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Recent advancements in the field of electron microscopy, such as aberration correctors, have now been
integrated into Environmental Transmission Electron Microscopes (TEMs), making it possible to study
the behavior of supported metal catalysts under operating conditions at atomic resolution. Here, we focus
on in situ electron microscopy studies of catalysts that shed light on the mechanistic aspects of catalyst
sintering. Catalyst sintering is an important mechanism for activity loss, especially for catalysts that oper-
ate at elevated temperatures. Literature from the past decade is reviewed along with our recent in situ
TEM studies on the sintering of Ni/MgAl,04 catalysts. These results suggest that the rapid loss of catalyst
activity in the earliest stages of catalyst sintering could result from Ostwald ripening rather than through
particle migration and coalescence. The smallest particles are found to disappear in a few seconds as soon
as the catalyst reaches the operating temperature. While particle migration and coalescence is evident in
some of these in situ studies, it does not follow the classical model where the smallest particles are most
mobile. Deterministic models of Ostwald ripening as well as atomistic Monte Carlo simulations are both
in good agreement with these experimental observations, predicting a steep loss in catalyst activity at
short times on stream. The in situ studies show the importance of direct observations to deduce mecha-
nisms and show the important role played by the support and the gas atmosphere (especially the pres-

ence of H,0) on the rates of catalyst sintering.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Ernst Ruska invented the electron microscope in 1932 [1], and
the first commercial instrument was developed by Siemens in
1939. Almost immediately, electron microscopy was used for the
study of heterogeneous catalysts. Electron microscopy has contin-
ued to play an important role in the study of heterogeneous cata-
lysts, and the insights provided through high-resolution imaging
continue to help in the design of improved catalysts. Examples
are the identification of active sites in Cu/ZnO/Al,05; methanol syn-
thesis catalysts [2]; the role of promoters in ammonia synthesis
catalysts [3]; the role of corner and edge atoms in ammonia syn-
thesis on Ru [4]; and the role of the phase transformations from
the oxide to the iron carbide phase in Fe Fischer-Tropsch catalysts,
which is linked inextricably to the central problem of catalyst attri-
tion [5,6]. Since this review is intended for the 50th anniversary of
this journal, it is an opportune time to look back at electron
microscopy in heterogeneous catalysis. Indeed, the first volume
of this journal contains a report on the use of the electron micro-
scope to study particle sizes of Pd catalysts [7]. Since then, the
application of electron microscopy in the study of catalysts has
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continued to grow and has been extensively reviewed in recent
years in archival publications [8] as well as in this journal [9]. A re-
cent issue of the journal ChemCatChem was devoted to this subject
[10].

The applications of electron microscopy to catalysts continue to
advance and a search in Scopus of the terms “electron microscopy”
and “catalyst” brings up over 24,902 citations. In view of the broad
scope of this technique, we restrict this review to one important
application of electron microscopy, the study of catalysts under
in situ conditions (in the presence of a gas atmosphere and elevated
temperatures), and specifically to the study of catalyst sintering,
since this represents an important cause of catalyst deactivation.
The last review of in situ Transmission Electron Microscopy
(TEM) of catalysts was in 2006 [11] and did not focus specifically
on catalyst sintering. Improvements in the spatial and temporal
resolution now allow in situ TEM to offer greater insights into cat-
alyst behavior and shed light on the prevalent mechanism of cata-
lyst sintering. A better understanding is needed to develop
catalysts that are sinter resistant and self-regenerable. Fig. 1 shows
a time-lapse image-series of a Ni/MgAl,0,4 catalyst imaged in a
TEM in an atmosphere of Hy/H,0 at 750 °C, from the doctoral thesis
of DeLaRiva [12]. It shows the disappearance of small particles of
Ni and the growth of larger ones. However, such a time-lapsed im-
age sequence does not help us to deduce the mechanism, since the
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Fig. 1. A time-lapse series of images of Ni/MgAl,0, from a movie recorded after in situ observation at 750 °C and a pressure of (1:1) H,0:H, with total pressure of 3.6 mbar

(adapted from DeLaRiva [12]).

nanoparticles could have grown due to migration and coalescence,
or they could have coarsened through the process of Ostwald rip-
ening, the two main mechanisms of nanoparticle sintering. Hence,
we focus this review on in situ studies that help shed light on the
mechanistic aspects of catalyst sintering and specifically to sup-
ported metal catalysts. Additionally, this review focuses on in situ
studies published in the past decade.

We make references to the early work and to reviews that de-
scribe in situ TEM studies that originated through the work of
Feates [13] at AERE Harwell in the UK and continued through the
work of Baker [14]. Undoubtedly, the developments pioneered by
Gai and Boyes [15,16] at Du Pont and then later by Hansen et al.
[3] at Haldor Topsee A/S played a pivotal role in the evolution of
environmental TEM instruments, and modern versions of these de-
signs are in use worldwide. We first review some of the instrumen-
tal developments, then describe results of recent studies, and then
finally end with an overview of how modeling could help relate
short term studies done via in situ TEM to long-term performance
of industrial catalysts.

2. Environmental Transmission Electron Microscopy (ETEM)

Shortly after the invention of the electron microscope [1,17],
exposing samples to a gaseous atmospheres in the millibar regime
was also envisioned. Initially, this interest came from the biological
sciences community, but later, the materials science community
also got involved [18,19]. One of the main objectives was to study
reduction and oxidation processes. From the beginning, the way to
realize high pressures in the sample region of the microscope was
by confining the gas with apertures around the sample region [18].
Swann et al. incorporated pressure limiting aperture systems,
where the reactor was inserted into the electron microscope [20].
This method worked, but only low magnifications were possible.
This concept was later refined by Hashimoto and coworkers in Ja-
pan [21] and by Baker and coworkers in the UK [22]. Both designs
incorporated pressure limiting apertures as well as a resistive heat-
ing system. The main advantage of these systems was that they
were microscope independent and could be moved between multi-
ple facilities. Some decades later, this differential pumping system
was built into the microscope column [15]. Such a design is inde-
pendent of the stage design, and any microscope compatible holder
could be used, facilitating different interactions with the specimen.
This design was then used on an Environmental Transmission Elec-
tron Microscope (ETEM) with a field emission electron source,
improving the information limit to 1.4A [3,11,23-26]. These
instruments formed the later basis of the FEI Titan ETEM instru-
ment widely used today [27-30].

In parallel with the development of the ETEM, gas injection
holders and windowed holders have been developed. In these

holders, the gas injection system supplies gas around the sample
very locally and in very small amounts and much higher pressures
can be attained without any supplementary pumping being needed
[31,32]. The windowed-cell approach relies on electron transpar-
ent windows around the sample [33]. Using such a holder, pres-
sures up to 4 bar have been demonstrated [34]. However, since a
200-300 kV electron beam can ionize gas, electron-gas interac-
tions became significant [28,35]. Conducting ETEM experiments
at elevated temperatures is always a challenging task. Most con-
ventional heating holders are designed to operate in high vacuum,
and the presence of an oxidizing agent can cause the heater to
break down due to oxidation. Furthermore, the implementation
of a heating filament in the holder takes up considerable space in
an already highly spatially constrained environment. The bulkiness
of these holders and the fact that the entire holder is heated im-
poses significant drift during heating, inherently limiting the spa-
tial resolution. Despite these challenges, it is still possible to
view nanoparticles of a catalyst in a heated environment under
oxidizing or reducing conditions, and the movies we recorded for
Ni/MgAl,0,4 reported here were obtained with this conventional
design. Recently, a new generation of heating holders has been
commercialized. Using a Micro Electro Mechanical Systems
(MEMS) approach, a window that is a few hundred microns across
is used as a hot plate [36]. In a slightly different approach, Creemer
and coworkers used a heater coil made from titanium nitride on a
thinned silicon wafer [37]. Both approaches have the advantage of
making possible a small area of uniform temperature and, there-
fore, very limited drift as the temperature is increased. However,
accurate temperature measurement in these holders when a gas
is passed over the sample still remains a challenge.

