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Electron microscopy (EM) enables us, not only to reveal the morphology, but also to
provide structural, chemical and electronic information about solid catalysts at the atomic
level, providing a dramatic driving force for the development of heterogeneous catalysis.
Almost all catalytic materials have been studied with EM in order to obtain information
about their structures, which can help us to establish the synthesis–structure–property
relationships and to design catalysts with new structures and desired properties. Herein,
several examples will be reviewed to illustrate the investigation of catalytic materials by
using electron beams.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

r é s u m é

Le microscope électronique à transmission (TEM) permet, non seulement de révéler la
morphologie, mais aussi d’apporter des informations à l’échelle atomique sur les propriétés
structurales, chimiques et électroniques de catalyseurs solides. Ceci en fait un outil majeur
dans le développement de la catalyse hétérogène. Presque tous les matériaux catalytiques
ont été étudiés par TEM afin de caractériser leur structure, ce qui aide considérablement
à la recherche des relations synthèse–structure–propriétés, ainsi qu’à la production de
nouveaux matériaux aux propriétés ciblées. Dans cette revue, plusieurs exemples ont
été sélectionnés pour illustrer les méthodes et les résultats de l’étude des matériaux
catalytiques, lorsque le faisceau d’électrons d’un TEM est utilisé comme faisceau sonde.

© 2013 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Catalysis is central to the production of fuels and chemicals, including more than 70% of today’s chemical products [1,2].
Nowadays, developing new catalyst with high activity, selectivity and stability constitutes an enormous challenge. Further-
more, it must be realized under sustainable conditions: the main constituents of new catalysts must be abundant in nature,
cheap, and their production process must be environmentally friendly. Most importantly, new catalysts must be developed
for processes that are not possible today such as artificial photosynthesis or hydrogen production from water. These new
challenges for materials science and catalysis are seen as one of the major driving forces for the current revolution in
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Fig. 1. The number of papers on catalysts investigated by TEM published annually, from 1990 to 2012. (Data from ISI Web of knowledge on February 10,
2013.)

electron microscopy. Apart from nanoscience and nanotechnology, catalysis is one of the most important areas, where EM,
specially TEM and STEM, have found their applications [3–23]. It can be said that the evolution of catalysis science is based
on the ability to cope with the structural complexity of solid catalysts, which is largely made possible by the advancement
of electron microscopy [24,25]. Fig. 1 shows the number of papers on solid catalysts investigated by TEM annually from
1990 to 2012 as reported by ISI Web of Science. The spectacular rise in the annual total of papers clearly indicates that TEM
and its associated techniques have significantly contributed to the investigation in the field of solid catalysts.

This article focuses on the applications of advanced TEM techniques to the fundamental study of solid catalysts. Herein,
we will only show some selected examples due to the offered limited space. They have been selected to demonstrate how
different forms of advanced TEM can be used to investigate solid catalysts. It is expected that better understanding of the
nature of the solid catalyst in chemical reactions can help to design and develop catalysts with tailored properties.

2. TEM investigation of catalytic materials

Many characterization tools are widely used to analyze solid catalysts, such as X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), Raman spectroscopy, and so on. All these powerful tools, however, do not exhibit high spatial
resolution. Scanning probe microscopes can provide images of a flat surface with a spatial resolution equivalent to that of a
TEM/STEM. But they require a special treatment of the surface in many cases, and sometimes the application is limited; e.g.,
scanning tunneling microscope cannot image the surface of an insulator. TEM/STEM is not simply a complementary tool of
the aforementioned methods. As we will see below, it has become a quite robust and versatile tool for catalysis research.
It provides essential information (both static and dynamic) on solid catalysts, which cannot be obtained with any other
characterization method [26,27].

