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The performance of catalyst materials are usually governed by the precise atomic structure and compo-
sition of very specific catalytically active sites. Therefore, structural and chemical characterization at the
atomic scale becomes a vital requirement in order to identify any structure–performance relationships
existing in heterogeneous catalyst systems. Aberration-corrected scanning transmission electron micros-
copy (STEM) represents an ideal means to probe the atomic scale structural and chemical information via
a combination of various imaging and spectroscopy techniques. In particular, high-angle annular dark-
field (HAADF) imaging provides directly interpretable atomic number (Z) contrast information; while
X-ray energy dispersive spectroscopy (XEDS) and electron energy-loss spectroscopy (EELS) spectrum
imaging can be used to identify the chemical composition and oxidation state. Here we review some
applications of aberration-corrected STEM to catalyst research, firstly in the context of supported metal
catalysts, which serve as ideal material systems to illustrate the power of these techniques. Then we focus
our attention on more recent progress relating to the characterization of supported metal oxide catalysts
using aberration-corrected STEM. We demonstrate that it is now possible to directly image supported
surface oxide species, study oxide wetting characteristics, identify the catalytic active sites and develop
new insights into the structure–activity relationships for complex double supported oxide catalysts.
Future possibilities for in situ and gentle low voltage electron microscopy studies of oxide-on-oxide mate-
rials are also discussed.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Heterogeneous catalysts are an important research topic owing
to their irreplaceable role in chemical and fuel production as well
as environmental control. One key aspect in catalysis research is
to identify structure–performance relationships, which can help
in improving catalytic performance and designing better catalyst
materials. It has been well documented that the performance of
heterogeneous catalyst materials depends on a variety of parame-
ters including particle size and shape, catalyst surface structure,
local composition and chemical bonding, interaction between the
surface overlayer/particle and the support materials, and evolution
of these key parameters during catalyst synthesis, application and
regeneration.
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t of Physics & Astronomy,
(W. Zhou). Department of

sity, Bethlehem, PA 18015,

. Zhou), chk5@lehigh.edu
In the characterization of supported metal oxide on metal oxide
catalysts, such information has traditionally been acquired using
optical spectroscopy techniques (including UV–vis, Raman, and
infra-red (IR) spectroscopies) and X-ray techniques (including
X-ray diffraction (XRD), small angle X-ray scattering (SAXS),
extended X-ray absorption fine structure (EXAFS), X-ray
absorption near edge structure (XANES), and X-ray photoelectron
spectroscopy (XPS)). For example, UV–vis spectroscopy can
provide information on the electronic structure of the surface
oxide domains [1,2], and can be used to monitor the oxidation state
change during reaction [3]. Raman spectroscopy is well known as a
sensitive technique to discriminate between multiple molecular
structures that may be present in the sample volume [3–5]. IR
spectroscopy is widely adopted in the identification the surface
species at the molecular level [4,5]. These optical spectroscopy
methods often provide important information that is difficult to
access from other techniques. Similarly, XPS can routinely provide
highly sensitive surface compositional and chemical state analysis,
and local atomic structure and bonding information can be easily
accessed using EXAFS [5]. Characterization studies using these
spectroscopic techniques have provided many insights into the
structure–activity relationships for supported metal oxide catalyst
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Fig. 1. Schematic diagram illustrating the various signals generated inside a
scanning transmission electron microscope (STEM) that can be used for imaging
and nanoanalysis.
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systems, especially when they are combined with in situ reaction
cells, in which the catalytic materials are exposed to an environ-
ment similar to that experienced under normal operating
conditions [5].

However, there is one significant drawback with all the tec-
hniques mentioned above since they can only provide spatially
averaged information over a relatively large surface area of the cat-
alyst material under investigation (on the order of �micron2). It
has been shown for many highly active heterogeneous catalyst sys-
tems that a variety of different surface structures can co-exist, with
sizes ranging from single atoms to 10 nm particles, and sometimes
the catalytic important structure may only constitute a minor part
of the catalyst material. For example, supported WO3/ZrO2 acid
catalysts contain Zr-containing WO3 clusters that are the catalytic
active sites and may represent only a small fraction of the total
tungsten oxide present in the catalyst [3]. Similarly, Herzing
et al. showed that �0.5 nm bilayer Au clusters in supported
Au/FeOx catalyst system are the most active species for CO oxida-
tion at low temperature, which, however, only represents �1
wt.% of the total Au loading in the catalyst material [6]. Therefore,
in order to obtain new insights into the structure of the catalyti-
cally active species, the structure–performance relationship, and
the identification of other factors that may affect the catalyst prop-
erties, the conventional optical and X-ray spectroscopy methods
must be complemented with local structural and compositional
analysis techniques that have a spatial resolution on the nm or
atomic scale. Recent developments in aberration-corrected elec-
tron optics [7–9] have pushed the spatial resolution in a (scanning)
transmission electron microscope ((S)TEM) down into the
sub-Angstrom regime, providing an ideal platform to carry out
direct imaging and chemical analysis of the local structure in
heterogeneous supported catalysts.

Electron microscopy is now well recognized as an indispensable
tool in catalyst research, especially for the study of supported me-
tal catalysts [10], supported metal oxide [11] and bulk metal oxide
catalysts [12]. TEM-based techniques, such as bright field (BF)
imaging, high resolution TEM (HRTEM) imaging, energy-filtered
TEM (EF-TEM) and electron diffraction, have been frequently used
to provide information on the particle shape and size distribution,
exposed facet planes, active phase identification, particle/support
epitaxy and elemental distribution. In particular, HRTEM imaging
(also known as phase contrast imaging) can provide useful real-
space structural information at the atomic level. When combined
with theoretical simulation and aberration-corrected techniques,
either via the use of an imaging aberration corrector [13] or by
through-focus exit wave reconstruction, detailed surface atomic
structure information can be obtained from HRTEM imaging
[14,15]. However, the phase contrast imaging technique is very
sensitive to sample thickness, image defocus, beam tilt, and
numerous other experimental parameters. Furthermore, quantita-
tive image simulation is often required if detailed structural infor-
mation from specific features (e.g. surface reconstruction analysis)
needs to be extracted from HRTEM experiments.

