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S
upported metal nanoparticle (NP) cat-
alysts have been widely used in indus-
trial processes, including methane

steam reforming, catalytic hydrogenation
and dehydrogenation, and oxygen reduc-
tion.1�4 Catalytic performance and stability
of these supported metal NP catalysts de-
pended significantly on one of the key
factors: size of metal NPs;5�14 however,
the sintering behaviors caused by elevated
temperature are a predominant cause of
deactivation for metal NPs in industrial cat-
alysts. In particular, rigorous environment
such as high reaction temperature and re-
active gas during the catalysis process often
expedites the sintering. Consequently, in
order to gain a better understanding of
the sintering mechanism of metal NPs,
in situ monitoring of the sintering process
of the supported metal NP catalysts has
been attracting more interest. Recently, Si-
monsen et al.15,16 have put forward Ostwald
ripening of Pt NPs on the planar Al2O3 and
SiO2 supports under exposure to 10 mbar
air at 650 �C by in situ TEM experiments.

Yoshida et al.17,18 also observed theOstwald
ripening of Pt NPs on amorphous carbon
supports by using high-energy irradiation
(300 keV). So the sintering behaviors of
supported metal NPs are typically ascribed
to mass-transport mechanisms containing
particle or atomic migration.19,20 The parti-
clemigration process describes themobility
of particles in a Brownian-like motion on
supports, followed by the coalescence
growth. The atomic migration mechanism
refers to the Ostwald ripening process in
which sintering occurs by the diffusion of
atoms or atomic species either on the sur-
face of the supports or through the gas
phase between immobile NPs. Due to or-
dered and controllable mesopores, meso-
porous silica is a kind of efficient catalyst
support for metal NPs, in particular, provid-
ing an excellent model with spatial confine-
ment to the study of the metal NP
agglomeration.21�28 However, the under-
standing about the sintering process of
metal NPs confined in the mesochannels
of mesoporous materials is still unclear.
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ABSTRACT Supported metal nanoparticle (NP) catalysts have

been widely used in many industry processes and catalytic reactions.

Catalyst deactivation is mainly caused by the sintering of supported

metal NPs. Hence, understanding the metal NPs' sintering behaviors

has great significance in preventing catalyst deactivation. Here we

report the metal particle migration inside/between mesochannels by

scanning transmission electron microscopy and electron energy loss spectroscopy via an in situ TEM heating technique. A sintering process is proposed

that particle migration predominates, driven by the difference of gravitational potential from the height of the uneven internal surface of the

mesopores; when the distance of the gold nanoparticles with a size of about 3 and 5 nm becomes short after migration, the coalescence process is

completed, which is driven by an “octopus-claw-like” expansion of a conduction electron cloud outside the Au NPs. The supports containing an

abundance of micropores help to suppress particle migration and coalescence. Our findings provide the understanding toward the rational design of

supported industrial catalysts and other nanocomposites with enhanced activity and stability for applications such as batteries, catalysis, drug delivery,

gas sensors, and solar cells.
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Herein, taking Au-SBA-15 for an example, we report
the migration of metal Au NPs inside the ordered
mesopore channels via combined in situ heating TEM
observations including scanning transmission electron
microscopy (STEM) and electron energy loss spectros-
copy (EELS) up to 700 �C. It is the first time the
migration of Au NPs along a mesochannel and even
migration from a mesochannel to neighboring one is
observed. A particle migration mechanism is proposed
where particle migration is driven by the difference of
gravitational potential from the height of the uneven
internal surface of the mesopores; subsequently, when
interparticle distance becomes short, a conduction
electron cloud outside the metal NPs can expand
similarly to the stretching of an “octopus-claw”, and
eventually metal NPs merge with each other.