2.1. Determination of the chemical composition of catalysts (EDS—Energy-Dispersive X-ray Spectroscopy—and EELS—Electron
Energy-Loss Spectroscopy)

In many cases, revealing the elemental distribution in a catalyst or tracing the elements in a catalytic reaction is crucial
for probing phase composition, understanding chemical processes, and detecting the growth history of the reaction-driven
intermediates. Therefore, it is of paramount importance to reveal the composition distribution for the design of catalytic
nanomaterials and for unraveling the catalytic mechanism that is involved [28–31]. EDS is a standard technique on a mod-
ern TEM for qualitative and quantitative elemental analysis, which is suitable for heavy elements with high fluorescence
yield [32–34]. On the other hand, the use of core-level EELS spectroscopy is more suited to the analysis of light elements,
such as boron, carbon, nitrogen, oxygen, and phosphorus [35–37]. Both EDS and EELS analysis can be carried out with very
high resolution, allowing chemical analysis of individual nanoparticles (NPs) across surfaces or in interfacial areas [38–42].

EDS elemental maps are suitable for mapping the composition of metal or metal oxide nanomaterials, especially bi- or
multi-metallic NPs, such as AuPd catalysts [34]. An experiment using physically mixed Au/AC and Pd/AC (AC = activated
carbon) as the catalyst has been designed in the liquid-phase oxidation of benzyl alcohol by aerobic oxygen. The evolution
of the physically mixed catalyst structures at different stages in the catalytic reaction was studied by spatially resolved
elemental mapping techniques. Fig. 2 shows the results of EDS spectrum imaging on a few particles from one piece of
original Au/AC in the physically mixed catalyst after 0.5 h of reaction. It includes the HAADF–STEM image, Au and Pd
maps and the two maps superimposed. The integrated spectrum of all the pixels in the scanned area is shown in Fig. 2(b).
It clearly indicates the migration of Pd atoms onto the Au particles, thereby forming bimetallic particles. The quantitative



260 B. Zhang, D.S. Su / C. R. Physique 15 (2014) 258–268
Fig. 2. (Color online.) (a) High-Angle Annular Dark Field (HAADF)–STEM image, Au and Pd maps and the two superimposed maps from one specimen of
original Au/AC in the physically mixed catalyst after 0.5 h of benzyl alcohol oxidation. (b) Pd concentration of the particles as a function of the particle size
from map (a) and other maps on the same sample (top), and integrated EDS spectrum from the whole scanned region in map (a). Scale bar in HAADF–STEM
image is 10 nm. Reprinted with permission from [34], copyright (2010) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

analysis of the integrated spectrum using Au L and Pd L excitations suggests an Au/Pd atomic ratio of 96.6 : 3.4. The
quantification results are plotted in Fig. 2(b) as well. For the mixed catalyst after 30 min of reaction, the Pd concentration
is much higher for the particle smaller than 3 nm. It is quite understandable that at the beginning the same deposition rate
of Pd will lead to a high Pd ratio on extra-small particles. In this case, therefore, the elemental distribution can be traced
by EDS in synthesis and reaction, and then related to the performance in the liquid-phase oxidation of alcohols.

Energy-filtered TEM (EFTEM) is the preferred method to give two-dimensional images of the light elements’ distribution.
This is not only due to the physics of the signal generation process, but also to the EELS’ relatively high geometrical signal
collection efficiency relative to that encountered with EDS. Fig. 3 shows the elemental distribution in the modified-ordered
mesoporous carbons (OMCs), which confirms that the B and O functionalities are homogeneously distributed in the car-
bonaceous framework [43]. In addition, since no specific procedure was carried out to get rid of the involved salt species,
sodium was also supposed to exist in the resultant materials. However, the Na element is not easily detected by EELS at low
concentrations because its characteristic edges lie either at low energy values (30 eV for Na-2p) or at high ones (1080 eV
for Na-1s). Alternately, the Na presence can easily be confirmed by its EDS signal. Therefore, from the combination of the
EDS and EELS mapping, it is well confirmed that the B, C, O, Na are homogeneously distributed in the B-modified-OMC
matrix, which constitutes a promising electrode material for supercapacitors.

2.2. Surface of a real catalyst

Since the catalytic reactions occur at the surface of a catalyst, its structure becomes essential to understanding the
reaction mechanisms. Usually, the surface structure of a catalyst is studied by surface techniques (e.g., AFM, STM, and PEEM)
on model catalyst systems under very high-vacuum conditions [26]. With the development of spherical aberration-corrected
TEMs, the delocalization effects that mask the visibility of the detailed surface perimeter are strongly reduced so that the
atomic structure of a catalyst surface is clearly visible. Thereafter, the active sites on industrial catalysts and the surface
redox dynamics under near-reaction conditions at high temperature can nowadays be investigated by aberration-corrected
TEM.