As an alternative to these TEM-based methods, there are a host
of STEM-based analytical electron microscopy (AEM) techniques,
in which a small focused coherent electron beam is scanned across
the sample in a raster. STEM-AEM is becoming more and more
popular in catalyst research, especially for the structural and
chemical characterization of supported metal catalysts in which
heavier metal components are dispersed onto low atomic number
(Z) supports [10]. A rich variety of signals can be generated via
electron-sample interactions and be collected simultaneously as
schematically illustrated in Fig. 1. For example, characteristic
X-ray signals can be used for chemical analysis, and post-specimen
electron signals can be collected by different detectors to form
images or/and electron energy loss spectra. By choosing different
collection angle ranges, bright field (BF), annular bright field (ABF
[16]), and annular dark-field (ADF) STEM images can be collected.
In particular, by changing the excitation of the post specimen
lenses and using an ADF detector having an inner collection angle
greater than 50 mrads, a high-angle annular dark-field (HAADF)
image can be formed. The signal used in HAADF images are mainly
Rutherford scattered electrons which are strongly dependent upon
the square of atomic number (Z1.5–1.8) of the atoms present in the
area being imaged [17,18]. Thus, Z-contrast information can be di-
rectly obtained from STEM-HAADF images. Moreover, the inelastic
scattered electrons can be collected using an electron energy-loss
(EEL) spectrometer as a function of probe position, providing com-
positional information with atomic resolution [19].

Compared to the application of such electron microscopy tech-
niques in the study of supported metal catalysts [9,10,20], there is
relatively little corresponding activity in the area of supported
metal oxide catalysts. In this article, we will specifically focus on
recent progress in the study of supported metal oxide catalysts
using aberration-corrected STEM imaging and chemical analysis
techniques. A brief review of the important structural and chemical
analysis techniques accessible in STEM and their applications to
the study of supported metal catalysts will first be presented. This
will be followed by a few case studies from our own research on
supported metal oxide catalysts where aberration-corrected STEM
has been used to directly image the surface structure, identify the
catalytic active sites and reveal new insights into the structure–
activity relationships that for supported oxide catalyst systems. A
general discussion of future perspectives and challenges will be
presented in the last section of this article.

1.1. STEM-HAADF imaging of supported metal catalysts

The development of the probe aberration corrector has
provided STEM-HAADF imaging with an unprecedented ability to
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provide Z-contrast information with sub-Å spatial resolution [22]
and single atom sensitivity [23,24]. It is well known that the elec-
tron probe size and thus the spatial resolution of imaging and
chemical analysis in STEM is mainly limited by the third-order
spherical aberration coefficient (Cs), which is unavoidable for
conventional rotationally symmetric magnetic lenses. This limita-
tion can be overcome by using a series of multipole lenses that
break the rotational symmetry as proposed by Scherzer more than
60 years ago [25]. A significant increase in beam current, while
retaining or reducing the probe size, can be achieved using
Cs-corrector technology, which ensures a high signal-to-noise ratio
in the resulting high resolution STEM images and chemical analy-
ses. A simulation of the intensity distribution for an electron probe
before and after spherical aberration correction is shown in Fig. 2.

For most aberration-corrected (S)TEM instruments, a 1.36Å spa-
tial resolution can be routinely achieved for HAADF imaging; while
a 0.5Å spatial resolution has been recently demonstrated on sev-
eral instruments with the latest lens designs [22,26,27]. The ability
to provide single atom detection with high spatial resolution and
signal-to-noise ratio has led to aberration corrected HAADF imag-
ing being used in many successful applications for the structural
study of supported metal catalysts such as La/Al2O3 [28], Au/TiO2

[9], and Au/FeOx [6]. For example, in a recent study Herzing et al.
demonstrated that HAADF imaging can be used to image all the
surface species, from large Au nanoparticles to single surface Au
atoms, present in the Au/FeOx catalyst system (Fig. 3) [6]. The
co-existence of different supported structures is a common situa-
tion in many practical catalyst systems, and the high resolving
power of the HAADF imaging technique can ensure that all the fine
structural information can be clearly captured. Thus, a population
distribution of all the different Au species present can be satisfac-
torily deduced by analyzing a large of number of images obtained
from the samples. By correlating the catalytic performance with
the distribution of different Au species in a systematic set of Au/
FeOx catalysts (Fig. 3C), Herzing et al. were able to identify sub-
nm bi-layer Au clusters (Fig. 3B) as the most catalytically active
species for low temperature CO oxidation [6]. This particular iden-
tification was a formidable achievement as these sub-nm bi-layer
Au clusters only constituted a very small fraction (<1%) of the total
Au loading, which could well be missed or considered as being
insignificant using other ‘averaging’ characterization techniques.

An enhanced signal-to-noise ratio in HAADF imaging is also a
benefit gained from spherical aberration correction, which makes
it possible, in some instances, to determine the chemical identities
of specific atoms or atomic columns/layers, since the HAADF signal
is proportional to Z1.5–1.8 Ref. [29]. As shown in Fig. 4A, single Pt
and Ru atoms within a bimetallic cluster on an Al2O3 support can
be clearly distinguished by their different HAADF image intensities,
which is almost impossible to discern from conventional STEM-
EELS or STEM-XEDS analysis due to the high mobility of the atoms
on the free surface and the low EELS/XEDS signal from individual
Fig. 2. The simulated intensity distributions of an electron probe of Lehigh’s JEOL
2200FS (S)TEM before (left) and after (right) Cs correction. Reprinted from Ref. [21].
atoms. Similarly, for bi-metallic nanoparticles such as the Au–Pd
particle shown in Fig. 4B, the distinctive intensity variation across
the particle diameter indicates that this is an Au–Pd nanoparticle
with a Au-rich core and Pd-rich shell. This type of chemical infor-
mation can be obtained straightforwardly from the HAADF image
without performing time consuming STEM-EELS or STEM-XEDS
mapping experiments.

