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Abstract

Recently, we studied the interaction of supported metal nanocluster catalysts with reactive gases at elevated temperatures by means of in situ
high resolution transmission electron microscopy (HRTEM). This paper will briefly review this work to illustrate the in situ HRTEM capability for
studies of the surface structures and the dynamics of supported metal nanoclusters at the atomic scale and to discuss the possibilities of including

such insight into the description of their catalytic properties.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

With the recent advance of transmission electron microscopy
techniques, scientists now have tools for directly probing the
geometric, and in some cases also the compositional and
electronic, structures of nanostructured catalysts with a real-
space resolution down to the atomic level, e.g., Refs. [1,2]. This
has opened up for new possibilities for obtaining structural
information, for example, about the size, shape and detailed
surface structure of nanomaterials, which is essential for the
understanding of their catalytic properties, see, e.g., Refs. [3,4].
Up to now, electron microscopy studies of catalysts at the atomic-
scale have mainly been performed ex situ after various gas
treatments where the catalysts are removed from the reaction
environments and studied under the high vacuum conditions
residing in the electron microscope, see, e.g., Refs. [5-8].
Although this approach undoubtedly has a significant impact on
catalysis research, the catalysts may respond dynamically to
changes in the surrounding gas environment, and so, caution
must be exercised to ensure that the observed structural details
are representative of the catalyst in its working state.

On the other hand, the application of TEM to in situ studies
of catalysts during exposure to reactive gas environments and
elevated temperatures is fairly scarce. Such studies are by no
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means trivial due to the extremely small mean-free path of
electrons in dense media (gases and solids), and significant
instrumental modifications are needed in order to confine a
high-pressure gas environment around the specimen area
without affecting the microscope performance [9-13]. In the
1970s, Baker and co-workers performed the pioneering
applications of in situ transmission electron microscopy for
studies of nanocluster catalysts using an instrument with a
resolution of about 3 nm [9,10]. In the 1990s, Boyes and Gai
made a significant instrumental advancement and demonstrated
an image resolution of 0.23 nm, allowing HRTEM imaging of
the largest lattice spacing in noble metal catalysts [11].
However, in order to get detailed structural information about
industrially important catalytic metals, such as Fe, Ni and Cu, a
resolution of at least 0.18 nm is required. A collaboration
between Haldor Topsge A/S and the FEI Company realized this
goal and, after further modifications, established an in situ
HRTEM facility capable of providing the first images with a
resolution of 0.14 nm during exposure of the sample to reactive
gases and elevated temperatures [14].

In this paper, we outline recent examples from our research
that exploit this in situ HRTEM capability for the study of
supported metal nanocluster catalysts. The examples demon-
strate how atomic-scale information can be obtained about, on
one hand, the exposed metal surface sites and metal-support
interfaces, and on the other hand, surface dynamic processes
induced by changes in the gas environment. The reader is referred
to the original papers [14—16] for an in-depth discussion of the
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results and to reviews, such as Refs. [10-12,17], for a detailed
description of in situ HRTEM (which is also referred to as
environmental TEM (ETEM) [11,12]).

2. Dynamic shape changes in supported copper
nanocrystals

One of the simplifying assumptions in the description of
catalytic reactions has often been to consider the catalyst
surfaces as static, thus providing a fixed ensemble of active
sites. However, there is no guarantee that the catalyst
nanostructures remain stable during application. In situ studies
have shown that metallic nanoclusters may undergo structural
transformations in response to changes in the reaction
conditions and that the transformations can have a significant
impact on the catalytic performance [18-20]. In most cases, in
situ spectroscopic methods have been used for investigations of
the nanoclusters under catalytic relevant conditions [21-23],
whereas complementary real-space insight, at the atomic level,
into the dynamic structure and morphology of the metal
nanoclusters under similar conditions has not previously been
available.

