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Mesoporous materials are of particular
interest to major application fields, such
as in catalysis, separation and chemical
sensing. Ordered mesoporous materials
have been studied extensively over the
last decade involving MCM[1] and SBA[2] as
important representative classes. These
materials contain ordered pores and cav-
ities with sizes ranging typically from 3±
10 nm, whereas the pore walls consist of
amorphous materials such as silicon diox-
ide. Recent reviews on this dynamic field
of materials science are available.[3±5] Dis-
ordered mesoporous materials, in con-
trast, display random pore systems (2 ±
50 nm) and up until now are predom-
inantly the materials of choice for the
application fields indicated above. Exam-
ples of the latter materials are zeolite
crystals that contain random mesopores
next to intracrystalline micropores[6] and
metal clusters supported on nanosized
oxide particles.[7] In order to further ex-
ploit these mesoporous materials, their
characterisation at the nanometer scale is
of great importance, in particular the size,
shape and connectivity of the mesopores.
Macroscopic techniques to characterise

the pores are available, such as physisorp-
tion, that provide us with averaged data
with global models of pore shape.[8, 9] A
microscopic extension of this character-
isation is highly desirable.[10, 11] Significant
advances toward this goal have been
published recently. Three-dimensional
electron microscopy (3D-TEM) techniques
and results are at the basis of these
advances and the subject of this High-
light.

Revealing Structural Detail in
the Third Dimension with 3D
Electron Microscopy

Transmission Electron Microscopy (TEM) is
the only available technique to obtain
direct structural information at nanome-
ter scale resolution for po-
rous materials. The impor-
tance of three-dimensional
(3D) imaging with TEM be-
comes clear when we real-
ize that the electron beam,
imaging the sample, trans-
verses through the sample.
Thus a two-dimensional
(2D) image is obtained of
an inherently 3D sample. At
a first approximation, the
2D image can be regarded
as a 2D projection of the 3D
sample under investigation.
As a result, high-resolution
(0.1 ± 0.3 nm) interpretation
of the 2D images will hardly
be possible in spite of both
the high-resolution capabil-
ities of the TEM (0.1 ±
0.3 nm) and the high-reso-

lution information contained within the
3D sample (atom distribution). The diffi-
culty is not only due to fundamental
physical aspects of image formation re-
lated to electron ± specimen interactions,
but more so due to the fact that structural
features within the 3D sample are pro-
jected–and overlap–into a 2D image. A
case in point is a (2D) TEM image of MCM-
41 that has been published many times
with a representative example in Figure 1.
The beautiful hexagonal ordering of
the mesopores is apparent but essentially
no information can be deduced on
the structure of the pores perpendicular
to the plane of projection. Consequently,
the resolution in the third dimension is
not better than the thickness of the
sample. During the last five years a
number of methods and techniques were
developed to make it possible to retrieve
structural information also in the third
dimension at nanometer-scale resolu-
tion.
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Figure 1. TEM image of MCM-41 with a pore diameter of �3 nm.
Scale bar 20 nm.
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Through-Focus Series
Reconstruction and Electron
Holography

Before going into some detail on 3D
imaging approaches, we point out that
the relation between a recorded 2D
image and the 3D sample under inves-
tigation depends highly on the properties
of the 3D sample.[12] For example, in many
cases for very thin samples (�2 ±50 nm)
phase contrast will be the most dominant
type of image-contrast formation mecha-
nism. For phase-contrast specimens, the
2D image contrast is related to phase
changes experienced by the electron
beam passing transverse through the
specimen. For those specimens and under
certain imaging conditions, a bright area
within a 2D image can correspond to a
(projected) 3D volume within the sample
that is composed of a type of material that
induces different phase changes to the
electron beam compared to its surround-
ings. For thin samples, where weak phase-
contrast imaging will be the most dom-
inant type of image contrast, the record-
ing of a through-focus series followed by
a focal series reconstruction approach[13]

can be effective in obtaining high-reso-
lution 3D structural information of the
material. Related to the through-focus
series approach is electron holography,[14]

which is also particularly suitable to
acquire 3D information on small particles
(weak-phase objects). As an application of
holography to image metal nanoparticles
on support material we refer to Datye
et al.[15] His group made use of the phase
image derived from an electron hologram
to show unequivocally that the 8 nm Pd
particles in Pd/SiO2 (a model catalyst)
have a facetted internal void of �3 nm.