It should be noted that without image simulation, chemical
information relating to the samples can only be qualitatively
obtained in some favorable cases by analyzing the HAADF image
contrast. In order to ‘‘squeeze’’ even more useful structural and
chemical information from such experimental HAADF micro-
graphs, image simulation becomes essential since the intensity of
the HAADF image can be affected by many factors, e.g. the height
position of the single atoms [28], the number of atoms along the
beam direction [23,31], the instrument settings [32], and the spec-
imen tilt angles [33]. For example, Wang et al. [28] have shown
that La atoms adsorbed on the bottom surface of a c-Al2O3 flake
(i.e. the exit plane of the electron beam) exhibited a higher image
intensity as compared with those La atoms adsorbed on the top
surface (i.e. the entrance plane of the electron beam) as shown in
Fig. 5. Recent developments in STEM-HAADF image simulation
methodology can now match the simulated image intensity quan-
titatively with the experimental image intensity [34], which in
principle can help to extract both compositional and structural
information from such atomically resolved HAADF images.

The distribution and configuration of supported metal atoms on
an oxide support surface experimentally obtained from HAADF
imaging can serve as useful input data for DFT calculations, which
can in turn help theorists to understand the surface structure and
metal-support interactions in supported metal catalysts [28,35].
Such DFT calculations can in turn be used to judge whether or
not the structural model proposed for an image simulation is ener-
getically favorable.

Another important benefit of the aberration corrected STEM
instrument is that a larger probe forming aperture can be used,
which dramatically reduces the depth of focus (Dz), following a
Dz � k/h2 dependency, where h is the illumination semi-angle as
defined by the probe forming aperture. This potentially allows
for three-dimensional reconstruction by depth sectioning of indi-
vidual heavy metal atoms or particles within the support mate-
rial/matrix, whereby a through-focal HAADF image series is
recorded in a similar manner to that used in optical confocal
microscopy [36,37]. Early examples of this technique include the
identification of the relative positions of Pt–Au nanoparticles on
TiO2 support materials by Borisevich et al. [36] and determining
the location of individual Hf atoms in the SiO2 passivating layer
in a semiconductor device [38]. As an alternative to depth-
sectioning, 3D imaging in catalyst systems can also be achieved
by STEM-HAADF electron tomography. This is an important
technique that is still under active development, and some recent
advances in this area have been reviewed elsewhere [20,39].

1.2. Spectrum imaging with EELS and/or XEDS for supported metal
catalysts

The elemental distribution in the materials can be obtained by
combining the imaging and analytical capability of a STEM, in a
technique which is known as spectrum imaging (SI) [40–43]. In
SI, a full spectrum (either EELS or XEDS) is collected at and
registered to each pixel of the digital image. The dataset acquired
constitutes a 3D data cube with the STEM image in the X–Y plane
and the EELS/XEDS spectra in the Z direction. Elemental maps can
be obtained by slicing the data cube at a specific energy plane in
the Z direction and adding/subtracting different energy planes for
summation or background subtraction.
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Fig. 3. (A and B) Representative high resolution STEM-HAADF images of (A) an inactive and (B) an active Au/FeOx catalyst synthesized by very similar methods. The white
circles highlight the presence of isolated Au atoms, while the black circles indicate sub-nm Au clusters that only present in the highly active catalyst; (C) Relative populations
of different supported Au species as a function of catalyst calcination temperature and measured CO conversion. Reprinted from Ref. [6] with permission from AAAS.

Fig. 4. Aberration-corrected STEM-HAADF images from (A) Pt–Ru/c-Al2O3 (Reprinted from Ref. [30], by permission of the Cambridge University Press.) and (B) Au–Pd/TiO2

catalysts (sample courtesy of Dr. N. Dimitratos and Prof. G. J. Hutchings, Cardiff University, UK.). Inserts: Intensity line profiles from the samples as indicated on the images.
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Aberration correction has not only significantly increased the
spatial resolution of STEM spectrum imaging, but also drastically
improved the detection sensitivity [44,45] by increasing the
current density in the small electron probe. When combined with
advanced data processing software, e.g. multivariate statistical
analysis (MSA) [46] or principal component analysis (PCA) [47]
which aim to remove random noise from the spectrum images,
minor compositional features can also be satisfactorily extracted
from the STEM-SI due to the enhanced signal-to-noise ratio.

Several elegant demonstrations of the application of STEM-
XEDS SI in the chemical analysis of supported bimetallic catalysts
have been reported by Herzing et al. [42,48,49]. Combining



Fig. 5. Experimental and simulated STEM-HAADF images of La atoms on a c-Al2O3 flake in the [100] zone axis projection. Image simulations indicate that the La atoms on the
bottom surface are brightest (yellow & A’), while those on the top surface are less bright (blue & A). Interstitial La atoms display the weakest contrast (green & B). Reprinted by
permission from Macmillan Publishers Ltd.: [Nature Materials] (Ref. [28]), copyright (2004).
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aberration corrected STEM spectrum imaging with multivariate
statistical analysis (MSA), Herzing et al. have been able to deter-
mine (i) core–shell morphology development in bimetallic nano-
particles; (ii) particle size-composition relationships in supported
Au–Pd catalysts; (iii) the detection of impurity elements at trace
levels (<1 at.%); and (iv) mapping the spatial distribution of highly
dispersed metal species on oxide supports [42,48,49]. They found
that the composition of Au–Pd nanoparticles prepared by
co-precipitation techniques varied with size in a systematic way,
such that the largest particles were Au-rich while the smallest
particles tended to be Pd-rich [42] as shown in Fig. 6, suggesting
possible tuning of the bimetallic composition and the resultant
catalytic activity by controlling the particle size [50].