In the following we will demonstrate that in sitt HRTEM
can provide unprecedented new insight about gas-induced
nanocluster dynamics by focusing on a Cu/ZnO-based catalyst
[14,15]. This catalyst system represents the industrial methanol
synthesis catalyst and has become a prototype system for
studying complex gas-induced structural dynamics [19,20,24—
26]. Fig. 1 shows in situ HRTEM images of Cu nanocrystals
supported on ZnO. The Cu nanocrystals are produced in situ by
reduction of the CuO/ZnO precursor in hydrogen at 280 °C
[14,15]. The lattice fringes in the nanoclusters, as well as the
electron energy loss spectroscopy (EELS) data, confirm the
presence of metallic Cu nanocrystals with diameters of 3—6 nm
(Fig. 1A). To study the response of the Cu nanocrystals to
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variations in the gas composition, the catalyst was exposed to
more oxidizing conditions by adding H,O vapor to the
hydrogen gas or to more reducing conditions by adding CO to
the hydrogen gas. Upon each change in gas atmosphere, the Cu
nanocrystals changed shape. Images were recorded during
these changes. Fig. 1 shows HRTEM images representing the
equilibrium shapes obtained by the Cu nanocrystals on the ZnO
support.

Inspection of the in situ HRTEM images in Fig. 1 provides
direct insight into the gas-induced shape changes and helps to
elucidate the driving forces for the transformations: addition of
H,0 is seen to result in Cu particles with a more spherical
shape, i.e. the Cu nanocrystals are terminated by a higher
fraction of (1 1 0) and (1 0 0) facets, relative to the more closed-
packed (1 1 1) facet, than in pure hydrogen. Hence, the more
open (1 1 0) and (1 0 0) facets tend to stabilize with respect to
the (1 1 1) facet. At the interface, the contact area between Cu
and ZnO does not change significantly. This points to the fact
that water adsorption on the different exposed Cu facets is the
main driving force for the gas-induced surface reconstructions
and the resulting reshaping of the Cu nanocrystals. On the other
hand, addition of the more reducing gas, carbon monoxide, to
the hydrogen gas results in more marked changes. The Cu
nanocrystals are found to transform into disc-like structures
caused by an increased wetting of the ZnO support. On average,
the interfacial area increases by about 50% indicating a large
decrease in the interface energy. Previously, it was suggested
that CO mainly affects the ZnO surface energy whereas the Cu
surface energies are not perturbed [19,20,24]. This is probably a
good approximation because the coverage of hydrogen and
carbon monoxide on the Cu surfaces is fairly low under the
conditions used here [19,24]. It was proposed that a change in
the oxidation potential of the gas phase may change the oxygen
content in the ZnO surface and thereby the interface energy
[19,20,24]. Under more reducing conditions, the oxygen
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Fig. 1. Insitu HRTEM images (A, C and E) of a Cu/ZnO catalyst in various gas environments together with the corresponding Wulff constructions (B, D and F) of the
Cu nanocrystals. (A) The image was recorded at a pressure of 1.5 mbar of H, at 220 °C. The electron beam is parallel to the [0 1 1] zone-axis of copper. (C) The image
was obtained with the Cu nanocrystal exposed to a gas mixture of H, and H,O, H,:H,O = 3:1 at a total pressure of 1.5 mbar at 220 °C. (E) The image was obtained
with the Cu nanocrystal exposed to a gas mixture of H, (95%) and CO (5%) at a total pressure of 5 mbar at 220 °C. Adapted from Ref. [14].
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content in the ZnO surface will be low resulting in a decrease of
the Cu/ZnO, interface energy due to a partial (full) reduction of
the ZnO surface layer, and vice versa. A combination of the in
situ HRTEM results with in situ EELS measurements partly
supports this interpretation [15]. As the reduction potential of
the gas phase is increased, changes are observed in the energy-
loss near-edge structure of the Cu L3 ionization edge which can
be attributed to a Cu—Zn alloy formation at the Cu—Zn interface
or at the Cu surface, in accordance with previous suggestions
[19,20,24,25].