RESULTS AND DISCUSSION

Three ordered mesoporous silica SBA-15 with differ-
ent pore diameters were synthesized via changing the
hydrothermal treatment temperature from60 to 100 to
130 �C and chosen as the supports. The explanation for
the names of samples, Au-SBA-15-T1-T2, is listed, the
mass ratio of Au to SiO2 in all samples: 0.5 wt %; T1:
hydrothermal temperature of SBA-15; T2: pretreat-
ment temperature of as-made Au-SBA-15. SAXS pat-
terns (Figure S1 in Supporting Information) and N2

adsorption/desorption isotherms (Figure S2 in Sup-
porting Information) demonstrate that all three sam-
ples have highly ordered mesostructure with two-
dimensional (2-D) hexagonal (p6mm) symmetry. The
Barrett�Joyner�Halenda (BJH) pore size distribution
curves (Figure S3 in Supporting Information) show that
the pore diameters of SBA-15-60, SBA-15-100, and
SBA-15-130 are 5.8, 9.2, and 11.8 nm, respectively.
The micropore volumes inside the mesopore walls of
the three supports (Table S1) are calculated to be
∼0.01 cm3/g (SBA-15-60), 0.09 cm3/g (SBA-15-100).
and 0.04 cm3/g (SBA-15-130), confirming the existence
of an uneven internal surface of the mesochannels. As
for the SBA-15-130 sample, the micropore volume
decreases after high hydrothermal temperature treat-
ment (at 130 �C) because the micropores inside the
silica pore walls become the mesotunnels connecting
the neighboring mesopores. To confirm whether the
Au NPs were successfully confined inside the channels
ofmesoporous silica SBA-15, N2 adsorption/desorption
isotherms and TEM analysis were carried out after the
metal AuNPswith a size of∼3 nmwere loaded into the
SBA-15 supports. The N2 adsorption/desorption iso-
therms (Figure 1I) exhibit a type IV curve with an H1
hysteresis loop, indicating that the structure of the
Au-SBA-15-100-300 sample is similar to that of the
same sample without loading Au NPs. Moreover, both

Figure 1. (I) N2 adsorption�desorption isothermsof (a) SBA-15-100 sample and (b) Au-SBA-15-100-300 sample (in order to be
observed clearly, the ordinate of adsorption�desorption isotherms of sample b increased by þ400) and (inset) pore size
distribution curves calculated from the absorption branch of samples a and b by the BJHmethod. (II) Low-magnification and
high-magnification (inset) TEM images of sample b. (III) Conversions of benzyl alcohol under gas phase oxidation over sample
a (SBA-15�100), sample b (Au-SBA-15-100-300) after calcination at 300 �C, and sample c (Au-SBA-15-100-500) after
calcination at 500 �C. (IV) TEM image of sample c.
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SAXS patterns of the two samples before and after
loading Au NPs show similar features (Figure S4 in
Supporting Information), revealing that the loading
process does not affect the mesoporous structures.
However, due to the Au NP loading, the average
mesopore size and pore volume decrease from
9.23 to 8.75 nm and 1.13 to 1.08 cm3/g, respectively
(Table S1). TEM images of the Au-SBA-15-100-300
sample after a high-temperature calcination at 300 �C
(Figure 1II) further demonstrate that Au NPs with a
diameter of about 3�5 nm are successfully loaded into
the mesopore of the SBA-15-100 support. The TEM
images of the Au-SBA-15-100-500 sample after a high-
temperature calcination at 500 �C (Figure 1IV) show
that the size of Au NPs in the mesopore channels
increase to reach about 6�10 nm in diameter, suggest-
ing that a sintering process occurs. Toward the catalytic
oxidation of benzyl alcohol (Figures 1III and S5), the
catalytic performance of the Au-SBA-15-100-300 cata-
lyst is higher than that of the Au-SBA-15-100-500
sample, indicating the degradation of catalytic perfor-
mance due to the Au NP sintering caused by elevated
temperature.
Scanning transmission electron microscopy high-