High sensitivity XEDS mapping with a detection limit as low as
3 atoms/nm2 has been demonstrated by Watanabe et al. [45] using
the aberration corrected VG HB603 STEM at Lehigh. Atomic resol-
ution 2-D chemical imaging of composition and bonding in
Fig. 6. STEM-XEDS spectrum images showing the relationship between the particle size a
La XEDS map, (c) Pd La XEDS map and (d) RGB overlays [Red – C: Green – Au: Blue – Pd
Reprinted from Ref. [42] by permission of The Royal Society of Chemistry.
perovskite multilayer thin film materials using EELS-SI in an aber-
ration corrected UltraSTEM have also been recently demonstrated
by Muller et al. [19]. It should be noted that for spectrum imaging
with high resolution and single atom sensitivity, a small electron
probe with high current density on a Cs-corrected instrument is
essential, but this is now possible with recent advances in electron
optics. However, it should be also be recognized that the robust-
ness of the material to electron beam irradiation damage under
the prolonged high energy electron bombardment required for SI
acquisition will always be a major limitation for high resolution
spectrum imaging.

1.3. Summary of the very limited previous AEM work on supported
oxide-on-oxide catalysts

As compared to supported metal catalysts, only a very limited
number of electron microscopy studies on supported
nd composition in Au–Pd nanoparticles in a Au–Pd/C catalyst. (a) ADF image, (b) Au
] from small (row 1), intermediate size (row 2) and large (row 3) Au–Pd particles.
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oxide-on-oxide catalysts have been reported to date. Burrows and
Kiely used HRTEM to study the surface WOx structure on a mono-
layer WO3/TiO2 supported catalyst [51], and they were able to ob-
serve the polytungstate domains on the TiO2 surface, which had a
tendency to change into WOx clusters due to electron beam irradi-
ation damage. (Since electron beam damage in such samples is an
important issue in its own right, it will be discussed in more detail
in Section 3.2.) The HRTEM approach was later extended to the
study of other oxide-on-oxide catalysts [3,12,52–56]. However,
the application of HRTEM to characterize the surface structure of
supported metal oxide catalysts is hindered by image delocaliza-
tion effects in non-aberration-corrected FEG-TEM instruments
and the formation of complex sub-monolayer catalytic active
species on the support surface [3,11], which generate little or no
contrast in the phase contrast image. So far, single atom detection
on an oxide support surface has not been reported using the
HRTEM technique. There were also some attempts to employ
EF-TEM imaging to study the relative distribution of W and Zr
species in a co-precipitated WO3/ZrO2 catalyst as a function of
calcination temperature [53,54]. However, this method failed to
provide a reliable W map in this specific case due to a severe
overlap of Zr and W signals in the low-loss regime [57].

Few STEM imaging studies have been reported on oxide-
on-oxide catalysts due to the technical difficulties arising from (i)
having a very high dispersion of the overlayer oxide on the support
and (ii) having a relatively small Z difference between the two cat-
ionic components in many oxide-on-oxide catalyst systems. The
most relevant early publication was reported by Borisevich et al.
[58] for supported Cr2O3/Al2O3 catalysts. However, the low con-
trast levels in the HAADF images resulted in insufficient statistics
to discriminate single Cr atoms on the Al2O3 surface [58]. Cortes-
Jácome et al. [59] used STEM-HAADF imaging and XEDS analysis
to identify the presence of WOx clusters � 1 nm in size on a TiO2

support. However, they were limited by the spatial resolution of
their non-aberration-corrected instrument, and atomic resolution
imaging was not achieved. As a result, the very smallest surface
WOx species present (i.e. mono- and poly-tungstate species which
will be described in more detail in the next section) were not di-
rectly resolved in their study, which consequently prevented them
from establishing an unambiguous relationship between the sur-
face WOx structure and the catalytic properties.

It should be mentioned that the characterization of oxide–oxide
interfaces or multilayer structures has been one the mainstays of
electron microscopy for many years [60]. The oxide components
in these oxide–oxide systems often have well-defined crystalline
structures, and are rather robust under the electron beam. Due to
their high structural stability, atomic resolution imaging and
chemical mapping experiments (both of which favor a high probe
current and long acquisition times) can now be routinely per-
formed on these systems [19] using aberration-corrected STEM.
However, the oxide-on-oxide catalysts, which are the focus of this
article, are distinctly different from these oxide–oxide multilayer
structures. In particular, the very high dispersion of the oxide
overlayer on the oxide catalyst supports implies that the surface
oxide species are prone to have a higher surface mobility under
the stimulus of the electron beam, and that high probe currents
and long acquisition times should be avoided during STEM
experiments. This potential structural instability, thus, makes it
much more challenging type of system for electron microscopy
characterization as compared with the more durable oxide–oxide
multilayer structures.

In the following section, we will show through three case
studies that aberration-corrected STEM provides a unique opportu-
nity to push the limit of structural and compositional characteriza-
tion of supported oxide-on-oxide catalysts at the atomic scale. This
ability now permits us obtain important new insights into the
structure–activity relationships for such complex catalyst systems
containing multiple catalytic active site structures. Some further
technical discussion about strategies for minimizing the potential
of electron beam damage to the samples will be presented in
Section 3.2 following the case studies.
2. Case studies for oxide-on-oxide catalyst systems

2.1. Identifying the nature of catalytic active sites on supported WO3/
ZrO2 solid acid catalysts using STEM-HAADF imaging

Tungsten oxide supported on zirconia has been well recognized
as a strong solid acid catalyst for the isomerization of light (C4 to
C8) alkanes at low temperature, in which naturally abundant
straight-chain alkanes are converted into branched alkanes for
the production of higher quality gasoline and other industrially
important feedstock. This catalyst has a promising future for prac-
tical industrial applications owing to their enhanced thermal and
environmental stabilities. Over the past two decades, an extensive
variety of catalyst synthesis methods, characterization techniques
and catalytic performance testing studies have been applied to this
catalyst system in an attempt to establish a relationship between
the synthesis method, catalyst structure and catalytic perfor-
mance. Previous studies suggest that the catalytic activity of tung-
stated zirconia catalysts depends on the nanostructure of the
surface WOx species present, which can include mono-tungstate,
poly-tungstate, WOx clusters, and ‘bulk’ WO3 crystals (Fig. 7)
[3,11]. However, much remains to be learned about this particular
catalyst system. In particular, identification of the precise nature of
the most catalytically active tungstate species was, until very
recently, an issue of ongoing debate due to a lack of unambiguous
imaging of these surface WOx entities on ZrO2. Therefore, detailed
experimental evidence at the atomic scale for the presence of
the various tungsten oxide species on the ZrO2 surface becomes
a key criterion for identifying pertinent structure–activity
relationships.