Baker and coworkers at AERE Harwell were among the most ac-
tive in the development and use of ETEMs [22]. The work was later
continued at Exxon. Baker et al. studied the formation of carbona-
ceous filaments formed during the decomposition of hydrocarbons
on metallic nickel nanoparticles [22,38,39]. Later, the group moved
on to study the mobility of nanoparticles in real time [39,40]. All
these studies were conducted with a setup where the gas was con-
fined around the sample by apertures built into the sample holder
itself. The microscope resolution was limited in these early studies.
With advancements in technology came increased resolution, sen-
sitivity, and the faster image capture rate helped show the power
of in situ TEM studies in clarifying the mechanisms of growth
and the resulting morphology of carbon nanofibers [11,24]. This
contribution focuses on recent work on the sintering of supported
metal catalysts. The studies published over the past decade have
been classified them into two groups, the first group where the
authors concluded that nanoparticle mobility and coalescence
was important while the second group where the primary ob-
served mechanism was Ostwald ripening. The classification into
two sets of studies helps the reader see conditions where particle
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migration becomes important helping gain better insight into the
contribution of this mechanism to catalyst sintering. Tables 1 and
2 provide a summary of these two sets of studies. Finally, we also
include our results on Ni/MgAl,O,, followed by the use of mecha-
nistic modeling to relate in situ studies to the operational perfor-
mance of the industrial catalysts.

3. In-situ TEM of catalyst sintering
3.1. Particle Mobility leading to Coalescence

A list of in situ TEM studies identifying catalyst sintering by
migration and coalescence is presented in Table 1. This table in-
cludes events that occurred directly by interaction with the elec-
tron beam and also with the environment and support.
Coalescence events have been seen to occur quite rapidly; thus,
it is imperative to have advanced microscope technology capable
of capturing the events in real time. Chen et al. [41] report a study
using high-resolution STEM coupled with an in situ thermal
annealing stage of surfactant-free, monodispersed super-paramag-
netic PtFe (cubic) alloy nanoparticles (~2 nm in diameter) stabi-
lized in or on a KCl matrix. Ex situ experiments confirmed that
annealing produces PtFe (tetragonal) ordered intermetallic nano-
particles with a mean diameter of 5 nm, and the in situ study re-
vealed that the mechanism of nanoparticle growth is dominated
by particle—particle coalescence, although Ostwald ripening is also
implicated in a few regions. In addition, to determine the time
dependent evolution of the size distribution of an ensemble of over
400 nanoparticles, analysis of the in situ data also allows tracking
of individual nanoparticles, distinguishing coalescence from Ost-
wald ripening, nanoparticle by nanoparticle. There were very few
Ostwald ripening events (4 incidences out of 150 particles) com-
pared to coalescence events (22 incidences out of 150 particles)
over 2 hours of annealing at 650 °C. However, since the melting
point of KCl is 770 °C, it can be inferred that the observations were
carried out at temperatures (600 °C) considerably above the Tam-
mann temperature (~0.5 times the absolute bulk melting temper-
ature), and it is possible that the observed phenomena could be
influenced by the mobility of the support.

Yoshida et al. [42] used spherical-Aberration-Corrected Envi-
ronmental Transmission Electron Microscopy (AC-ETEM) to study
the catalytic activity of platinum on amorphous carbon electrode
catalysts of proton-exchange-membrane fuel cells. These electrode
catalysts were characterized under different atmospheres, such as
hydrogen, air, and high vacuum (107> Pa). A high-speed charge
coupled device camera was used to capture real-time movies to

Fig. 2. Selected-area captured images obtained from a movie showing the
coalescence process of Pt nanoparticles in 80 Pa of H, gas with times being (a)-(f)
0.00, 1.59, 5.32, 6.08, 7.01, and 8.34 seconds respectively (adapted from Yoshida
et al. [42]). The sample was at ambient temperature, any heating would be caused
by the electron beam.

dynamically study the diffusion and reconstruction of nanoparti-
cles with an information transfer down to 0.1 nm, a time resolution
below 0.2 s. With such high spatial and temporal resolution, AC-
ETEM permits the visualization of surface-atom behavior that
dominates the coalescence and surface-reconstruction processes
of the nanoparticles. The change in the specific surface area of plat-
inum particles was evaluated in hydrogen and air atmospheres.
Note that a primary electron energy of 300 keV, with an estimated

Table 1
In Situ TEM Studies Showing Nanoparticle Mobility Leading To Coalescence.
Author Metal/Support Size Temperature & Environment Observations
Yoshida et al. Pt/ Amorphous Carbon  2-3 nm E-beam heating in vacuum (10°  CH4 or CO, formation could be responsible for enhanced
2013[42] Pa), H, air (80 Pa) migration and coalescence
Chen et al. 2013 Pt-Fe/ KCl 2nm — 5nm 600 °C; Vacuum Coalescence of Pt and Fe is observed, but note that the melting
[41] point of support is 770 °C
Aydin et al. Ir/ MgO Iy, Ir4 clusters;  E-beam heating in vacuum No coalescence despite particle contact for 1 nm particles.
2012[44] 1 nm Ir Otherwise mechanism is coalescence.
Janowska et al. Pt, Pd/ Few Layer 2-3 nm Pt 200-400 °C in vacuum Coalescence of Pt nanoparticles at graphene edges.
2011[43] Graphene (FLG)
Hansen PhD Ni/ MgAl,04 2-50 nm 750 °C; 4 mbar Hy/H,0 Rapid coalescence of larger Ni particles after random migration
2006(63]
Liu et al. 2004[46] Pd/ Al,03 and carbon 2-20 nm 300 °C - 700 °C; 500 mTorr H,0 Carbon lifts the particle from alumina surface & gasification
covered Al,0O3 causes mobility
Ruckenstein & Lee. Ni/ Carbon-Al,03 5-15 nm 730 °C; H, and O, Rapid migration of Ni on carbon covered alumina due to
1984[47] gasification of carbon
Baker. 1979[14] Pt/ Graphite single 10 nm 750 °C; 5 Torr O, Mobility with channeling due to oxidation of carbon

crystal
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Fig. 3. Sequences of HAADF-STEM images showing lack of coalescence of iridium clusters with diameters of approximately 1 nm on MgO. (a) Collision of two clusters. (b)
Multiple collisions of two clusters. (c) A cluster colliding with two clusters. The white arrows indicate the collisions, and the time for the first collision is set arbitrarily to be 0.
The electron doses received by the sample during the imaging time were approximately (10°-10%)e~ A=2, (105-107)e~ A2, and (10°-107)e~ A2 for sequences (a), (b), and (c)

(adapted from Aydin et al. [44]).