For instance, silver catalysts are used in many chemical reactions, such as hydrogenation of unsaturated aldehydes, partial
oxidation of methanol to formaldehyde and oxidative coupling of methane to ethane and ethylene. In the 1990s, Ertl et al.
identified the presence of surface and subsurface oxygen atoms on and in Ag catalysts by spectroscopy methods [44,45],
which was quite meaningful for understanding the catalytic reaction steps and mechanisms of silver catalysts. However,
the exact location of these surface and subsurface oxygen atoms has remained an unanswered question in Ag catalysis,
until aberration-corrected TEM observations have revealed the surface structure of real industrial Ag catalysts [46]: surface
features, such as terraces, kinks, and edges can clearly be visualized and investigated, as shown in Fig. 4.
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Fig. 3. (Color online.) (a) EELS spectra. (b) EFTEM: zero loss bright field image, C, B, O energy filtered images and their colored combination (C—blue,
B—green, and O—red). For interpretation of references to color, see the online version of this article. Reprinted with permission from [43], copyright (2013)
The Royal Society of Chemistry.

2.3. Supported catalysts

Among heterogeneous catalysts, supported catalysts play a pivotal role in many practical processes for the sustainable
production of fuels and chemicals [5,47–49]. For understanding the catalytic performance of a supported catalyst, it is
crucial to have access to a broad range of complementary information, such as particle size distribution (PSD), spatial
dispersion, NP shape, 3D structure, metal–support interaction, and identification of single metal atoms and clusters. We will
now demonstrate through a selection of practical examples how the modern TEM capabilities can bring answers to these
questions.

2.3.1. Identification of single metal atoms and clusters
One of the most important achievements obtained in catalysis by using electron microscopy is the observation of indi-

vidual atoms, metal atoms and clusters on supported catalysts and the assignment of their possible role in catalysis. With
the development of aberration-corrected STEM, interesting results concerning the active centers of real catalyst have been
reported. The “single-atom” Pt/FeOx catalysts consist only of isolated single Pt atoms anchored to the surfaces of iron oxide
nanocrystallites: it has been clearly revealed by atomic resolution HAADF–STEM that these Pt atoms (white circles) occupy
exactly the positions of the Fe atoms [50], as shown in Fig. 5. In addition, the analysis of images obtained sequentially by
varying the beam focus setting shows that all observed individual Pt atoms are located either on the surfaces or in the near
subsurfaces of the FeOx. This catalyst exhibits extremely high atom efficiency, excellent stability and high activity for both
CO oxidation and preferential oxidation of CO in H2 [50].

2.3.2. Particle size distribution of supported catalysts
It is well known that the performance of a catalyst greatly depends on its dimensions or size. In many cases, tiny clusters

and even single atoms (see Fig. 5) on a support have been identified as the main active sites for catalysis. Therefore, an accu-
rate particle size distribution (PSD) of the catalysts is very important for understanding the involved catalysis mechanisms,
which guarantee their effective application in the chemical industry [48,51].

Among the methods for measuring PSDs, HRTEM may be the most popular one in the case of small particles, owing to
its direct visibility and accessibility. A prerequisite for a meaningful PSD is that all particles with sizes ranging from small
(<2 nm) to large (>20 nm) are imaged and counted, and that the size (diameter) of the particles can be measured precisely
on the digital images. As the PSD calculated by HRTEM may be inaccurate, HAADF–STEM imaging is a rich alternative
in many cases [48,51]. Fig. 6 shows typical pairs of HRTEM and HAADF–STEM images of Ru NPs supported on carbon
(Fig. 6(a)–(b)) and of Pd NPs supported on iron oxides (Fig. 6(c)–(d)). It is obvious that the smaller particles are only visible