Using aberration corrected STEM-HAADF imaging, we reported
the first direct imaging of all the surface WOx entities on the
ZrO2 support, which enabled us to identify the key catalytic active
site and provide new insights into the structure–activity relation-
ships for the supported WO3/ZrO2 catalyst system [11]. The funda-
mental structural information derived from this electron
microscopy study has also subsequently led to the rational design
of a superior new catalyst [11].

The study was performed on a systematic set of supported
WO3/ZrO2 catalysts having different surface tungstate loadings
and catalytic activities, which are summarized in Fig. 8. For the
low activity sample, the WOx was found to be highly dispersed
on the ZrO2 surface mainly as mono- and poly-tungstate species
which have single atomic-layer thickness (Fig. 8A). The existence
of these surface species have long been proposed in the literature,
however, this is the first time that they were directly imaged and
identified. The highly dispersed nature of these two-dimensional
surface entities accounts for the structural characterization diffi-
culties encountered in previous studies, as it creates only a very
low image contrast in conventional HRTEM images. The high activ-
ity samples, however, featured additional numerous disordered
WOx clusters �0.8–1.0 nm in size (Fig. 8B), co-existing with the
mono- and poly-tungstate species. Determining the composition
of such small clusters would be almost impossible using STEM-
XEDS/EELS or X-ray techniques, however, the Z-contrast informa-
tion contained in the STEM-HAADF images are very useful in this
respect. As shown in Fig. 9, contrast variations can often be ob-
served in HAADF images from these �1 nm clusters when viewed
in profile, which was identified via imaging simulation and



Fig. 7. Schematic representation of mono-tungstate, two-dimensional poly-tungstate, and three-dimensional WOx clusters supported on ZrO2 surfaces.

Fig. 8. Representative STEM-HAADF images of supported WO3/ZrO2 catalysts. (A) A catalyst with low catalytic activity and (B) a highly active catalyst. The blue circles
highlight the presence of single W atoms corresponding to surface mono-tungstate species, and the green circles indicate surface poly-tungstate species with several W atoms
linked by oxygen bridging bonds. The red circles highlight Zr–WOx mixed oxide clusters with diameter �0.8–1 nm. These latter clusters were only found in the highly active
catalyst samples having a WOx surface density above monolayer coverage, and are identified as the most catalytic active species [11]. Reprinted from Ref. [11].
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complementary in situ Raman spectroscopy studies to originate
from an intermixing of occasional Zr cations within the WOx clus-
ters [3,11,57]. The ability to capture all of the surface tungstate
species present in a systematic set of samples displaying a variety
of catalytic activity allowed us to draw a direct correlation
between the surface tungstate structure and the catalytic perfor-
Fig. 9. STEM-HAADF image of a highly active supported WO3/ZrO2 catalyst. The red
circle highlights a mixed Zr–WOx cluster in profile view, in which distinct contrast
variations at neighboring atomic positions are clearly visible.
mance. Using this approach we unequivocally identified that these
�1 nm disordered Zr–WOx mixed oxide clusters represent the
most catalytic active species in the supported WO3/ZrO2 catalyst
system [11,61].

The identification of these mixed oxide Zr–WOx clusters as the
catalytic active site provides a new view for supported oxide cata-
lyst research and suggests new directions for the rational design of
advanced catalysts with enhanced performance [20]. For instance,
we showed that by co-impregnation of amorphous ZrOx and WOx

precursors onto a crystalline ZrO2 support, highly active Zr–WOx

clusters can form via thermal-activated surface diffusion, and the
catalytic activity can be drastically increased by two orders of mag-
nitude [11].
2.2. Revealing the wetting interactions between different oxide
materials using STEM-HAADF imaging

In many oxide-on-oxide catalysts, the catalytic performance de-
pends on the precise surface structure of the active oxide compo-
nent, which to a large extent is controlled by the interaction
between the two oxide components. Here, we use the term
‘‘wetting interaction’’ to qualitatively describe the dispersion of
an active oxide on a support surface. A fundamental understanding
of the wetting interactions between different oxides is important
for the rational design of new oxide-on-oxide catalysts with
specific surface structures.
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We employed aberration-corrected STEM-HAADF imaging to
investigate the wetting interaction between different oxides [11].
Fig. 10 shows representative HAADF images of WOx supported on
several difference oxides: namely ZrO2, TiO2 and SiO2. The distribu-
tion and preferred structure of the surface tungstate species are
seen to be very different depending on which oxide support is
used. On both ZrO2 and TiO2 supports, WOx tends to be atomically
dispersed (i.e. mono- and poly-tungstate species dominate at low
WO3 loading); whereas on an amorphous SiO2 support, WOx clus-
ters about 1 nm in size are the preferred tungstate morphology.
This is a direct indication that tungstate species tend to bond more
strongly with ZrO2 and TiO2 supports than with the SiO2 support.
Furthermore, it was noted that W atoms in the mono-tungstate
species tend to adsorb directly above the Zr or Ti support atom col-
umns as shown in Figs. 10A and B, which also suggests that there is
a strong propensity for bonding between the surface WOx species
and the crystalline ZrO2 or TiO2 support. Different wetting behav-
iors were also observed on the SiO2 support material when the
overlayer species are different (i.e. WOx and BaO – see Figs. 10 C
and D). BaO species were found to form large two-dimensional net-
work structures with individual Ba cations clearly visible on the
SiO2 surface, whereas as �1 nm 3D clusters were formed by
WOx, indicating a relatively weaker wetting interaction between
WOx and SiO2. The different wetting interactions visualized
through such HAADF images, in principle, could allow one to tailor
the structure of the active oxide component by modifying the sur-
face of the primary oxide support material with another metal
oxide component, and consequently control the catalytic perfor-
mance. An example of this catalyst design strategy will be de-
scribed in the next section.
Fig. 10. Aberration-corrected STEM-HAADF images of several supported oxide-on-oxide
5 wt% WO3/SiO2 catalyst; and (d) a 5 wt% BaO/SiO2 catalyst. All samples were synthe
temperature calcination treatment in air. Reprinted from Ref. [11].
2.3. New insights into the structure–activity relationships in double-
supported WO3/TiO2/SiO2 solid acid catalysts