current density of 178 A/cm?, was used, which also acted as the
mode of sample heating. The authors attribute the increase in
atomic mobility to electron illumination and conclude that sur-
face-atom diffusion dominates the crystal growth of Pt nanoparti-
cles on amorphous carbon in high vacuum. Ostwald ripening leads
to formation of well defined facets for the Pt nanoparticles. On the
other hand, when the authors heated their samples in 80 Pa of H,
or air, they observed that coalescence events dominated the pro-
cess of Pt sintering (see Fig. 2). They found that carbon atoms were
lost from the amorphous carbon (during electron beam exposure),
possibly transformed into hydrocarbons (in H;) or carbon dioxide
(in air). The holes in the carbon film provided evidence of these
chemical reactions. The removal of carbon would make the carbon
rougher and thinner, leading to enhanced mobility of the Pt atoms
on the carbon support. The decrease in the support surface area
accelerates the coalescence of the Pt nanoparticles. The increased
sintering rate in air was caused by the oxidation of amorphous car-
bon in air being faster than hydrocarbon formation in H,.
Janowska et al. [43] report an in situ study of Pt nanoparticle
sintering on few layer graphene (FLG) support. The particles were
observed to be quite stable, and this was attributed to the strong
interaction with the FLG. The reported images are at low magnifi-
cation, making it difficult to infer the mechanism. However, locally,
at the FLG edges, the Pt particles merge together, leading to a local
buildup of cluster-like morphologies extending up to 10 nm. This
happens in regions where the particle density is higher than on

the smooth graphene surface. High-resolution TEM was used to ob-
tain further insight into the microstructure of the Pt nanoparticles.
The in situ thermal treatment induces local particle coalescence,
leading to formation of clusters with dimensions up to 10 nm. It
appears that the locally high concentrations of Pt lead to the ob-
served coalescence of these particles.

In a study by Aydin et al. [44], the authors report that the pri-
mary sintering mechanism observed for Ir/MgO was particle
migration and coalescence. However, they found that clusters
around 1 nm in diameter were unusually stable and, even after col-
lision, were found to separate, as shown in Fig. 3. The authors cite a
DFT study that suggests the unusual stability of Ir to be a conse-
quence of the formation of cube-shaped highly stable clusters.
The authors propose this to be a general phenomenon that may
have broad applicability. Furthermore, the authors state that “the
evidence weighs strongly against the ripening mechanism in our
experiments—because if there had been vapor-phase transport of
Ir atoms, some of them very likely would have formed isolated spe-
cies on the support.” Ostwald ripening (OR) most likely involves
emission of atoms (or mobile species) on the support (which is a
lot easier than emitting atoms to the vapor phase, due to a lower
energy barrier), and as shown in the next section, OR generally
leads to larger average particle size. Only under special conditions,
where isolated atoms can be trapped on the support (see the work
of Hirata et al. [45] in the next section), would one expect to
generate smaller particles during OR.
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A study by Liu et al. [46] used in situ TEM to study the rapid sin-
tering that happens during the regeneration of Pd/alumina cata-
lysts used for acetylene hydrogenation. The authors found that
sintering was very slow when the fresh catalyst was heated in
steam. High temperatures, especially above the Tammann temper-
ature (641 °C for Pd), were necessary for particle sintering to occur
within a few hours. Both sintering mechanisms (ripening and coa-
lescence) were observed in their experiments, but ripening was re-
ported to be more influential as the used catalyst revealed that the
Pd particles were essentially embedded in a hydrocarbon matrix.
Catalytic gasification of hydrocarbon allowed the metal particles
to move and coalesce with other particles, and sintering happened
at a much lower temperature (~350 °C) during the oxidation pro-
cess and, even, within 1 h. It is possible that the local temperature
around the Pd particles during hydrocarbon oxidation was consid-
erably higher than the readout temperature of 350 °C. However,
the increase in particle mobility and the occurrence of coalescence
events was related to the gasification of the carbon which, the
authors report, “lifted” the particles from the alumina support
which were essentially embedded in a hydrocarbon matrix.

A similar high mobility of metal nanoparticles was reported in
the work of Ruckenstein and Lee who studied Ni particles depos-
ited on alumina covered by carbon [47]. Movement of the metal
particles left behind tracks on the support. The rapid movement
could then be a consequence related to the gasification of carbon
during the experiments. In light of the studies reported earlier in
this section, where the mobility of nanoparticles was related to
the reaction of the carbon support with the gas phase, it is entirely
possible that a similar mechanism was operative.

Continuous observation of particle evolution in catalysts via
controlled atmosphere electron microscopy was first reported by
Baker and coworkers, who demonstrated that observations on a
supported platinum catalyst at elevated temperatures were possi-
ble [39,40]. On oxide supports, these authors found that the Pt par-
ticles were immobile, and the authors speculated that all growth
occurred due to the migration of particles smaller than 2.5 nm,
which was the microscope resolution at that time. On graphite
supports, the authors found that particles were mobile in the pres-
ence of CO and the mobility decreased with increasing particle size.
Although the observations showed random migration of nanopar-
ticles, the time resolution (recording intervals of one second) did

LR
A) 12.0 sec

not reveal what was happening to smaller particles (either due
to the microscope point resolution or because the movies were re-
corded at a point in time when most of the small particles had
disappeared).

There is a real question as to the mechanisms that cause mobil-
ity of nanoparticles. Since these observations are all performed in
the presence of an electron beam, and as some aforementioned
studies relied on electron beam heating which does not provide
any measurement of local temperature, one should consider forces
that could arise due to the perturbation of the metal particles by
the electron beam. Recent work by Batson et al. [48,49] shows that
attractive forces can arise due to the presence of the electron beam,
causing particles to move on the surface. However, when the par-
ticles approach each other, there may be a barrier preventing coa-
lescence. The final process then can involve the formation of a
“bridge” between the nanoparticles and the ultimate disappear-
ance of the small particle via Ostwald ripening. Fig. 4 shows how
migration and coalescence can be caused by an aloof electron
beam, but in the end, the disappearance of the particle is aided
by Ostwald ripening [48]. We have observed similar behavior in
the case of Pd/carbon where particles in close proximity formed
a neck leading eventually to the disappearance of the small parti-
cles [50]. An alternate explanation has been proposed for the ob-
served coalescence and has been termed attractive migration and
coalescence [51]. Attractive migration and coalescence has been
seen to operate when the nanoparticles are separated by as much
as 4.5 times the radius of the islands, even ~300 nm. And while the
mechanism is termed coalescence, the underlying phenomena in-
volve the motion of atoms, essentially Ostwald ripening. It is there-
fore clear that ripening can be responsible even for the neck
formation seen when two particles are in close proximity.