262 B. Zhang, D.S. Su / C. R. Physique 15 (2014) 258–268
Fig. 4. (Color online.) (a) An experimental high-resolution image of Ag catalyst. (b) Structural model obtained from DFT calculations showing the position
of subsurface (O1) and surface (O2) oxygen of the surface of Ag and (c) a simulated high-resolution image using the structure of (b). DFT calculations
were based on the HRTEM observations showing a more realistic silver surface consisting of steps and terraces, and identified two distinct kinds of oxygen
atoms, one adsorbed on the step edge (O2) and the other in the step edge (O1). Reprinted with permission from [46], copyright (2008) Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, Germany.

in the STEM images, but not in the HRTEM ones, in particular for Pd NPs supported on FeOx. Over the same regions exactly,
the obtained numbers of particles within a given size window is much larger in HAADF–STEM mode, in particular for the
smaller sizes. Furthermore, the lower numbers deduced from the HRTEM images can introduce aliasing effects and lead
to inaccurate PSD estimations, such as the so-called multimodal distribution suggested by this study. Therefore, the PSD
information provided by the STEM is generally more accurate, which is crucial towards a full understanding of the catalytic
performance of supported metal catalysts. Finally, the determination of mean PSD should be complementarily checked with
the support of XRD and gas chemisorption measurements [48,51,52].

2.3.3. Spatial distribution of NPs on supports
For understanding the catalytic performance of a supported catalyst, not only the PSD of the NPs, but also their spatial

distribution is of importance. For instance, when mesoporous materials (silica, titania, and carbon) or carbon nanotubes
(CNTs) are used as supports, the exact location of the supported metal or metal oxide NPs must be determined. However,
the routine methods such as HRTEM or STEM imaging do not provide the whole spatial distribution of NPs, because they
only generate two-dimensional (2D) projections of a three-dimensional (3D) structure. It is not obvious to deduce the real
3D structure from 2D TEM images. Sometimes, simple tricks can give 3D information, such as tilting the specimen in a
TEM, which produces images of the same region viewed with different perspectives, delivering reliable information on the
location of the NPs, for instance inside or outside CNTs [53]. However, this method cannot be applied to many situations.

Electron tomography (ET) has been extensively developed over the past years (see the contribution by S. Bals in the
present issue). It has become the most general and efficient method to reconstruct the 3D structure of nano-objects from
a tilt series of 2D images, and it has consequently been used fruitfully for a number of solid catalysts [10,18,56–60]. As an
example, Fig. 7(a) shows a surface render of a reconstructed electron tomogram of bimetallic Pt–Ru particles supported
on and within a disordered mesoporous silica catalyst [54]. The high loading of particles within the catalyst structure is
clearly visible, with the true 3D nature of the reconstructed data and of the pore network fully appreciated. In another
example, Au nanocatalysts on titania show a propensity to reside in crevices between the individual titania grains, as shown
in Fig. 7(b)–(c) [55]. In the field of catalysis, ET is definitely a powerful approach, in particular for revealing the spatial
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Fig. 5. HAADF–STEM images of samples A (the single-atom Pt1/FeOx catalyst with a Pt/Fe atomic ratio of 1/1430 and a Pt loading of 0.17 wt%) and B
(a similar catalyst with a Pt/Fe atomic ratio of 1/95 and a Pt loading of 2.5 wt%). (a), (b): In sample A, Pt single atoms (white circles) are seen to be
uniformly dispersed on the FeOx support (a) and occupy exactly the positions of the Fe atoms (b). Examination of different regions reveals that only Pt
single atoms are present in sample A. (c), (d): In sample B, a mixture of single atoms (white circles), two-dimensional Pt rafts consisting of fewer than
10 Pt atoms (black circles) and three-dimensional Pt clusters of size about 1 nm or less (white squares) are observed clearly. Reprinted with permission
from [50], copyright (2011) Nature Publishing Group.