It is clear that STEM-HAADF imaging can effectively provide
surface structural information at the atomic scale for a wide vari-
ety of ‘simple’ supported metal oxide catalyst systems. However,
many specially designed catalysts, which aim to tailor the catalytic
performance, can consist of much more complex nanostructures.
An example of such a system are double-supported WO3/TiO2/
SiO2 catalysts [62,63], in which a high surface area oxide support
material (SiO2) is modified by the presence of a second metal oxide
surface species (TiO2) added to control the distribution and activity
of a third active oxide component (WO3). These complex nano-
structures represent a significant challenge in terms of structural
characterization, and using STEM-HAADF imaging alone is usually
not sufficient to provide the structural and compositional informa-
tion needed to fully characterize the systems.

In a recent study, we have employed a combination of aberra-
tion corrected AEM techniques to characterize a systematic set of
double-supported WO3/TiO2/SiO2 catalysts [63]. The various oxide
components in these double-supported oxide catalysts could be
effectively visualized using complementary aberration-corrected
HAADF and STEM-BF imaging. Furthermore, when combined with
simultaneous chemical analysis by STEM-EELS and XEDS, it was
possible to map out the relative spatial distribution of all the sup-
ported metal oxides within the WO3/TiO2/SiO2 catalysts.

The results obtained from two representative catalyst samples
are summarized in Fig. 11. HAADF imaging (Figs. 11A and C) can
be reliably used to locate the distribution and discriminate struc-
tural details of the active surface WOx species owing to the high
catalyst systems: (a) a 5 wt% WO3/ZrO2 catalyst; (b) a 7 wt% WO3/TiO2 catalyst; (c) a
sized via standard incipient–wetness impregnation methods followed by a high
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atomic number of W relative to the support. However, information
regarding the distribution and structure of the intermediate TiOx

species are absent from the HAADF signal due to the relatively
small average atomic number difference between TiO2 and SiO2.
In contrast, the position and structure of crystalline TiO2 domains
on SiO2 can be easily identified from the corresponding BF-STEM
signal (Fig. 11B) via phase contrast, a method which is often over-
looked in the study of supported catalysts. Correlating the HAADF
and BF-STEM images, thus, allows us to determine the spatial dis-
tribution of the WOx species with respect to the crystalline TiO2

component. The possible presence of any non-crystalline TiOx com-
ponents on the SiO2 surface was investigated by STEM-EELS
analysis.

Important structural information can often be missed when
using just a single imaging or analysis technique, however, an
interesting phenomenon was observed when multiple signals were
collected simultaneously from these double supported catalysts.
By comparing Figs. 11A and B, one can notice that at high TiO2

loading (30% TiO2), the WOx species are preferentially anchored
to the crystalline TiOx rafts as mono-tungstate and poly-tungstate
species (as highlighted by red circles in the figures). Moreover,
some WOx species were also found to be atomically dispersed on
non-crystalline TiOx areas as evidenced by the presence of a Ti L-
edge in EELS analysis and the absence of TiO2 lattice fringes BF-
STEM image from the region delineated by the blue square in
Fig. 11B. In contrast, at lower TiO2 loadings (i.e. 5% TiO2), where
TiOx presents itself solely as amorphous rafts, �1 nm WOx clusters
were found to be the dominant tungstate structure (Fig. 11C).
Fig. 11. (A and B) Representative pairs of HAADF (A) and BF-STEM (B) images from a 5%W
spectrum collected from the area indicated by the square boxes in (A) and (B) showing
elemental distribution (D, HAADF signal in green, Ti L2,3 EELS signal in red, and oxygen K
high catalytic activity. Reprinted from Ref. [63].
STEM-EELS spectrum imaging (Fig. 11D) further revealed that the
spatial distribution of WOx clusters (in green) correlates well with
the disordered TiOx rafts (in red), confirming the close association
of these two oxide components in this sample.

The combination of aberration-corrected STEM imaging and
chemical analysis techniques provide us a new view of the surface
WOx structure and distribution in these double-supported cata-
lysts, i.e. at high TiO2 loading, the WOx is primarily present as
highly dispersed mono- and polytungstate species on larger crys-
talline TiO2 domains, while at low TiO2 loading, �1 nm WOx clus-
ters become the dominant structure associated with smaller TiOx

rafts. By correlating this structural information with catalytic test-
ing and electronic structure studies (by UV–vis spectroscopy), the
latter nanostructure was identified as being the most beneficial
for achieving the best catalytic performance in this double sup-
ported catalyst system [63]. Given the structural complexity asso-
ciated with many high-performance catalysts, we believe that this
combined STEM imaging and chemical analysis approach, supple-
mented by invaluable complementary in situ optical spectroscopy
techniques, will play an important role in understanding the cata-
lytic behavior of this general class of supported oxide-on-oxide
catalyst materials.