3.2. Ostwald Ripening

A summary of recent in situ TEM studies of catalyst sintering by
Ostwald ripening is presented in Table 2. The major improvement
in image resolution through the correction of spherical aberrations
makes it possible to resolve isolated single atoms, especially on
carbon supports. Since Ostwald ripening involves the migration
of atomically dispersed species, it is of interest to see what we

Fig. 4. Beam induced coalescence of two smaller Au particles (A) and (B) with larger Au particles. The authors caused the beam to stop at different locations relative to the
particles. They conclude that the polarization caused by the transmitted electrons results in these coalescence events (adapted from Batson et al. [48]).
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Table 2
In Situ TEM Studies Showing Ripening Of Nanoparticles.
Author/Year  Metal/Support Size Temperature & Observations
Environment
Yoshida et al. Pt/ Amorphous 1.6- E-beam heating in Numerous observations of mobility of single Pt atoms mobility leading to Pt ripening
2012[52] Carbon 2nm vacuum
Hansen et al. Au/Graphene 2-5nm RT, 100 °C, 400 °C; Ripening was observed and also coalescence of neighboring particles. Restructuring of graphene
2012[29] vacuum or 200 Pa H,  under e-beam was detected.
Hirata etal.  Pt/CeO, 2-7nm 750 °C; vacuum and 1 Redispersion of metal via mobile Pt-oxide species. Pt size decreases in O, and regains its size in

2011[45] Pa 0,

Simonsen Pt/Alumina, Pt/ ~3 nm, 650 °C in 10 mbar air
et al. SiO,
2010[65]

Hansen et al. Au/Boron- 2-4nm 400 °C; 130 Pa H,
2010[27]  Nitride

Kim et al. Fe/Al,03 4 nm
2010[58] + 7.5 mTorr H,0

DeLaRiva PhD Ni/MgAl,04 2- 750 °C; 3.6 mbar H,/
2010[12] 25nm H,0 ripening.

Amama et al. Fe/Al,03 6- 650 °C; Hp/H20
2009[57] 10 nm

Creemer et al. Cu/ZnO
2008(33] 10 nm

Hannon et al. Au on top of Si 50- 655 °C; 0.5 mTorr
2006[54] nanowires 80 nm (SiHs3),

vacuum, without any noticeable movement.
Pt ripening (probably via Pt-oxide mobility), local correlations influence ripening rates

Ripening of smaller particles. Possible rapid migration of particles and subsequent coalescence.

650 °C; 2.5 mTorr C;H, Ripening of Fe particle growing a SWCNT. Surface ripening on Al,05 in the initial 5 minutes, followed
by subsurface diffusion. Likely mobility of particles on a carbonaceous coating.
Ripening of small Ni particles at very early stages of heating. Size decay/growth profiles resemble

Ripening: based on growth of particles catalyzing nanowires. Ripening inhibited in H,0.

0 - 5- RT-500°C; 1.2 bar H, Appearance of Cu particles from reduction of CuO, with growth indicative of ripening. Transient
migration or mostly immobile particles

Ripening leads to change in Au island size which affects nanowire diameter. Mobile Au species travel
from one wire to another

can learn by application of the newest microscopes for the study of
catalyst sintering.

Fig. 5 shows images obtained using aberration corrected TEM
by Yoshida et al. [52]. The images show the presence of single
atoms of Pt on amorphous carbon films and their movement, indi-
cating the process of Ostwald ripening. A high beam current (40-
60 A/cm?), along with a high energy of irradiation (300 keV), acted
as an indirect mode of heating for the supported metal catalyst.
The time resolution (1 frame per second) was inadequate to note
the rapid motion of these single atoms on the support, but a net
change in the number of atomic columns was noted over time in
two neighboring particles, from which ripening was deduced to
be the main mechanism. The high-resolution imaging clearly
showed local correlations during the ripening of these two parti-
cles. These two neighboring particles were nearly of the same size
initially; however, the shrinking particle happened to be abutted
by a hole in the supporting amorphous carbon film, plausibly low-

ering its stability and, consequently, causing it to lose its constitu-
ent atoms over time. It is remarkable to be able to capture such
dynamic transient processes and to shed light on the importance
of heterogeneities in sintering of supported nanoparticles. This
in situ study also identified the possibility of bi-atoms or few-atom
clusters mediating the ripening, though a more quantitative study
would be needed to ascertain their relative roles in the overall rip-
ening rates. We add, however, a note of caution about interpreting
phenomena that occur due to electron beam irradiation, since they
may not follow the same mechanism as in a catalytic reaction that
is thermally activated. We feel it is necessary to perform in situ
studies where heating of the sample is controlled, causing the ob-
served changes in catalyst morphology, as it is in real-world
catalysts.

The work of Hansen and Wagner [29] is a recent study where an
aberration corrected TEM was used to study the evolution of Au on
graphene. At room temperature, the authors reported that, in the

AR
A

Fig. 5. Set of images obtained from an in situ video revealing the beam induced movement of individual Pt atoms on an amorphous carbon film (adapted from Yoshida et al.

[52]).
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Fig. 6. (a) Set of images taken from a movie showing Au on graphene revealing the coalescence of adjacent particles in 200 Pa H; at 100 °C. The images were taken at 0, 55, 56,
58, and 94 seconds. (b) The ripening of a Au particle (lower left in images) at 400 °C in 200 Pa H,. The image set was taken at 0, 13, 42, 46, and 48 seconds. The graphene
support is also seen to change structure over time (adapted from T. Hansen and ]. Wagner [29]).

presence of the electron beam, the Au particles tend to make irreg-
ular movements around a fixed site rather than migrate laterally
across the substrate, both in vacuum and in the presence of hydro-
gen. As the primary energy of the electrons is significantly above
the threshold for knock-on damage of graphene sheets, such mo-
tion may be related to restructuring of the graphene substrate
rather than be inherently related to the dynamics of the gold nano-
particles. Substrate restructuring is also observed in lower magni-
fication image sequences where the graphene sheets, as a whole,
change shape and deteriorate in the presence of the electron beam.
Such restructuring can move the gold nanoparticles into direct
contact with each other, subsequently resulting in particle coales-
cence. Even though the influence of the high-energy electrons on
the graphene is significantly more pronounced at 300 keV com-
pared to, for example, 80 keV, 300 keV was chosen due to the im-
proved image resolution. Upon increasing the temperature, the
gold nanoparticles became dynamic. When keeping the beam cur-
rent density reasonably low, observation of coalescence events
could be noted without significant damage to the supporting sub-
strate. In most cases, the gold nanoparticles migrate as crystalline
entities across the substrate. As they come into contact, a bridge of
material is formed linking the particles together (see Fig. 6a). Once
the bridge has been formed and atoms can migrate from particle to
particle, an equilibrium state is quickly attained. The lattice fringes
of both the constituent particles and the resulting particle are re-
solved throughout the process.

In Fig. 6b, stills extracted from an image sequence recorded at
400 °C in 200 Pa of hydrogen are shown. The lower particle in
the images is seen to gradually become smaller, and the larger par-
ticle located just above it becomes larger, indicating a transfer of
mass from the smaller to the larger particle. This shows that the
particles under these conditions can grow by Ostwald ripening.
Under the same conditions, rapid coalescence was also observed.
The authors conclude that a single growth mechanism cannot be
assumed. and presumably, the overall coarsening of the nanoparti-
cle ensemble follows multiple routes. However, the mobility of the
graphene substrates and the influence of the electron beam must
be considered. Hence, it is instructive to review next some results
on more industrially relevant oxide supports.

Hirata et al. [45] describe how in situ TEM could be used to also
study the process of catalyst redispersion. This study was per-
formed on Pt/Ceria-Zirconia-Yttria, and the authors found that
the sintering of Pt occurring at 750 °C in vacuum could be reversed
by adding O, at 1 Pa also at 750 °C. The particle size decreased con-

siderably. Repeated switching of the gas environment from vac-
uum to O, environment gave rise to a reversible behavior in
sintering and redispersion of Pt. Under O, conditions, a volatile
Pt oxide species can be formed that is also highly mobile (Pt** or
Pt**). The size of the nanoparticle decreases through emission of
these species. Additional analyses indicate that the redispersion
takes place via the mobile species getting trapped at sites on the
support as Pt-O-Ce due to strong Pt-Ceria interaction. The redi-
spersion phenomena were also studied using in situ EXAFS which
revealed that Pt was in fact dispersed and highly oxidized on the
support surface over the entire sample. This study clearly shows
that the changes in the catalyst during redispersion were driven
by mobile atomically dispersed species, i.e., Ostwald ripening.
The authors did not report any particle migration, and their
in situ characterization also reveals that the location of the particle
remains unchanged during the entire period that it is undergoing
repeated reversible size changes in the process of sintering and
redispersion.