angular annular dark-field (STEM-HAADF) images of
the Au-SBA-15-100-300 sample before the heating
treatments are shown in Figure 2a,b. Due to the largest
atomic number (Z) of gold, its NPs normally show the
brightest dots in the STEM-HAADF images. However,
the framework of SiO2 shows the weak stripey struc-
ture in the images. It was found thatmost of the AuNPs
were homogeneously dispersed inside the meso-
channels with a size mainly ranging from 3 to 5 nm
(Figures 2a-0 h and S7). In all in situ heating experi-
ments, the same Z height of each observed particle
was guaranteed through fine adjustment, and the
detailed procedures were described in the Supporting
Information. Meanwhile, target temperature was ob-
tained within about 15 min. When the temperature
increased to 550 �C and was maintained for 1 h, both
mesochannels and micropores inside the pore walls
started to shrink and the pore size became smaller due
to the dehydration�condensation of silanol groups
(Figure 2a-1 h).
Unexpectedly, when the temperature was main-

tained at 550 �C for several more hours (3�9 h),
one individual Au NP began to slowly migrate from
one channel to its neighboring one through the
mesotunnels29 between the mesopores of the meso-
porous silica SBA-15 supports (Figure 2a). Control
experiments before/after heating (Figures S8 and S9)
were performed, keeping the electron beam scanning
for 10 min. It was obvious that no particle migration
and coalescence were observed and particle size was
kept constant, demonstrating that the electron beam
did not drive the particle migration and coalescence as
reported in the literature.30 Meanwhile, to reduce the

electron beam as much as possible, the sample was
exposed to the electron beam only when acquiring the
images. Therefore, the particle migration should be
driven by the uneven internal surface of the meso-
channels. Eventually, the Au NP migrated and collided
with a neighboring NP, followed by coalescence into a
bigger one (Figure 2a,b). Compared with the particle
size distribution in Figure S7, the particle size distribu-
tion in Figure S10 shows that the particles with 4.0 nm
diameters are the maximum in all particles due to
particle migration and coalescence.
While the sample was heated to 700 �C, high spatial

resolution EELS analyses were performed only within

Figure 2. (a,b) STEM-HAADF images of the Au-SBA-15-100-
300 sample under in situ TEM heating experiment at differ-
ent heating temperatures: (a) 550 �C and (b) 700 �C. (c)
Microarea EELS for particle A and particle B in panel a under
in situ TEM heating experiment at 700 �C, showing the
particle migration and the evolution of the conduction
electron cloud outside the Au nanoparticles under in situ
TEM heating conditions; when the distance of two particles
becomes close enough (e1 nm) (b-1 h), the original
two individual particles are completely coalesced within
8 h (b-9 h).
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particle A, particle B, and the interface between parti-
cles A and B (Figure 2c). The area covered by the
electron beam could be well-controlled smaller than
0.3 nm size, thus guaranteeing enough spatial resolu-
tion. Three peaks located at∼15.5, 24.5, and 32.1 eV of
the EELS excitation energywere observed, which could
be assigned to the plasmon peaks and intraband
electron transitions of Au.31

Similar experimental phenomena were observed
under different annealing conditions. When directly
heated to 550 and 700 �C, the particles' migration
along the mesochannels and coalescence was simul-
taneously observed (Figure 3). In addition, Ostwald
ripening took place in a few regions when the particle
size distribution was uneven (Figure S11).
The influence of the substrate morphology might

play key roles in the sintering behavior of the sup-
ported metal NPs. Herein, the same amount of Au
nanoparticles was loaded into the three different
mesoporous silica SBA-15 with various pore sizes
(Table S1). Careful STEM-HAADF images (Figure S12a�c)
show that Au NPs were homogeneously dispersed
inside the mesopore channels. The main size distribu-
tions of the Au-SBA-15-60-300, Au-SBA-15-100-300, and
Au-SBA-15-130-300 samples were 6, 3, and 11 nm
(Figures S13, S14, and S15), respectively. Evidently, the
SBA-15-60 (mesopore diameter = 5.8 nm) and SBA-15-
130 (mesopore diameter = 11.8 nm) supports facilitate
the sintering of goldNPs inside themesopores. However,