The in situ electron microscopy results for the Cu/ZnO
catalyst are not only in accordance with previous in situ
extended X-ray absorption fine structure (EXAFS) data
concerning the dynamic morphology changes [19,20], they
also provide important new insight. On the basis of the
lattice-resolved images, the exposed facets of the projected
Cu nanocrystal and the epitaxial relationship between Cu and
7ZnO can be identified. The majority of the Cu nanocrystals
appears to be in contact with the ZnO support with their
(1 11) facet, as also observed for Cu particles prepared by
vapor deposition under ultra-high vacuum conditions onto
various atomically clean ZnO surfaces [27]. For the Cu/ZnO
catalyst, the ZnO termination at the interface varies from
particle to particle indicating a weak interaction and no
strong preference for Cu to bind to specific ZnO facets.
Furthermore, the lattice-resolved images allow Wulff
constructions to be performed for the Cu nanocrystals, as
shown in Fig. 1, and a quantitative determination of the
relative metal surface free energies and the interface free
energy in the different gas environments to be obtained [14].
Previously such quantitative information about supported
nanoclusters could only be obtained from ex situ microscopy
observations [28] or scanning tunneling microscopy studies
under ultra-high vacuum conditions [29,30]. The ability to
determine surface free energies in situ represents important
perspectives. The surface and interface energies allow a
reconstruction of the full three-dimensional shape of the
supported Cu nanocrystals which in turn may provide
important information about the concentration of the
different types of surface sites (low-indexed planes, corners,
steps, etc.) under the various gas conditions (Fig. 2). This
allows the nanocluster morphology and information about
site-specific reactivity to be incorporated more directly into
the microkinetic description of a catalytic reaction with the
approach discussed earlier for, e.g., the methanol synthesis
reaction [24]. Previous microkinetic descriptions of catalysis
had to rely on assumptions regarding the nature of the
exposed surfaces and interfaces, as well as their dependence
on the gas composition.

3. Carbon nanofiber growth catalyzed by nickel
nanocrystals

In situ TEM can also be applied in a dynamic mode, where
the gas-induced restructuring of the nanoclusters is directly
visualized by recording time-lapse image series and replaying
these in the form of a movie. This has led to unprecedented new
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Fig. 2. The dimensionless surface area A/V*? of the different low-index Cu
facets, as well as the total surface area, vs. the gas environments in Fig. 1. The
surface area distributions are determined from the Wulff constructions for a Cu
nanocrystal, assuming that the nanocrystal is attached to the support on one of
the (1 1 1) planes and that its shape is determined by the surface and interface
free energies reported in Ref. [14].

insight into the mechanistic details of gas-induced restructuring
processes, such as reshaping, phase transformations, sintering
and vapor deposition growth processes, e.g., Refs. [31-34]. In
fact, Baker et al. used in their pioneering studies in situ TEM to
monitor carbon nanofiber growth by catalytic acetylene
decomposition over nickel nanoclusters [35,36]. The catalyzed
growth of carbon nanofibers has achieved much attention
because the process, on one hand, is important to inhibit in
order to prevent breakdown of industrial steam reforming
catalysts [37-39], and on the other hand, offers new synthesis
routes for nanofibers with predefined structures and function-
alities [40,41]. However, despite numerous studies, many
fundamental questions related to the structure and dynamics of
the catalyst surfaces during growth have not been possible to
resolve due to the lack of atomic-resolved real-space insight.

From our results of this classic example of nickel-catalyzed
formation of carbon nanofibers [16], we will demonstrate that
in situ HRTEM has a potential for visualizing the dynamics of
surface reactions on metal nanocluster at the atomic-scale. In
the in situ HRTEM experiments, carbon nanofibers are formed
by methane decomposition over oxide-supported Ni nanocrys-
tals with diameters ranging from about 5 to 20 nm. The
HRTEM images reveal that the Ni nanoclusters, located at the
front end of the nanofibers, undergo a reaction-induced
reshaping and that the nanocluster shape acts as a template
for the alignment of graphene layers into multi-walled carbon
nanofiber structures (Fig. 3). The smaller Ni nanoclusters tend
to obtain highly elongated shapes, and tubular nanofibers form
with the graphene layers aligned along the fiber axis. The larger
Ni clusters tend to become pear-shaped, and whisker-like
graphitic nanofibers emerge having the graphene layers
inclined with respect to the fiber axis.