Fig. 6. (Color online.) A typical pair of (a) HRTEM and (b) HAADF–STEM images of Ru NPs supported on CNT, and a typical pair of (c) HRTEM and (d)
HAADF–STEM images of Pd NPs supported on FeOx . The insets are the corresponding PSD. The smaller particles (circled in (b)) are not visible on HRTEM
image (a); most Pd NPs are invisible in (c), whereas they are distinctly revealed in (d). Reprinted with permission from [51], copyright (2012) John Wiley
& Sons Ltd.
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Fig. 7. (Color online.) (a) ET reconstruction of (Pt, Ru) nanocatalysts supported on a disordered mesoporous silica substrate. The surface-rendered visualiza-
tion of the silica support has been color-coded according to the local Gaussian curvature. The nanocatalysts (red) appear to prefer to anchor themselves at
the (blue) saddle-points [54]. (b) Surface-rendered visualization of an ET reconstruction of Au nanocatalysts (red) supported on titania (blue). The nanocat-
alysts are located in the crevices between titania crystallites; confirmed by the AC–STEM image in panel (c) [55]. For interpretation of references to color,
see the online version of this article. Reprinted with permission from [56], copyright (2012) The American Chemical Society.

distribution of NPs on supports. In a few selected cases, the resolution of ET has recently reached the atomic level [57,
61–64].

2.3.4. Shapes of supported metal NPs
Metal NPs exhibiting fascinating optical, electronic, magnetic, and chemical properties that are often radically different

from their bulk counterparts, have received wide recognition [49]. One major feature is their high number of surface atoms,
which increases with the decrease of particle size, and these surface atoms are among the most active sites in catalysis [65].
Surface atoms located at the edges or in the corners are yet more active than those in planes, and their number also
increases with the decrease of the particle size [65]. As the number of surface atoms present in NPs governs their catalytic
reactivity, the most detailed knowledge of their shape and size is of prime importance. Spherical aberration-corrected TEMs
can now reveal with atomic resolution the local and surface structure of these metal nanoparticles.

Fig. 8 shows the structure evolution of twinned Ru NPs supported on carbon nanotubes (CNTs) rearranging into Ru single
nanocrystals under microwave irradiation. Many multiply twinned Ru NPs that consist of several subunits are still visible
in the samples after both 1-min (Fig. 8(a)) and 3-min (Fig. 8(b)) irradiation times [49]. After a 5-min irradiation time,
Ru particles have generally been transformed into single crystals with the associated disappearance of twins. The crystalline
structure and the exposed facets of the single crystal NPs can be indexed, as shown in Fig. 8(c). On the basis of the Wulff
construction, the exposed facets of most Ru NPs are approximately terminated by these planes (e.g., {012}, {112}, {111},
{100}, {101}, and {002}). In addition, the facets of Ru NPs in contact with CNTs can also be identified.

2.4. Monitoring dynamic processes in the TEM

Electron microscopy has become crucial in catalysis chemistry: it does not only provide real-space images at the atomic
level of the defects and surface structures that largely control the performance of solid catalysts, but it is also widely
used for in situ heating experiments [66–68], for controlled electron beam irradiation [47,69–71], for manipulation using
special setups in EM labs [72,73], or for introducing gas to directly observe the microstructural evolution and active sites
of catalysts under dynamic reaction conditions [74–76]. This leads to a better understanding of the structure–performance



B. Zhang, D.S. Su / C. R. Physique 15 (2014) 258–268 265
Fig. 8. (Color online.) Typical HRTEM images of Ru/CNTs—1 min (a), Ru/CNTs—3 min (b), and Ru/CNTs—5 min (c) samples. The corresponding shape of the
nanoparticle in (c) with indexed faceting configurations is shown in (d). Insets in (c) are the local Fast Fourier Transform (FFT) of the HRTEM image and a
simulated HRTEM image matching satisfactorily its experimental counterpart. Reprinted with permission from [49], copyright (2011) The Royal Society of
Chemistry.

relationship and consequently to the optimization of heterogeneous catalysts as well as to the design of new structures with
desired properties. Fig. 9 displays the response of a single nanocrystalline particle under electron beam irradiation [47].
The particle exhibits dynamical structural changes, while still maintaining its long-range order. A change in the particle
shape accompanies the structural fluctuation (Fig. 9(a)–(e)), which was reconstructed as shown in Fig. 9(f)–(j). The surface
exposure dynamically changed under the beam irradiation with, for example, an emergence and disappearance of {110}.
The FFT (Fig. 9(k)–(o)) reveals that the orientation of the particle has been changing with beam irradiation due to a varying
acute angle of {111} and {200}. Such studies complement the most useful and extensive investigations on model systems
that usually exclude structural dynamics from their observation techniques [47].