3. Future perspectives

As briefly reviewed above, aberration-corrected electron
microscopy is now well recognized as a very powerful tool in cat-
alyst research. The rapid development of new instrumentation and
O3/30%TiO2/SiO2 sample, which exhibited low catalytic activity; inset: a STEM-EELS
weak Ti signals: (C and D) Representative HAADF image (C) and a reconstructed
edge EELS signal in blue) from the 5%WO3/5%TiO2/SiO2 sample, which exhibited a
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more sophisticated microscopy techniques will undoubtedly open
up exciting opportunities for heterogeneous catalysis researchers
to uncover old mysteries and make new discoveries. Here we de-
scribe a few specific technological advances that and would lead
to further advances in oxide-on-oxide catalyst research.
3.1. In-situ characterization of highly dispersed catalysts by electron
microscopy

It has been well documented that the catalytic activity of heter-
ogeneous catalysts depends on the size, shape, nanostructure, and
composition of the active species. It has also been shown that these
key parameters can change under reaction conditions, which usu-
ally involve elevated temperature and a gaseous reaction environ-
ment. In order to better understand the relationship between the
catalytic performance and the catalyst structure, information
regarding the dynamic structural evolution during catalyst
synthesis, catalytic reaction, and catalyst regeneration becomes
important.

A critical part in an in situ electron microscopy experiment is
the environmental gas phase reaction cell, which allows one to
introduce a reactive gas into the microscope chamber around the
sample without breaking the vacuum condition in the rest of the
microscope. Heating capability is also required for the sample
holder. Two different approaches are usually adapted. The first
design requires some major modification to the microscope, and
relies on a set of specially designed objective polepieces and a dif-
ferential pumping system to maintain different vacuum levels
around the sample stage and the rest of the microscope column.
Reaction gas pressures of up to 50 mbar (5 kPa) and heating tem-
peratures up to 1000 �C can be obtained using this design [64].
An alternative approach, as shown in Fig. 12, uses two electron-
transparent ceramic membranes to isolate an ultra-thin gas layer
in a differentially pumped sample grid arrangement, which would
allow a gas pressure up to one atmosphere [65] and even the use of
liquid reactant [66] in the microscope.

Most of the in situ electron microscopy studies under gaseous
reaction condition environments that have been reported use
TEM mode in order to minimize the effects of extra electron scat-
tering by the reactive gas molecules. Many atomic resolution in situ
Fig. 12. Schematic diagram and photograph of a sample holder with a MEMS-based
reaction cell for in situ (S)TEM study (Reprinted from Ref. [67] with permission from
Elsevier).
HRTEM studies of catalysts under a few mbar pressure of gas have
been reported [68], which have provided unprecedented insights
into the dynamic structural evolution of catalyst particles under
reaction conditions. For example, Hansen et al. [68] employed
in situ HRTEM and observed that Cu nanocrystals on different sup-
ports undergo dynamic reversible shape changes in response to
changes in the gaseous environment, which suggests that nanopar-
ticle dynamics should be included in any description of the cata-
lytic performance of these supported Cu catalysts. However,
since TEM imaging is not the ideal technique to probe oxide species
supported on oxide surfaces, in situ STEM experiments become an
important requirement for the study of many practical catalysts
involving highly dispersed surface species. Currently, in situ STEM
experiments under reaction gas condition have rarely been re-
ported due to the scattering between the focused electron probe
and the reaction gases, which degrades the imaging resolution con-
siderably and causes serious carbon contamination on the sample.
One particularly notable piece of technical progress is that by de
Jong et al. [65] recently demonstrating that �1 nm HAADF imaging
resolution can be achieved under atmospheric pressure conditions
using a reaction cell design similar to that shown in Fig. 12.
Although single atom detection has not yet been reported for
in situ TEM or STEM studies under a gas environment, we expect
that this may be achieved in the near future by combining the lat-
est aberration-corrected STEM technology with an improved in situ
cell design. Such a combination could, in principle, be used to mon-
itor the dynamic structural evolution of highly dispersed, active
sub-nm surface species during catalytic reactions, thus, providing
an unprecedented view of how catalysts really change on the
atomic scale.

Along the line of in situ experiments under gaseous reaction
conditions, ‘‘semi-in situ’’ electron microscopy experiments involv-
ing some kind of heat treatment procedures under vacuum can
also provide invaluable information on catalyst behavior at
elevated temperature. Some very elegant work has recently been
reported by Allard and co-workers [69], who used ProtoChips
heating holders in an aberration-corrected STEM, to evaluate the
thermal stability of highly dispersed noble metal species (i.e. Au
and Pt) on various surfaces. Such in situ atomic resolution STEM
imaging experiments, with single atom sensitivity, can provide
valuable insights into the degradation mechanisms at play within
a catalyst system.

Both in situ and ‘‘semi-in situ’’ aberration-corrected STEM
characterization could have a significant impact on research into
oxide-on-oxide catalysts. Take supported WO3/ZrO2 catalysts as
an example. Time-dependent STEM imaging could be performed
during an in situ calcination process or under reaction conditions.
The in situ calcination experiment might help us to understand
the dynamic processes involved in the formation of the catalyti-
cally active species (i.e. mixed Zr–WOx clusters) from the oxide
precursors and, in principle, would enable us to refine the synthe-
sis routine. By monitoring any dynamic structural change occur-
ring to the active surface WOx species under reaction conditions,
new insights into the induction mechanism (commonly observed
in catalytic alkane isomerization reactions, see Ref. [61]) and deac-
tivation mechanism can be obtained. New information on these
important aspects can ultimately lead to a better understanding
of the structure–activity relationships and help us to design better
catalysts. Some of these in situ experiments are currently under-
way in our group.