In situ HRTEM movies were recorded to monitor the
dynamics in the growth process [42]. Fig. 4 shows an image
series, which is extracted from such a movie and demonstrates
the main findings [16]. It is observed that the initial compact
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Fig. 3. HRTEM images of (a) a multi-walled tubular carbon nanofiber structure
and (b) a whisker-type carbon nanofiber. The nanofibers are formed by exposing
supported nickel nanocrystals to a mixture of CHy:H, = 1:1 at a total pressure of
about 2.0 mbar and a temperature of 500-540 °C. The lattice fringes in the
nanofibers, indicated by the black lines, are separated by 0.34 nm, correspond-
ing to the (0 0 2) lattice planes in graphite. Scale bar = 5 nm. Adapted from
Ref. [16].

equilibrium shape of the Ni nanocrystal (~6 nm in diameter)
transforms into a highly elongated shape. The elongation of the
Ni particle appears to be correlated with the formation of more
graphene sheets at the graphene—Ni interface with their basal
(00 2) planes oriented parallel to the Ni surface. Hence, the
reshaping of the Ni nanocrystal assists the alignment of
graphene layers into a tubular structure. The elongation of the
Ni nanocrystal continues until it achieves an aspect ratio
(Iength/width) of up to ~4, before it abruptly contracts into a
spherical shape within less than ~0.5s (Fig. 4H). This
contraction is attributed to the fact that the increase in the Ni

surface energy can no longer be compensated for by the energy
gained when binding the graphitic fiber to the Ni surface. The
elongation/contraction scenario continues in a periodic manner
as the nanofiber grows. Furthermore, the growth stops if the
graphene layers eventually encapsulate the Ni particle,
indicating that part of the Ni surface must be in direct contact
with the gas phase.

A closer inspection of the HRTEM movies reveals that
mono-atomic steps are present at the Ni surface and play a key
role in the nucleation and growth of graphene sheets. Ni step-
edges are induced spontaneously in the course of the reaction,
even at the graphene—Ni interface (Fig. 4B—G). An additional
graphene layer appears in between the pair of such step-edges
and the layer grows as the Ni steps move concurrently towards
the ends of the Ni cluster and vanish. Clearly, this process
involves transport of C atoms towards and Ni atoms away from
the graphene—Ni interface. The flux of Ni atoms is directed
towards the free Ni surface producing the observed elongation.
Carbon atoms, resulting from methane decomposition at the
free surface, must diffuse to the interface to account for the
growth of the graphene layer. Since the TEM images represent
two-dimensional projections of the sample, the observations are
indicative of graphene growth around the nanoparticles. The
graphene layer appears to extend around the Ni nanoparticles in
an asymmetric fashion, because the interfacial step-edge
formation can be observed at either side of the nanocluster at
different instants (Fig. 4B and E). With an increasing diameter
of up to 20 nm, the in situ HRTEM movies reveal that the Ni
nanoparticles gradually tend to become more stable and pear-
shaped [42]. For all sizes of the Ni nanoparticles, the movies
reveal an interfacial growth scenario similar to that shown in
Fig. 4, i.e. the step-edge assisted graphene growth is a general
mechanism for the nickel-catalyzed growth of graphitic
nanofiber structures under the present growth conditions.

The atomic-level observations can be rationalized through
interplay with density functional theory (DFT) calculations.
The DFT calculations show that methane dissociation is
facilitated at step-edges and that carbon atoms bind stronger to
step-edges than to facet sites [43]. This suggests that the step-
sites act as the preferential nucleation sites for graphene. The
extra binding energy of carbon to a step-site is in fact larger than
the energy cost for step formation, which explains why steps
form spontaneously at the Ni surface [16,43]. Moreover, the
DFT calculations show that carbon atoms are more stable in a
graphene layer than at a step-site showing that there is an
energetic driving force for graphene growth. In the continuous
growth of the multi-walled graphitic nanofibers, the graphene
layers nucleate and grow preferentially at the existing
graphene—Ni interface. This is suggested to be driven by an
additional energy gain associated by binding a new graphene
layer to the graphite matrix.