In situ electron microscopy approaches have also been used to
study the process of coarsening and Ostwald ripening in the con-
text of growth of nanowires and nanofibers. Through a combina-
tion of ultra-high vacuum TEM (UHV-TEM) and low energy
electron microscopy (LEEM), it was shown that the termination
of silicon nanowire growth results from Ostwald ripening of the
Au catalysts that mediate the vapor-liquid-solid growth process
(Fig. 7) [53]. As shown in this figure, some nanowires stop growing
because they have completely lost the Au catalyst at the tip, while
others continue to grow. The nanowire is seen to grow (as well as
diminish) in diameter too, corresponding to the size of the catalyst
particle. As shown in the schematic diagram, the Au atoms have to
travel down one nanowire and rise up another, indicating that
these atomic species are quite mobile at the growth temperature
of 655 °C. This ripening process was shown to be highly sensitive
to the surface condition, occurring rapidly on clean Au-terminated
Si surfaces while slowing down substantially in the presence of an
oxygen-terminated surface [54,55]. Similar effects have been ob-
served during the nucleation and growth of carbon nanotubes,
through the use of Environmental Transmission Electron Micros-
copy [56-59]. Fig. 8 shows the influence of treatment conditions
on the evolution of Fe catalyst particles that serve as catalyst for
nanotube growth. Again, the surface condition and presence of
small amounts of residual gas in the gas stream have been shown
to have strong control over both the mechanism and rate, and
small amounts of water vapor seem to slow down the rate of Fe
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Fig. 7. Ostwald ripening of Au seen via In situ UHVTEM images recorded during the
growth of Si nanowires at 655 °C in 106 Torr of disilane. (a) Three images labeled
by the time (in seconds) after the start of growth. Scale bar: 50 nm. (b), Measured
volume versus time for the catalyst droplets labeled in (a). (c) Schematic of how the
Au atoms are transported during the nanowire growth (adapted from Ross [53]).

particle growth. The presence of small amounts of water vapor in
the reactive gas stream was shown to dramatically improve the
nanotube growth [60,61], and it has been shown that the primary
role of water vapor is to inhibit the process of catalyst coarsening

(Fig. 8), thereby increasing the time that nanotube growth occurs.
Further studies have shown the importance of water vapor and
substrate condition [60], as well as subtle effects due to interaction
between water vapor and carrier gas, on the rates of nanoparticle
ripening [61]. The effect of hydroxyl groups enhancing the stability
of Au nanoparticles has also been reported in the literature [62].

Studies reviewed so far indicate that nanoparticle mobility can
be observed on carbon supports, and we wanted to investigate this
sintering behavior using Pd nanoparticles deposited on a thin
carbon film. Fig. 9 shows the evolution of Pd nanoparticles that
were generated in solution from the reduction of Pd-acetate. The
primary phenomenon observed at 500 °C was Ostwald ripening,
with some particles growing in size and others shrinking and dis-
appearing completely [50]. Mobility or migration of the Pd nano-
particles was not observed at any time. Anomalous growth
patterns where some particles continued to grow in size and be-
come much larger than would be predicted based on a log-normal
distribution were observed. These anomalous growth patterns can
be seen experimentally but not accounted for theoretically. Such
particles were also seen in the work of Amama et al. [57] (see
Fig. 7).

Detailed quantitative analysis of changes in particle size facili-
tated by in situ studies has also enabled identification of other
mechanisms of sintering that have hitherto been neglected in the
mechanistic analyses. Yang et al. [51] have identified a combined
ripening and coalescence mode that they term as attractive migra-
tion sintering. Based on observations of neighboring islands, it was
shown that non-uniform concentration gradients around these is-
lands propel them toward each other. We have observed similar
events during in situ heating of Pd nanoparticles supported on
carbon (under H, at 500-600 °C, see Fig. 9) [50] and can also be
seen in the neck formation between the Au islands in the work
of Hansen and Wagner [29] (see Fig. 6). It is clear that these anom-
alous growth patterns can be seen during conditions where

Fig. 8. TEM images of Fe catalyst nanoarticles in H, after (a) 30 s and (b) 5 min, and in H,/H,0 after (c) 30 s and after (d) 5 min (adapted from Amama et al. [57]). The presence

of H,O0 significantly slows the rate of Fe sintering.
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Fig. 9. The evolution of Pd particles on carbon in vacuum after heating to 500 °C at various times. Each image pair (a) goes to (b), (c) goes to (d), and (e) goes to (f) shows the
sample before and after heating with corresponding particles outlined in color. The red particles have shrunk or disappeared, white particles have grown in size, and blue
particles have remained the same (adapted from Benavidez et al. [50]). (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Ostwald ripening is the prevailing mechanism. Besides local corre-
lation effects which lead to non-uniform concentrations on the
support, the role of support structure and chemistry in mediating
sintering needs to be analyzed and included in modeling to better
predict the catalytic behavior of nanoparticle systems. A review of
the literature in Table 2 summarizes experiments where Ostwald
Ripening was the main mechanism of particle growth on oxide
supports based on observed in situ studies for their specific system.
Particle migration and coalescence is also seen on oxide supports,
as shown in the work of Aydin et al. [44] in Fig. 3 and also in the
work of Hansen [63] described in the next section in the study of
Ni catalysts.

3.3. Spanning a time frame of seconds to hours

Most in situ TEM studies are conducted over short time dura-
tions due to experimental difficulties in maintaining steady-state
operation in the presence of a gas atmosphere at elevated temper-
atures. It is not generally possible to leave a microscope unat-
tended for long-term studies as is often done with chemical
reactors. Hence, there are very few reported studies that span a
long time frame with the same catalyst. Furthermore, most studies
are performed on model catalysts to make it easier to study the
phenomena occurring on the catalyst. Here, we report the results
from the doctoral research of Hansen [63] and DeLaRiva [12]
who performed a comprehensive series of experiments on Ni/
MgAl,0,4 catalysts (1 wt% and 12 wt% Ni) that were performed un-
der conditions relevant to steam reforming of methane. The exper-
imental details have been published elsewhere [12,63], so only a

brief summary of the experimental conditions is provided in Sup-
porting information. A 12 wt% Ni/MgAl,0,4 catalyst that was re-
duced in the microscope at 500 °C before subjecting it to aging at
temperatures ranging from 650 °C to 750 °C (ramping at ~50 °C/
min) was used. In these experiments, the sintering of the Ni cata-
lyst was captured within the first few seconds after reaching the
operating temperature, and aging was continued for up to 10h
while maintaining the same gaseous environment and tempera-
ture in the microscope.