3.2. Electron beam damage and gentle electron microscopy

As mentioned previously, electron beam damage is an impor-
tant issue to consider for all electron microscopy studies. A general
discussion of electron beam damage can be found in many electron



Fig. 13. Sequentially obtained STEM-HAADF images illustrating the effects of electron beam irradiation on the supported tungstate species in a low activity WO3/ZrO2

sample. Although the supported mono- and poly-tungstate species show some evidence of surface mobility in these two sequential images, they have no great tendency to
agglomerate into clusters. These structures can persist for several minutes of continuous scanning under the experimental conditions employed (i.e. 200 keV, 30 pA, 48 s/
pixel). Identical points in the two images are marked by arrows. Reprinted from Ref. [11].

20 W. Zhou et al. / Current Opinion in Solid State and Materials Science 16 (2012) 10–22
microscopy textbooks [70] and an excellent review paper by
Egerton et al. [71]. For supported oxide-on-oxide catalyst systems,
the high dispersion of the surface oxide species makes it particu-
larly challenging to acquire reliable structural information without
significant beam damage.

By simply taking sequential images from the same area of the cat-
alyst material, one can usually observe the diffusion of surface atoms
induced by the electron beam. Such sequential images provide
important criteria to evaluate the reliability of the structural infor-
mation obtained from electron microscopy studies and for the selec-
tion of experimental conditions. Generally speaking, in order to
reduce electron beam irradiation damage to the sample during
imaging and analysis, one can start with a low electron dose setting
(i.e. low electron probe current and short dwell time), and increase
the electron dose step-by-step. By monitoring any structural
changes of the material in sequential images taken under different
electron doses, one can deduce out how long the structural integrity
can be retained under each experimental condition. Usually, using
low electron dose setting allows experiments to be performed on
the materials for a longer period of time without significant beam
damage, however, at the price of a low signal-to-noise ratio in the
experimental data. In some very electron beam sensitive oxide sys-
tems, e.g. zeolitic materials, extremely low dose settings are re-
quired, and image processing is essential in order to extract
detailed structural information from the experimental images [72].
When combined with dynamic image simulation, detailed structural
evolution at the atomic scale can sometimes be clearly revealed from
such sequential images [73]. It should be noted that for most sup-
ported catalyst materials, some degree of surface diffusion of surface
atoms cannot be avoided during electron microscopy characteriza-
tion. As long as the structures shown in sequential images are statis-
tically the same, they can be considered as a ‘‘true’’ representation of
the real structure in the material. An example of this is shown in
Fig. 13 for the case of WO3/ZrO2 catalysts.

In order to reduce electron beam irradiation damage to the
sample, especially direct ‘‘knock-on’’ damage that is prevalent in
materials containing light atoms such as B, C, N and O, there is cur-
rently considerable interest in operating the electron microscope
at low accelerating voltages [29,74,75]. With the very latest design
of electron optics, atomic resolution HAADF imaging and EELS SI
capabilities have already been demonstrated on an aberration-
corrected STEM operating at 60 kV [29,74,75]. This new develop-
ment now allows many catalysts, such as carbon nanotube
supported catalysts or graphene supported catalysts and SiO2-
based catalysts, which suffer beam damage at conventional accel-
erating voltages, to be studied at atomic scale at low kV. However,
it should also be noted that there are two distinct types of radiation
damage possible in a sample held under an electron beam. While
the knock-on damage, i.e. the direct displacement of atoms from
the sample, can be reduced by using a low kV electron beam; the
radiolysis effect, i.e. chemical bond breaking via inelastic scattering
and ionization, becomes more severe at low kV. Therefore, the
choice of operating voltage of the instrument depends on the major
damage mechanism of the specific sample of interest.

4. Concluding remarks

In this review article, we have described some recent progress
from our own research in the study of supported metal oxide cat-
alysts using aberration-corrected STEM imaging and associated
chemical analysis techniques. We have demonstrated that the
unprecedented spatial resolution of these techniques can provide
new structural views of the oxide overlayer species, help us to
identify the catalytic active sites of most importance, and allow
us to develop meaningful structure–activity relationships for sup-
ported oxide catalyst systems. The rapid developments that are
taking place now in the areas of in situ microscopy and low voltage
microscopy will undoubtedly open up even more opportunities to
explore a wider variety of oxide based catalyst materials under
working conditions.

While one can enjoy the improved resolution and sensitivity
from aberration-corrected STEM imaging and chemical analysis,
it should be noted that catalysts are usually structurally inhomoge-
neous in nature. Therefore, special attention must be paid to make
sure that the local structural information obtained from localized
STEM analysis is representative of the sample as a whole, i.e. ran-
dom sampling of a large number of areas is essential. Moreover,
it is advised that the local high spatial resolution structural and
chemical information obtained from aberration-corrected electron
microscopy characterization should be combined with information
from optical spectroscopy analysis (Raman, IR and UV–vis), low en-
ergy ion scattering (LEIS) from the outermost surface layer and
conventional X-ray and TEM/SEM characterization, which provide
information from a larger volume of the catalyst sample. In-situ
optical spectroscopy methods [5], in particular, can also provide
complementary information on electronic structure, surface
adsorbed species and bonding configuration, which cannot be
easily accessed by electron microscopy methods. The combination
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of multiple characterization methods can provide a wider view of
the oxide-on-oxide catalyst system from the macroscopic scale
down to the atomic scale, and when combined with catalytic activ-
ity testing, the relationship between the structure and catalytic
activity can potentially be satisfactorily deduced.

With the rapid development of high performance computing
techniques, it is now becoming routine to perform atomistic simu-
lations based on the detailed atomic scale structural and chemical
information gleaned from aberration-corrected electron micros-
copy experiments. Such simulations, including density functional
theory (DFT) calculations, can help us to better understand the
relationship between the observed structure and catalytic perfor-
mance. One successful example of this approach has very recently
been reported in the study of the supported WO3/ZrO2 catalyst sys-
tem [76]. It is, therefore, our belief that aberration-corrected STEM,
combined with other characterization techniques and atomistic
simulations, will continue to assist catalysis researchers in making
new and significant discoveries in the field of oxide-on-oxide
catalysts.
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