Electron Tomography

For thicker samples (�50±500 nm), the
most dominant type of 2D image contrast
will, most likely, not be phase contrast but
scattering contrast. In that case, a dark
area within a 2D image will correspond to
a (projected) 3D volume within the sam-
ple that contains material with a higher
mass density compared to its surround-
ings. More specifically, the high mass
density encountered by the electron
beam causes a considerable number of

the electrons to scatter outside the ob-
jective aperture. This will give rise to the
relation that dark areas within the 2D
images correspond to areas with a high
mass density. For strongly diffracting
specimens, neither phase contrast nor
scattering contrast will be the most
dominant type of image contrast forma-
tion. In that case, the brightness of a pixel
in a recorded 2D image does not have a
straightforward correspondence with ei-
ther the (projected) mass or phase, but
will be related to Bragg angle diffraction
conditions.
In 3D-TEM, the approach in which a 3D

image of an individual piece of material is
reconstructed from typically 50 ± 150
images of the sample tilted at various
angles (see Figure 2) is often referred to as
electron tomography. With electron to-
mography, each individual image can be
regarded as a 2D projection of some
property of the sample (for example,
mass) provided that phase contrast and/
or scattering contrast are the dominant
types of image formation mechanism. The
ultimately attainable resolution of elec-
tron tomography will be limited by the
resolution present within each of the
individual 2D images. In most cases, a
more practical limit to the resolution in
the 3D image is set by the specimen tilt
range and specimen tilt increments chos-
en to collect a tilt series (such as from
�70� to �70� with 1� tilt intervals to give
141 images). An indication of the attain-

able resolution is given by the relation-
ship r��d/n, where r is the resolution, d is
the sample thickness and n is the number
of 2D images.[19] For instance, the 3D
resolution of a 100 nm thick zeolite par-
ticle will be in the order of 2 nm when 141
images are recorded.
During the last decade within the life

sciences, electron tomography[17±19] and
its automation[20, 21] has developed rapidly.
Presently, using automated data collec-
tion systems that enable direct recording
of images (CCD camera), 141 images can
be obtained within 20 minutes over a
wide angular range (�70�). After data
collection, the subsequent 3D reconstruc-
tion comprises data alignment and 3D
reconstruction via back projection. For a
description of the reconstruction ap-
proach, see Baumeister and Steven.[22]

The reconstructed 3D images are volumes
of data that can be presented in a variety
of ways. The most straightforward ap-
proach is to consider the 3D reconstruc-
tion as a stack of thin (virtual) 2D slices (in
our applications typically 2 nm thick) cut
through the reconstructed structure (vol-
ume). Computer programs can display
each of these virtual slices and it is
possible to study details of the pore
systems that would, in a conventional
2D-TEM image, have been otherwise
obscured by overlapping material above
and below the 2D slice. As an example we
present recent results obtained by Koster
et al.[16] and Janssen et al.[23] to image

Figure 2. Principle of 3D-TEM techniques. A series of 2D projections is used to allow Fourier transformation
(FT) and back transformation to obtain a reconstruction of the 3D object. The 3D Fourier transform (right) of
the 3D structure of interest (left) serves as a melting pot for combining electron microscopy data collected in
either the electron crystallography or electron tomography approaches.
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mesopores in zeolite crystals. In Figure 3
we compare the results from conven-
tional (2D-) TEM and 3D-TEM. The meso-
pores in this strongly dealuminated zeo-
lite Y sample (XVUSY) are much more
clearly observed in the 3D reconstruction
obtained by electron tomography. By
studying subsequent slices from the re-
construction one can obtain intricate de-
tails of the size, shape and connectivity of
mesopores. Please note that the pores in
XVUSY (Figure 3) are random with respect
to position and vary broadly with respect
to size (4 ± 34 nm). Electron tomography is
suited to deal with this type of nonuni-
form sample, where unique individual
particles need to be imaged.