the SBA-15-100 (mesopore diameter = 9.2 nm) support
hinders the sintering of Au NPs. There is no linear
relationship between the sintering of gold NPs and
mesopore diameter. According to the literature,32 gold
particles enter pores, embed into pore walls, and drill
through the porewalls, whichmay offermore active sites
for the catalytic reaction. As for the three supports, the
micropores inside the mesopore walls provide the gold
NPs with stable locations, which suppress the gold NP
migration and coalescence. Because SBA-15-100 has the
largest micropore volume among all the three supports
(Table S1), it substantially suppresses the sintering beha-
vior of Au NPs inside mesopores.
It is well-established that the incident electron en-

ergy can be lost during the inelastic scattering process
of electron beam propagation through the metal NPs,
and the energy loss caused by the conduction electron
cloud is related to the ionization state and chemical
activity of metal nanoparticles. The plasmon peaks
result from the collective excitation energy of all the
conduction electrons of themetal NPs. The energy loss
by the electron beam is given by a simple expression:
Ep = p(ne2/ε0m)1/2, from which Ep is directly propor-
tional to n, the conduction electron density of metal
NPs. The positions of the three plasmon peaks of the
interface between particles A and B (arrows in
Figure 2a) shifted to a low-loss energy direction relative
to a single one, suggesting the expansion of the
conduction electron cloud of Au NPs (i.e., n value
decreased, green curve in Figure 2c). According to
the literature,30 to acquire the EELS, the particles and
the space between the two particles must be ex-
posed to a high-intensity electron beam for a pro-
longed period. This process alone could drive the
particle coalescence. However, our control experiment
(Figure S16) shows that a high-intensity electron beam
does not drive the particle migration and coalesce
without heating. When two spherical particles become
sufficiently close, their surface plasmons can couple
and exhibit a collective resonance, resulting in a lower
energy longitudinal plasmon resonance.33,34 The EELS
experiment reported in the literature33 showed that
beam position could influence the intensity of the
coupling of the surface plasmon, and no coupling of
the surface plasmon was observed at the interparticle
gap and the center of each particle. To exclude the
coupling of the surface plasmon by beam position,
the electron probe was placed at the center of a single
particle A or B and the interface center between the
two particles in the STEM-EELS mode. As such, the
coupling of the surface plasmon can be minimized.
Similar to the coupling of the surface plasmon, that of
the bulk plasmon can also be minimized. EELS spectra
(Figure S17) acquired from many Au NPs under in situ

TEM heating conditions show that all the excitation
energy values of the three peaks move to the low-
energy direction under elevated temperature, also

Figure 3. STEM-HAADF images of the Au-SBA-15-100-300
sample after calcination at 300 �C under in situ TEM heating
experiment at different heating temperatures: (a) 0h, (b) 1hat
550 �C; (c) 0h, (d) 1hat 550 �C; (e) 0h, (f) 1hat700 �C, showing
particle migration under in situ TEM heating conditions.
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confirming that high temperature can cause a lower
energy plasmon resonance (i.e., the expansion of con-
duction electron cloud outside the Au NPs). Therefore,
induced by the expansion of the conduction electron
cloud as a result of high temperature instead of the
coupling effect of plasmon, suggesting that there
could be electron tunneling30 between particles prior
to coalescence, the Au NP A can coalesce with its
neighboring one B, forming a bigger particle C
(arrows in Figure 2b).

CONCLUSIONS

In summary, we put forward a particle migration
mechanism that is driven by the difference of gravita-
tional potential from the height of the uneven internal
surface of the mesopores. Moreover, when the dis-
tance of two particles becomes close enough (e1 nm),
particle coalescence induced by “octopus-claw-like”
expansion of the conduction electron cloud is com-
pleted within 8 h (Scheme 1A,B). The morphology
inside the mesochannels of the ordered mesoporous
silica SBA-15 plays an important role in the sintering
behavior of Au NPs. To suppress the agglomeration of
metal particles, two key factors should be highlighted:
(1) uniform size distribution of metal NPs; (2) supports

containing an abundance of micropores. Although the
gas environment in industrial catalytic reactors also
plays a role in the sintering, our work offers new insight
into the sintering mechanism of supported metal NPs,
more importantly, in turn toward the rational design of
nanocomposite catalysts with longer cycle life.
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