Furthermore, the observed surface dynamics can consis-
tently be explained by a novel interfacial transport mechanism
(Fig. 5). The experiments clearly point to the necessity of
transport of Ni atoms towards the front of the Ni particles. The
Ni atoms must diffuse along the nickel surface, because the Ni
nanoparticles remain crystalline during growth (Fig. 6) and Ni
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Fig. 4. In situ HRTEM image sequence of a growing carbon nanofiber (movies can be found in Ref. [42]). Images (A—H) illustrate one cycle in the elongation/
contraction process. Drawings are included to guide the eye in locating the positions of mono-atomic Ni step-edges at the graphene—Ni interface. The images are
acquired in situ with CH4:H, = 1:1 at a total pressure of 2.1 mbar with the sample heated to 536 °C. All images are obtained with a rate of 2 frames/s. Scale

bar = 5 nm. Adapted from Ref. [16].
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Fig. 5. Tllustration of the growth mechanism for graphitic nanofibers formed by
methane decomposition over nickel nanocrystals. The illustration highlights the
surface transport of carbon and nickel atoms and the spontaneous Ni step-edge
formation at the graphene—Ni interface.

diffusion through the bulk nickel nanocrystal cannot take place
[44]. In accordance with this, the DFT calculations show that
the Ni atomic transport can proceed as Ni surface diffusion
along the free Ni surface and the graphene—Ni interface.
Previously, it was suggested that transport of carbon atoms may
proceed through the nickel bulk [35,39,45-47]. Although such
an effect may occur under some growth conditions, the results
in Ref. [16] suggest that it is not necessary to include bulk
diffusion to obtain a consistent growth mechanism. The DFT
calculations show that it is possible for C to migrate along the
graphene—Ni interface and that a surface transport mechanism
similar to that for nickel can also account for the transport of C
atoms from the free surface of the Ni particle to sites at the
graphene—nickel interface. The maximum activation energy
barrier is associated with the carbon transport along the Ni
surface and is estimated from the DFT calculations to be 1.6 eV.

Fig. 6. Snapshots obtained from an in situ HRTEM movie of carbon nanofiber growth. The lattice-resolved images of the contracting Ni nanocrystal are obtained only
when it is oriented with a zone-axis close to the electron beam. Several such image sequences show that the Ni nanocluster remain crystalline during the whole growth
scenario. In the Ni nanocrystal, the lattice spacing is 0.20 nm corresponding to (1 1 1) planes in metallic Ni. In the carbon nanofiber, the lattice spacing is 0.33 nm
corresponding to the (0 0 2) planes in graphite. The growth conditions: CH4:H, = 1:1 at a total pressure of 2.1 mbar with the sample heated to 530 °C. The images are

recorded at relative times (a) O's, (b) 2s and (c) 5s.
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This is in reasonable agreement with the measured activation
barrier for carbon nanofiber growth in the range 1.3-1.5eV
[35.,45], suggesting that transport of carbon atoms confined to
the nickel surface could be the rate-limiting step for nanofiber
growth.

The in situ HRTEM observations and DFT calculations
demonstrate that step-sites play an important role as growth
centers for graphene growth, mainly because carbon binds
more strongly to step-sites than to sites at the closed-packed
facets on Ni. The preference of C atoms for step-site
adsorption is found in general [48], and the mechanism may
therefore be of general importance in metal-catalyzed growth
of carbon nanofibers. Furthermore, the findings support the
general understanding of the effect of many different
promoters in Ni-based steam reforming catalysts: potassium,
sulfur and gold promoter atoms were found to bind
preferentially to Ni step-edges, suggesting that these
elements suppress graphite formation through a step-
blocking mechanism [38,43]. Recently, step site blocking
was also demonstrated to provide control over the bond-
breaking selectivity of higher hydrocarbons at nickel
surfaces [49].

4. Concluding remarks

The examples highlighted here show that in situ HRTEM is
now capable of providing atomic-scale insight into the structure
and dynamics of supported metal nanoclusters. The finding that
the nanoclusters can undergo dynamic shape changes in
response to changes in the gas environment has the general
implication that the distribution of catalytic active sites, and
hence the catalytic activity, is self-regulated by the reaction
conditions. Furthermore, it is discussed how information about
the exposed metal surfaces and their gas-induced dynamic
behavior can be combined with fundamental information about
gas—surface interactions and how this can be included into the
description of the catalytic properties of nanoclusters; this is
often referred to as the materials and pressure gaps in catalysis.
In this respect, it should be noted that in situ HRTEM
investigations are presently carried out with rather modest
pressures. Important future developments of in situ HRTEM are
foreseen to introduce in situ cells, operating at higher pressures
of up to, e.g., 1 bar, and on-line activity measurements that
allow the detailed coupling between the active surfaces and
their catalytic properties to be scrutinized at the atomic level.
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