Pt/
SiO, catalysts

Inspired by the ETEM results of SMSI in metal-silica, the special
chemical properties derived from the strong interaction
between supported metal and the silica substrates have been
utilized in the catalytic hydrogenation reaction. We prepared Pt
nanoparticles supported on SiO, spheres (400 nm in size)
(Fig. S167). A series of high-resolution ETEM images of the same
Pt nanoparticle on the SiO, substrate annealed at different
temperatures in 3% H,/Ar (50 Pa) are shown in Fig. 6a-d. The
sample was annealed in ETEM with electron beam off. The SMSI

1% Pt/SiO,, 4 bar H,
Ethyl acetate, 50+1 °C

100 ] 3 J
4 e S 800
I 1 - i =
¥ A o
80 / 1
4 ‘1’ 600
0] ¢t/ * il E 5
9 = 472
3 3% & 400
S 40 f vy =
8 [ A ~=-500°C
Yy s +600°C 200
401 g —-750°C = 104
ok 900°C
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Reaction time (min) Catalysts annealing temperature (°C)

Fig. 6 Pt/SiO, catalysts for the hydrogenation reaction. (a—d) ETEM
images of the same Pt/SiO, particle acquired at 600-900 °C in H, (50
Pa). (e—g) Ex situ STEM-EDX elemental mapping of Pt/SiO, after
annealing at 500, 600, and 900 °C. (h—j) Catalytic performance for the
4-nitroethylbenzene hydrogenation over Pt/SiO, catalysts annealed at
different temperatures (500, 600, 750, and 900 °C). The conversion
values are the average of 3 parallel catalysis experiments. The TOF
values were calculated under the conversion of <20% based on the
total Pt loading in the catalysts.
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induced by the migration of SiO, on Pt and diffusion of Si in Pt
nanoparticles also occurred when annealing the sample at
temperatures higher than 600 °C, which was simultaneously
evidenced by in situ ETEM and ex situ STEM-EDX elemental
mapping (Fig. 6a-g). The ex situ high-resolution TEM images
and corresponding FFT showed that the Pt nanoparticles were
partially alloyed with Si to form Pt;Si (Fig. S16%), which show
similar behavior to that of Co/SiO,. The thickness of the over-
layer increased with increasing temperature from 600-750 °C
(Fig. 6a-d).

The Pt/SiO, (0.1 at% Pt) powder samples annealed at 500-
900 °C in H, were tested for the catalytic hydrogenation of 4-
nitroethylbenzene at 50 + 1 ©C (Fig. 6h). The conversion of 4-
nitroethylbenzene as a function of time was plotted in Fig. 6i for
a series of catalysts annealed at 500-900 °C, and different
catalytic behaviors were evident. The best performance with
a turnover frequency (TOF) of 792 h™* was observed for the 600
°C-annealed Pt/SiO, catalyst (Fig. 6j). Since the formation of
a SiO, overlayer on Pt and diffusion of Si in Pt nanoparticles
were observed in the sample annealed at 600 °C, we believe the
strong interaction between Pt and diffused Si in the Pt/SiO,
catalyst played a great role in boosting the catalytic perfor-
mance. Pt atoms became more electron-rich via the donation of
electrons from Si because the electronegativity of Pt (2.28) is
larger than that of Si (1.91). The electron-rich characteristics of
Pt induced by the SMSI would lead to a higher hydrogen
coverage and thus accelerate the hydrogenation reaction.”
However, the decreased activities of samples prepared at higher
temperatures (750 °C and 900 °C) could be tentatively ascribed
to two critical factors. One is the over-coated SiO, layer on Pt,
which may block the access of molecules to the underlying
metal surface. This was evidenced by CO adsorption charac-
terization where the active Pt surface area reaches the largest
value of 4.15 m” per g of catalyst (600 °C) and decreases sharply
to 1.73 m® per g of catalyst (900 °C) (Table S27). The other is the
catalyst particle aggregation, which may also result in decreased
activities. We performed a statistical TEM analysis of the Pt
nanoparticle size prepared at 500-900 °C. The average size of Pt
nanoparticles increased from ~3.6 nm to ~5.7 nm when
increasing the annealing temperature to 750-900 °C (Fig. S177).
The above results provide possibilities for controlling the elec-
tronic structure of the metal catalyst by accommodating diffu-
sion of the Si via metal-silica SMSI. We performed a statistical
analysis of size distribution of the Pt nanoparticles supported
on SiO, after the hydrogenation reaction and did not find the
aggregation of catalysts (Fig. S18t). This indicated that the
catalysts were also stable after the hydrogenation reaction.