Fig. 1 in the Introduction presented a time-lapse sequence doc-
umenting the disappearance of nickel particles <3 nm under 360 Pa
1:1 H,:H,0 at 750 °C with the electron beam switched off after
each set of images was acquired. Disappearance of small Ni parti-
cles was seen consistently in multiple experiments of the early
stages of heating, within the first 30 min after reaching the aging
temperature of 750 °C. In each case, the beam was switched off be-
tween observations in order to first establish the phenomenon of
sintering without the effects induced by the electron beam. The
beam-off experiments provide information on the overall
phenomenon at early times, which is a loss of small particles, but
the mechanistic insights are only obtained from image sequences
recorded at high temporal resolution immediately after reaching
the operating temperature. The experiments of the early stages
of heating were repeated with continuous observations of the
sample. These real-time observations allowed investigations of
the dynamics of Ostwald ripening during the earliest stages of
catalyst sintering.

It is important to note here that the disappearance of individual
particles during the initial stages of catalyst sintering can only be
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Fig. 10. Images taken from a movie sequence of a 12 wt% Ni/MgAl,0, at 750 °C. The particle (~2.5 nm) indicated by the red arrow (left) is seen to ripen and disappear in the
first pair of images, while the larger arrowed particle (~5 nm) shown with the yellow arrow migrated over the surface a distance equal to its own diameter and coalesced with
a neighboring particle, which is not visible in the image and hence its location is shown by the white circle. The movie (in the supporting information, movie 1) shows this
second particle and the coalescence event much more clearly. The double arrows show the initial separation of two particles, and the third image shows the increase in
interparticle separation after the coalescence event (adapted from DeLaRiva [12]). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

seen if movies can be recorded at high magnifications and immedi-
ately after the elevated temperature is reached. If one waits till the
sample stops drifting, the smallest particles may have already
disappeared. It is well known that when a TEM sample is heated,
there is considerable sample drift, as the sample holder equili-
brates to the new temperature. Therefore, a method for allowing
image capture as soon as the operating temperature was reached
was developed (see Supporting information for more details). The
images reported here were recorded at 100 ms/image as soon as
a temperature of 750 °C was reached. A movie based on these
images is included in the Supporting information, and still images
from this image sequence are shown in Fig. 10. The image
sequences recorded within the first few minutes of observation
showed very few occurrences of particle migration and coales-
cence. One such migration event is highlighted in Fig. 10, where
the particle moved and coalesced with a neighboring particle.

Ostwald ripening is characterized by the shrinking and disap-
pearance of small particles with the mass being transferred to lar-
ger particles in the vicinity. In Fig. 10, the shrinkage and
disappearance of a ~2.5-nm particle indicated by the red arrow
is clearly seen; in these experiments, it is difficult to detect the
growth of the larger particles, since the increase in diameter of
the larger particles is imperceptible over short time intervals.
However, the lower magnification beam-off experiments con-
firmed that mass was conserved within a given region; and the loss
of Ni was not due to evaporation, which is much slower at these
temperatures (see next section for further analysis of the disap-
pearance of an individual nanoparticle [64]). It is also evident that
not all particles disappear at the same rate. The particles which are
seen to ripen away are close to the small critical size where
changes can be observed. Additional factors could contribute to
the different rates of ripening including the number and sizes of
neighboring particles, faceting of individual particles and other
changes in support morphology or texture that could not be de-
tected at the resolution available in this microscope.

Fig. 11 shows a set of images from another experiment of the
early stages of heating with continuous observations. Here, multi-
ple instances of the disappearance of particles over the course of
the four frames are observed. To capture the disappearance in real
time, rapid acquisition is needed since these Ni particles ripen very
quickly, usually within seconds. (The movie corresponding to this
experiment can be found in Supporting information) We have ex-
tracted individual frames from an image sequence, a frame every
100 ms (10 fps), to show the disappearance of five of the particles.
The particle size versus time plots for each of the labeled nanopar-

ticles in Fig. 11 are shown in Fig. 12, and it is clear that the lifetimes
of particles smaller than 2.5 nm are on the order of seconds. It is
significant that the Ni particles are immobile and do not show
any migration or coalescence. Fig. 12 also shows that the rate of
change in particle diameter is very slow until the particle reaches
a critical size, after which the entire event of disappearance is over
in seconds. This trend was seen on multiple samples, in numerous
areas on the support, and with varying beam intensities. These
phenomena were only seen when the catalyst was heated to the
operating temperature, and none of these events occurred simply
due to beam exposure.

To determine whether the Ni ripening events could be caused
by the beam, a comparison was made to recent work on Pt/Al,05
catalysts, where careful measurements were performed with
varying beam intensities to study the ripening of Pt under oxidiz-
ing conditions [65]. Under these conditions, a volatile Pt oxide can
be formed that would lead to a decrease in size of the metal parti-
cles. The authors observed an almost linear dependence of the rate
of decrease in mean particle diameter of a collection of Pt particles
for beam current densities up to 1.0 Ajcm? [65]. The electron beam
intensities used for the present Ni/MgAl,0,4 study varied with mag-
nification, with the maximum beam intensity calculated to be
1.2 A/cm? (at a magnification of 270 KX and 7.4 x 10* electrons/
nm? s). Most of the ripening events that were captured at this high
dose rate in the present study lasted no more than 10 s (which is
the time for the disappearance of the particles shown in Figs. 4
and 5).

Based on the work of Simonsen et al. [65], at the beam intensity
used in the present experiments (1.2 A/cm?), a decrease in mean
diameter, of 0.137 nm/min, is expected. Thus, over an exposure
period of 10 s, the apparent shrinkage of a Ni particle of size 2.5-
3 nm (the particles most observed to ripen herein) due to electron
beam exposure would be 0.025 nm, which is below the detection
limit under these conditions. Furthermore, the experimental con-
ditions used in these two studies are very different. For Pt under
oxidizing conditions, the formation of a volatile Pt oxide is ex-
pected. For Ni under reducing conditions, the only volatile species
expected is Ni metal atoms. An estimate of the rate of evaporation
of Ni shows that it would take hours for a Ni particle of 2.5 nm to
evaporate under our experimental conditions [64].

Since ripening was observed in beam-off experiments as well as
experiments at lower magnifications (which have much lower
beam doses ~0.4 A/cm?), we are confident that artifacts caused
by electron beam exposure in the Ni/MgAl,04 study can be ig-
nored. The rapid disappearance of small Ni particles during
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Fig. 11. Higher magnification movie of a ripening Ni particles in the 12 wt% Ni/MgAl,0, in (1:1) H,0:H; 3.6 mbar at 750 °C. Total elapsed time is 5.7 seconds (adapted from
DeLaRiva [12]). The particles labeled 1-5 progressively disappear due to Ostwald ripening.
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Fig. 12. Size vs. time for Ni particles from Fig. 11 undergoing ripening in 3.6 mbar
H,0:H; 1:1 at 750 °C. The dotted line shows a trend line describing the evolution of
particle size with time (adapted from DeLaRiva [12]).

ripening is consistent with Monte Carlo simulations of the ripening
of individual particles as described later. The effect of beam dose
on the rates of particle migration and coalescence was also inves-
tigated, and it was found that the particle migration and coales-
cence events were only seen at elevated temperatures and could
not be induced at room temperature simply by increasing the
beam dose for this sample [63].