Another example is the monitoring of the redox behavior of TiO2/SBA-15 supported VxOy catalyst using an electron
beam [69]. The electron beam can boost further oxidation from an amorphous lower-oxidation-stage vanadia to maximal
V2O5 with an expense of oxygen from its support of TiO2 to be reduced, which has been studied by in situ EELS. Fig. 10
shows a normalized EELS series of the sample under the electron irradiation, displaying that the existence of O K, white
line Ti LIII/LII and V LIII/LII edges. With electron irradiation, a gradual peak broadening for Ti LIII/LII edges is observed by
comparing the initial EELS A with final EELS L (Fig. 10(b)), indicating a lowered coordination of titanium, which illustrates a
reduction process of TiO2 to TiO2 − x. Meanwhile, the peaks of V LIII/LII edges shifted to higher energy loss, and the relative
ratio of V LIII/LII decreases gradually (Fig. 10(c)), which shows an oxidation process of VxOy. This study highlights the high
potential of in situ EELS. It actually gives information on the electronic structure of catalysts monitored in real time under
the influence of the incident electron beam and could thus provide hints for understanding the redox chemistry between
catalysts and their support in heterogeneous catalytic systems.

The limitations imposed by the beam–catalyst interaction must be pointed out, although some information about the
interaction between supported phases and supports can be obtained by controlling electron beam irradiation. Usually, the
electron beam effects should be avoided in order to get the real structural information about catalysts, especially in the case
of electron-beam-sensitive ones [23].

3. Summary

In this review, we have described some examples that highlight the importance of TEM in the field of heterogeneous
catalysis. The TEM instrument has evolved from a magnifying instrument towards a versatile research tool for revealing
morphological, crystallographic, compositional, electronic, magnetic information of solid catalysts at the sub-angstrom scale.
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Fig. 9. (Color online.) Series of HRTEM images (a)–(e) with the corresponding particle shapes (f)–(j) and FFT patterns (k)–(o) of one small Au particle at
various observation times. Electron doses: (a) 22 × 106, (b) 35.2 × 106, (c) 48.4 × 106, (d) 52.8 × 106, (e) 59.4 × 106 e−nm−2. Reprinted with permission
from [47], copyright (2011) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.

Fig. 10. (Color online.) In situ normalized EELS series (after background removal and deconvolution) (a) of the sample under the electron irradiation. Electron
doses and irradiation time: A, 3 × 104 e−/nm2, 0 min; B, 520 × 104 e−/nm2, 3 min; C, 100 × 105 e−/nm2, 6 min; D, 180 × 105 e−/nm2, 10.5 min; E,
260 × 105 e−/nm2, 15 min; F, 290 × 105 e−/nm2, 16.5 min; G, 370 × 105 e−/nm2, 21 min; H, 420 × 105 e−/nm2, 24 min; I, 470 × 105 e−/nm2, 27 min; J,
760 × 105 e−/nm2, 30 min; K, 1020 × 105 e−/nm2, 31.5 min; L, 1280 × 105 e−/nm2, 3 min. (b), (c) Local enlargements of the Ti-edges and V-edges in (a).
Reprinted with permission from [69], copyright (2011) The American Chemical Society.

Now, we are living in a historic era for electron microscopy, with the development of spherical aberration correctors,
monochromators, tomography, holography, cryo-TEM, environmental-TEM, low-voltage TEM, and some special specimen
holders for in situ dynamic experiments. Furthermore, the development of EM has been from 2D via 3D to 4D [77–79],
which can yield information in four distinct ways: in real space, in reciprocal space, in energy space, and in the time do-
main [80]. Such progress will open a unique window to investigate the structural, chemical and electronic information of
complex catalysts. In addition, the dynamic in-situ EM can reveal more important information to explore the catalysts under
working conditions. All of these progresses can definitely assist us to establish the synthesis–structure–property relationship,
and to design and fabricate new catalysts with the desired performances.
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