Conclusion

The present observations illustrate spatially and chemically
resolved evidence for SMSI induced structural and composi-
tional evolution of SiO, supported metal catalysts. Both atom
and element resolved characterization clearly demonstrated
that amorphous SiO, migrated onto the Co nanoparticle surface
to form a crystallized quartz SiO, overlayer. We found that the
SMSI is induced by the formation of Si at the Co-SiO, interface

© 2021 The Author(s). Published by the Royal Society of Chemistry
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at high temperature under various reductive atmospheres of H,,
CO, and CH,. Upon subsequent exposure to high temperature,
the metastable crystalline SiO, transformed to an amorphous
overlayer, with the diffusion of Si into Co and the formation of
a silicide alloy at the surface of the Co nanoparticles. The SMSI
was also validated in a Pt-SiO, system, and it greatly boosted the
catalytic hydrogenation. The metal nanocrystals with a Si-based
intermetallic surface are stable and potentially open new
possibilities for catalysis. Our research may also provide a route
for the synthesis of nano-sized silicide intermetallic
compounds that have recently become a central focus of
research in magnetism.”

Experimental section
Preparation of Co/SiO, and ETEM experiments

The in situ experiments were conducted using an aberration-
corrected Titan G> 80-300 ETEM operated at 80 kV equipped
with a MEMS-based heating holder (NanoEx-i/v). The TEM
images were acquired at an electron dose-rate of 107 e~ A~2s ™.
A thin film of Co (thickness: 1 nm) was sputtered onto the
amorphous SiO,/SiN, thin film of the MEMS chip purchased
from Thermo Fisher Scientific. The as-prepared specimen was
heated to 750 °C under 3% H,/Ar (50 Pa). After that, TEM images
and videos were captured. Other reducing gases, CH, (99.99%,
63 Pa), CH,/H, (v/v = 7/3, 50 Pa), and CO (99.999%, 280 Pa),
were also used instead of H,/Ar to introduce to TEM chamber.
Besides the sputtered Co film, we also used cobalt(n) acetate
(Co(OAC),) dissolved in ethanol (0.1 mmol L™ ") as a precursor to
prepare Co nanoparticles on the SiO,/SiN, thin film. The as-
prepared Co(OAC), specimen was first heated to 500 °C in
pure O, (50 Pa) for 30 min to form Co;0, and reduced in H, (50
Pa) at 700 °C for 30 min to form metallic Co catalysts. The sizes
of Co nanoparticles prepared from Co(OAC), are larger than
those from the sputtering method. These larger Co nano-
particles (~5-20 nm) were also used to perform ETEM, EELS,
and EDX mapping to achieve high spatial resolution.

In situ EELS experiments

In situ STEM-EELS data were collected in another, but otherwise
the same, aberration-corrected Titan G> 80-300 ETEM. It was
equipped with a Gatan image filter (Quantum 936) with an
energy dispersion of 0.25 eV operated at an accelerating voltage
of 300 kV. The zero-loss EELS was acquired immediately after
obtaining the core-loss EELS on individual nanoparticles. The
obtained EELS data were further analyzed in Digital Micro-
graph. The position of core-loss EELS was corrected with the
corresponding zero-loss peak and the extrapolated background
was then subtracted from the edge of interest. A Fourier-ratio
deconvolution was further performed to remove the effect of
plural scattering.

Ex situ EDX mapping

STEM-EDX mapping was carried out on an FEI Talos F200X
electron microscope with an HAADF detector operating at 200
kv. EDX was acquired using a Bruker Super-X detection system.
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TEM image simulation

The atomic coordination of the Co, Si, and SiO, was obtained
from the Inorganic Crystal Structure Database (ICSD). Struc-
tural models and simulated electron diffraction patterns were
generated using CrystalMaker and SingleCrystal (CrystalMaker
Software Ltd.). TEM image simulation was performed using the
Quantitative STEM (QSTEM) simulation package.” The atomic
model of the Co-Si-SiO, interface was constructed using the
QSTEM Model Builder. The microscope parameters used for the
simulations were similar to those for imaging.

Preparation of SiO, sphere supported Co and Pt powder
samples

Typically, the SiO,/Co (weight ratio of Co to silica is 0.5) catalyst
was prepared by an incipient wetness impregnation method.
150 mg cobalt acetate was dissolved in 3 mL distilled water,
followed by the addition of 100 mg SiO, spheres (diameter ~
500 nm). The solid-solution mixture was stirred at room
temperature for 15 min and subsequently dried overnight at
80 °C in an oven. The obtained catalyst precursor was finally
reduced in a quartz tube furnace under 10% H,/Ar at 750 °C for
4 h, resulting in a SiO, supported Co powder catalyst. The
preparation of Pt/SiO, was carried out following the same
procedures using H,PtCls-6H,O as the precursor.

Evaluation of catalytic performance of Pt/SiO, catalysts

Pt/SiO, was annealed at 500, 600, 750, and 900 °C under H, (100
mL min~") for 2 h, respectively. In a typical catalysis experi-
ment, 0.5 mmol of 4-nitroethylbenzene, a certain amount of
freshly prepared Pt/SiO, catalyst, and 2 mL of ethyl acetate were
added into a glass reaction vessel. Then the reaction vessel was
placed into an autoclave reactor, subsequently purged using
pure H, feed 5 times, and pressurized to 4 bars. The catalytic
reactions were carried out at 50 + 1 °C with a stirring speed of
800 rpm. After reaction, the reactants and products were
analyzed using a gas chromatograph (GC9720, Fuli Analytical
Instruments Co., Ltd.) with a flame ionization detector and
Agilent column (30 m x 0.320 mmx0.25 pm).
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