A second series of experiments was performed with a 1 wt% Ni/
MgAl,0, catalyst under conditions where the sample had ther-
mally equilibrated and thermal drift was negligible. At this stage,
most of the small particles had disappeared, and very little change
could be seen in particle size over small intervals of operation time.
Numerous such experiments were conducted [63]; in some cases,
the sample was heated up to 10 h at the operating temperature.
The major noticeable feature was occasional migration of individ-

ual particles that sometimes led to coalescence, but no ripening. An
image sequence showing this phenomenon from a movie captured
after about 60 min at 750 °C is shown in Fig. 13 (this movie can be
found in Supporting information). The sample was heated in a 1:1
mixture of H, and H,0 at a total pressure of 4 mbar and 750 °C, and
several migration and coalescence events have been noted. Migra-
tion of the nanoparticles was observed to be slow and random, but
when the particles approached each other, coalescence happened
very quickly, usually within one frame, i.e., 1s. Due to the rapid
coalescence, no dumbbell shaped particles were seen in any of
the images recorded at this high temperature. After acquisition,
the frames were aligned using the statistically determined spatial
drift (SDSD) analyzer for DigitalMicrograph by B. Schaffer et al.
[66]. The success of this operation can be seen from the position
of the sample edge at the lower corners of each frame. The image
sequence shows both particle migration and coalescence. Such
observations could indicate a gradual change from Ostwald ripen-
ing in the initial stages of catalyst sintering to a particle migration
and coalescence mechanism during steady-state operation. How-
ever, with these in situ experiments, it was not possible to assess
the contribution of the particle migration and coalescence events
to the rate of catalyst sintering because these events were ob-
served to be very random and difficult to capture.

The experiments performed on Ni/MgAl,0,4 revealed the impor-
tance of in situ TEM as the experimental observations differed
greatly from initial theoretical predictions for this system. Instead
of observing highly mobile nanoparticles at the early stages of sin-
tering, ripening of these particles was seen with an eventual change
in mechanism over time. The experiments also revealed that a com-
bination of sintering mechanisms, ripening and migration leading
to coalescence, can both contribute and be equally responsible for
the large loss in surface area. In addition, future work using higher
pressures and additional gases could be performed in order to
determine the effect on particle sintering for this system.



302 A.T. DeLaRiva et al./Journal of Catalysis 308 (2013) 291-305

Fig. 13. Several Ni particle migration and coalescence events are seen on the surface of a 1 wt% Ni/MgAl,0,4 under 4 mbar H,0:H, 1:1 at 750 °C (adapted from Hansen [63])
This movie was obtained after the sample had stabilized at temperature, hence there is minimal drift in the movie (see supporting information, movie 2).

4. Relating in situ sintering studies to operating performance

In favorable cases, in situ TEM can provide unique insights into
the operation of real-world catalysts. The work of Liu et al. [46] on
Pd/alumina catalysts showed that the rapid sintering during cata-
lyst regeneration could be caused by the gasification of carbon
leading to agglomeration of the Pd particles. This work helped ex-
plain why an otherwise stable Pd/alumina catalyst would sinter so
readily during catalyst regeneration. Fortunately, in that study, the
time frame for catalyst regeneration in the in situ TEM matched
that used in the ex situ reactor. However, for catalysts which oper-
ate in a reactor over long times, sometimes years, how can the in-
sights gained from in situ studies be related to the observed
phenomena in the real-world operation of industrial catalysts?
There is no temperature gap, since one can heat the sample to sim-
ilar temperatures in current in situ cells. However, there is a mate-
rials gap (model catalysts), a pressure gap (up to a few mbar in the
TEM), and a temporal gap (short time observation in the TEM). Be-
low, some approaches to link the in situ observations to the long-
term operating performance of supported catalysts are discussed.

The observations made in the initial stages of catalyst sintering
for a Ni/MgAl,0,4 indicated that the smallest particles disappear
rapidly (in a few seconds) at temperatures in the range 650-
750°C and various gaseous environments (1:1-1:9 H,:H,O at
360 Pa). These conditions emulate those of steam reforming, albeit
at much lower pressures and the absence of additional carbon
which may contribute to particle sintering. Despite the size of par-
ticles being small (<5 nm) migration of particles and their coales-
cence was insignificant compared to Ostwald ripening of the
particles. The disappearance of a single Ni nanoparticle was re-
ported recently [64] along with a movie showing time-lapse
images of the evolution of the catalyst. The experimentally ob-
tained time trajectory of the decay of an individual nanoparticle,
as shown in Fig. 14, could be used to derive a single parameter that
captures the energetics of ripening (E;,). The parameter E,, repre-
sents the activation barrier for this process of ripening and includes
the energy needed to remove the atom from the metal particle and
the diffusion barriers on the surface. The smooth curve in this fig-
ure represents the calculated time evolution of this Ni particle. The
energetic parameter derived from the disappearance of a single
nanoparticle was used to explain the evolution of a collection of
nanoparticles in this catalyst aged for 30 min with the beam off
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Fig. 14. Size evolution of a 2.5-nm Ni nanoparticle during ripening on MgAl,04,
experimental (circles) and best-fit predictions based on a mean-field ripening
model (adapted from Challa et al. [64]).

[64]. This demonstrates a proof-of-principle that observations at
high resolution over short durations can reveal mechanism and
rates of the process of sintering that could potentially enable
long-duration and large-scale predictions on a realistic catalyst.
More work needs to be done to permit such mechanistic studies
to make reliable predictions of long-term behavior since local inho-
mogeneities, support effects, and the role of gas atmosphere need
to be fully accounted in the model. For a given catalyst, pretreat-
ment could have a major effect, for example, treating Pt/alumina
in oxidizing environments was shown to lead to enhanced stability
[67].

Another observable parameter for an industrial catalyst is the
loss of surface area (or activity) as a function of time. A manifesta-
tion of the different operating mechanisms was believed to appear
in the kinetics of decay of surface area of the catalyst. The decay in
surface area of supported Ni during operation at elevated temper-
atures has been studied previously [68-70], and a universal power-
law model for the kinetics of surface area loss has been proposed
[69]. Of key interest in this model is the exponent “n” that is
dependent on the dominant mechanism of sintering. Typical values



A.T. DeLaRiva et al./Journal of Catalysis 308 (2013) 291-305 303

of “n” have been suggested to be between 2-3 for ripening and >5
for migration and coalescence [71]. In previous studies [68-70] of
supported Ni particles, this exponent was noted to decrease from a
high value to a low value over the duration of sintering. It was
therefore suggested that sintering during initial stages (character-
ized by large exponent “n”) was dominated by particle migration
and coalescence, with later stage sintering occurring via Ostwald
ripening. Such a shift in mechanism would be consistent with
the expectation that small particles should be more mobile than
larger particles, which was clearly not seen at the early stages of
heating for the Ni/MgAl,0,4 catalyst. This again stresses the impor-
tance of in situ observations for individual catalysts, as the pre-
dicted mechanism may differ from what actually occurs.

Our in situ studies, as well as others reviewed from the litera-
ture, suggest that Ostwald ripening can play a major role in the ini-
tial evolution of a catalyst. Can the OR model explain the observed
trajectory for loss of metal surface area versus time-on-stream? A
mechanistic model based on OR was used to calculate the loss in
surface area over time using the same energetic parameter (E:)
derived from a fit to the disappearance of individual nanoparticles.
As shown in Fig. 15, the early loss of surface area in this catalyst
over short time periods is captured. The comparison is reasonable
as it is only meant to show the significant loss that occurs during
the initial stages of heating. TEM images only show a small region
of the sample, and it is not easy to obtain estimates of the surface
area of a catalyst based solely on small area TEM images. Addi-
tional aspects, such as changes in particle shape with size, add to
the uncertainty of the derived surface area at later times. Future
work will help us link the observed surface area measured by
chemisorption or reactivity measurements to key energetic param-
eters obtained from in situ studies.