Electron Crystallography

Electron crystallography is an approach of
electron microscopy where a 3D image is
synthesised from a set of 2D images. A
principal difference with electron tomog-
raphy is that typically two to four images
are taken of similar, but not identical pieces
of material on a microscope grid. Thin
crystals (�30 nm) are too small to be
analyzed by X-ray single-crystal diffraction
but are appropriate specimens for elec-
tron crystallography as electrons interact
more strongly with matter than X-rays.
The goal of electron crystallography is to
build up the 3D Fourier transform of a
repeating element by recording 2D im-
ages from crystals tilted at various angles
(see Figure 2). The 2D Fourier transform of
each 2D image provides a central plane
through the 3D Fourier space. As such,
the 2D Fourier transform provides phases
as well as amplitudes. For well-ordered
crystals, the resolution as provided by the
2D Fourier transforms can significantly be
extended by incorporating electron dif-
fraction patterns of the same area. The
electron diffraction patterns yield ampli-
tudes that are superior to those derived
from the 2D Fourier transformed images,
since the electron diffraction pattern is
not influenced by the resolution-damping
effect of the contrast transfer function of
the microscope. In any case, when all
available 2D images have been integrated
into a composite 3D Fourier transform,
the 3D reconstruction of the structure of
interest is obtained by inverse Fourier
transformation. This approach, electron

crystallography, was pioneered as a 3D
imaging technique within the life sciences
to investigate on bacteriorhodopsin, a
protein that forms ordered crystals in the
membrane of a bacterium.[24]

The strength of electron crystallogra-
phy as applied to structures within the
field of materials sciences is impressively
illustrated by the groups of Terasaki,
Stucky and Ryoo. They joined forces in
applying electron crystallography to de-
termine the pore structure of ordered
mesoporous materials, in particular MCM-
48[25, 26] and SBA-6.[27] High-resolution
transmission electron microscopy
(HRTEM) images of several orientations
of thin parts (�30 nm) of a specimen
were collected. The different orientations
have to be found in different parts of the
sample on the grid, calling upon a high
degree of homogeneity of the sample.

From these images and their Fourier
transforms (Figure 4) phase and ampli-
tude information of the structure factors
can be obtained. Using this information,
Sakamoto et al.[27] have obtained a three-
dimensional model of the pore structure
of SBA-6. The results displayed in Figure 5
contain an impressively detailed picture
of the bimodal pore structure that in-
volves two types of cages (sizes 7.3 and
8.5 nm) that are interconnected by 2 nm
micropores. Electron crystallography pro-
vides details on asymmetric pore size and
configuration that cannot be obtained by
other techniques.

Z-Contrast Tomography

Another approach of 3D imaging with
electron microscopy has recently devel-
oped by Midgley and co-workers,[28, 29]

Figure 3. a) 2D-TEM image of an XVUSY crystal and b) a thin slice (1.25 nm) through the 3D-TEM
reconstruction of this crystal. Scale bars 200 nm.

Figure 4. An example of an HRTEM image of SBA-6 and (inset) the corresponding Fourier diffractogram; [100]
orientation. Typically two to four of these data sets are needed to be able to calculate the structure.
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where images are collected–analogously
to electron tomography–with the elec-
tron microscope working in the scanning
(S) mode (high-angle annular dark field
(HAADF) mode[12] ) and not in the trans-
mission mode (TEM). With this technique,
often referred to as Z-contrast tomogra-
phy, use is made of Rutherford scattering
(Z-contrast) to enhance the contrast dif-
ference between light and heavy ele-
ments (the HAADF-STEM signal is approx-
imately proportional to the square of the
atomic number). As a result, this techni-
que is suitable to image small metal

particles in mesoporous silica. Further-
more, note that HAADF-STEM imaging is
less sensitive to strong electron diffraction
effects that prohibit the application of
TEM tomography to highly diffracting
samples. In Figure 6 we show the recon-
structed images of palladium-ruthenium
on mesoporous silica obtained from the
tilt series as described above. A resolution
of �1 nm has been obtained illustrated
by a single bimetallic particle visible in the
bottom left image.
A critical comparison between the

different modes of 3D-TEM is beyond
the scope of this Highlight. Sample and
microscope requirements, risks of sample
damage in the electron beam, complexity
of data handling and image reconstruc-
tion algorithms are among the main
factors to be considered. We refer to the
list of references for detailed discussions
of these and other issues. The main
discrimination between the application
of electron crystallography and tomogra-
phy is in the homogeneity of the sample.
In case of uniform mesopores, electron
crystallography seems to be the preferred
technique, whereas electron tomography
can be applied to samples with nonuni-
form mesopores. Furthermore, for meso-
porous materials electron crystallography
will provide details at the microscopic
scale (1 ± 5 nm) whilst electron tomogra-
phy provides full details at the mesoscop-
ic scale (2 ± 100 nm).

In sum, over the last year we have
noted an outburst of development and
application to utilise TEM for the full 3D
imaging of mesoporous materials. These
strides towards 3D imaging will be of
great importance to assemble catalysts,
adsorbents and sensors based on this
important class of materials.
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