Finally, atomistic Monte Carlo (MC) simulation can also be used
to predict the evolution of particle size in a model catalyst. Such
simulations allow one to relate catalyst sintering to processes tak-
ing place at the atomic level, where the random hopping of atoms
from site to site is modeled. MC modeling has been applied to a
system of nanoparticles (details are presented in Supporting infor-
mation). Despite employing a simple setup based on the 3D lattice
gas model, several characteristic features of sintering of nanoparti-
cles can be seen in these atomistic model systems. Ripening of
nanoparticles was the most prevalent mechanism. Also, analyzing
the size decay profiles of several disappearing particles clearly
showed the Gibbs-Thompson effect on the stability of curved
nanoparticles and explains why these particles decay so quickly
in the last stages of their disappearance. These calculations vali-
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Fig. 15. Decrease in surface area (S/Sp) or relative dispersion (Do/D) of Ni
nanoparticles as estimated from in situ images over the course of sintering at
750 °C. The decrease is shown for early stage experiments and for the predictions
based on OR modeling.

date the underlying mechanistic picture for the rapid disappear-
ance of small particles presented in Figs. 10-12.

Fig. 12 presented the ripening behavior of several Ni nanoparti-
cles (shown in Fig. 11) from the in situ sintering study. One can no-
tice the slower decay of a small particle (particle 4, 2 nm)
compared to other similar size particles. In contrast, a larger parti-
cle (particle 1, 2.5-3.0 nm) disappears much faster than this parti-
cle. It is clear that local correlations affect the ripening rates of
individual nanoparticles; care must be taken when interpreting
the E,, values obtained by fitting the decay profiles to simplified
ripening models. Further work needs to be done to link these
in situ observations to the performance of real-world catalysts.
The newly developed windowed cells will allow bridging of the
pressure gap [32]. As illustrated by the Ni/MgAl,0,4 study that used
a powder catalyst prepared just like a conventional supported cat-
alyst, it is possible to gain mechanistic insights also from these
complex three dimensional catalyst materials.

5. Summary and conclusions

Current understanding of catalyst sintering is based on two
dominant, and distinct, mechanisms of sintering: Ostwald ripen-
ing, wherein smaller particles diminish and larger particles grow
in size, and particle migration and coalescence, wherein diffusive
mobility of particles and ensuing collisions among them causes
particle growth [71]. Both mechanisms lead to an overall increase
in average particle size and loss of active surface area, but early
work suggested that it would be possible to identify the underlying
mechanism of sintering based on the shape of particle size distri-
butions and the kinetics of decay in surface area [71,72]. The ability
to infer sintering mechanism from size distributions has been
questioned [11,73] since the log-normal distribution is the most
commonly observed size distribution for heterogeneous catalysts
and could likely result from either mechanism [63,72,74,75]. It
was also noted that a decay in surface area cannot identify the
underlying sintering mechanism as demonstrated in Fig. 12 based
on a deterministic model (and in the Supporting information based
on a MC simulation). Hence, these decay kinetics are not reliable as
a means for deducing mechanisms, and direct observations of cat-
alyst sintering are essential to identify operating mechanisms.

In this work, recent studies on catalyst sintering (over the past
decade) that utilized in situ electron microscopy have been re-
viewed. The remarkable improvement in image resolution made
possible by the correction of spherical aberrations has made atom-
ically resolved images routinely obtainable. Tables 1 and 2 summa-
rized the recent studies of catalyst sintering via in situ EM. Table 1
includes those studies where the authors concluded that particle
migration and coalescence was the dominant mechanism for their
system. Several of these studies used the electron beam as the sole
source of heating and several of those were on carbon substrates. It
is well known that carbon suffers from knock-on damage when im-
aged with 200-300 kV electrons, and carbon can be gasified by
reaction with H, or with O, that can lead to enhanced mobility
of nanoparticles. In this context, the important effect reported by
Batson et al.[48] needs to be considered. They showed that electron
beam illumination could induce forces among particles, which
could lead to coalescence. Therefore, to obtain insights relevant
to heterogeneous catalysis, we should focus our attention on stud-
ies where the sample had to be heated to observe sintering (as is
generally the case in heterogeneous catalysts). There are several
studies in Tables 1 and 2 that used ETEM to study catalysts that
were heated in the presence of a gas. Among these, the majority
of studies report that Ostwald ripening is the primary operative
mechanism; but, there are also reports of particle migration and
coalescence, as inferred through continuous direct observation
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via in situ TEM. However, it is important to note that the reports of
nanoparticle mobility do not follow the expectation of Brownian-
like motion or the expectation that the smallest particles would
be the most mobile.

The work described on Ni/MgAl,0,4 provides direct high-resolu-
tion in situ observations of Ni particle growth in a powder catalyst
very similar to industrial Ni catalysts used for steam reforming of
methane. In the initial stages when the Ni/MgAl,O,4 reaches the
operating temperature, very fast ripening of the smallest Ni parti-
cles is observed. Since these smallest nanoparticles contribute sig-
nificantly to the total surface area, one observes a very rapid drop
in surface area in the initial stages when these small particles dis-
appear. Monte Carlo simulations showed that the observed phe-
nomena could be recreated based on a physical model that only
permitted atom mobility. The MC simulations confirmed the parti-
cle size evolution in the early stages of sintering with rapid loss of
small particles and negligible particle mobility. The nature of the
mobile species that cause ripening could not be deduced from
these experiments. As suggested in previous work by Sehested
[75], it is entirely likely that the interaction of surface hydroxyls
on Ni may result in a mobile species that mediates sintering. This
is a better explanation than vapor-phase emission of Ni atoms
(evaporation), since the rate of ripening of the small Ni particle
far exceeds the rate at which this particle would evaporate in vac-
uum at the operating temperature [64,76].

Our observations on Ni/MgAl,0,4 showed particle migration and
coalescence most clearly at later stages of sintering, when the
smallest particles had disappeared due to Ostwald ripening. An
important parameter that has not been adequately considered in
this context is the interparticle separation, which can also influ-
ence catalyst sintering [77]. This is generally difficult to quantify
in a three dimensional support, but recently, it was shown by using
electron tomography [78] that interparticle separations could be
measured and found to play an important role. Samples which
were located in close proximity were more susceptible to sinter
via migration and coalescence. Therefore, we conclude that both
ripening and particle migration and coalescence can contribute
to the observed rates of catalyst sintering during the industrial
operation of these catalysts. The relative contribution of these
two mechanisms to the observed rates of sintering has not yet
been conclusively established and will be the subject of future
studies. We also point out that most in situ studies of catalyst sin-
tering are performed under conditions of pressure and tempera-
ture far removed from industrial practice. However, that has
changed with the development of new MEMS based sample hold-
ers that allow heating to temperatures of up to 1000 °C under oxi-
dizing conditions and with windows, and it is also possible to
perform in situ studies at atmospheric pressure [32]|. However,
most in situ observations are performed over short times; so, we
suggest that, by using mechanistic models, it is possible to derive
key energetic parameters from these short term observations to
make predictions of the longer term performance of industrial
catalysts. In summary, we can state that in situ TEM has provided
unique insights on catalyst sintering and recent instrumental
developments will further accelerate progress in the area to pre-
vent catalyst sintering and in catalyst engineering.
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