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Three-dimensional real-space crystallography of MCM-48 mesoporous
silica revealed by scanning transmission electron tomography
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Abstract
High-angle annular dark-ﬁeld scanning transmission electron tomography has been used to reveal the three-dimensional lattice
structure of the mesoporous silica MCM-48. The incoherent nature of the dark-ﬁeld signal leads to directly interpretable images
and three-dimensional tomographic reconstructions. The ability to manipulate the three-dimensional reconstruction allows the structure to be visualised at any orientation, revealing detail in projection or as slices not hitherto seen by direct imaging techniques.
 2005 Elsevier B.V. All rights reserved.

1. Introduction
The advent of ordered mesoporous silicas [1] has transformed the scope of heterogeneous catalysts principally
because the pores, which may be unidirectional or intersecting, are suﬃciently large (1.5–30 nm diameter) to allow
the passage of reactant and product molecules that cannot
be accommodated by any natural or synthetic zeolitic catalyst [2]. These are solids with extremely high surface areas
that allow relatively large precursor, mixed-metal carbonylates (e.g., Pd6 Ru6 ðCOÞ2
24 ) to be distributed over the surface, thereby making it possible to prepare nanoparticle
bimetallic catalysts (e.g., Pd6Ru6) of high activity and selec*
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tivity in the hydrogenation of a range of key organic molecules [3]. Despite their enormous potential, the structure
of these silica systems is still open to question. Conventional electron microscopy may not always yield the full
structure of such systems and so here we turn to electron
tomography to reveal the full three-dimensional crystallography of one of these ordered silicas, MCM-48.
Unlike conventional electron microscopy which provides only a two-dimensional projection of a three-dimensional object, electron tomography is able to reveal the
full three-dimensional structure by acquiring a series of
images from diﬀerent directions (normally about a single
tilt axis) to then merge into a three-dimensional reconstruction, or ÔtomogramÕ. We have shown previously that by
using scanning transmission electron microscopy (STEM)
and recording high-angle annular dark-ﬁeld (HAADF)
images with electrons scattered to high angles (Rutherford-type scattering) using an annular detector [4], tomographic reconstruction artefacts from Fresnel diﬀraction
and diﬀraction contrast are minimised because of the loss
of transverse coherence in electrons scattered to high angles
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[5]. This is particularly important for complex porous systems in which ordered three-dimensional arrangements of
pores may be misinterpreted with conventional phase-contrast electron microscopy. To achieve high contrast, a large
defocus is often required and, especially at major zone
axes, this may lead to some misinterpretation unless careful
simulations are computed for comparison. By contrast,
STEM HAADF imaging is performed in focus and the
interpretation of images acquired this way is considerably
more straightforward. As long as the conditions are set correctly, and in particular that the inner angle of the HAADF
detector is suﬃciently large, pores will always appear as
dark contrast and the solid structure bright. In addition,
the scattering cross-section is sensitive to the atomic number, Z (in the high-angle limit this is Z2), making it an ideal
imaging mode for many heterogeneous systems.
The three-dimensional ordered cubic variant (with
a = 23 nm) of the MCM series of mesoporous silicas,
known as MCM-48, has a complex gyroid-like threedimensional pore network; this has been studied previously
by two of the authors (OT and RR) using conventional
electron crystallography [6]. Structure factors derived from
high-resolution phase-contrast electron microscopy were
used to determine the MCM-48 silica structure. Here, we
reprise that work and consider again the internal structure
of MCM-48 based now on a direct visualisation of the
structure using the incoherent, high-angle scattered electron signal in scanning transmission electron tomography.
In addition, because this is a direct 3D imaging technique,
we are able to reveal any deviation from crystal perfection,
including twin boundaries and other extended faults.
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HAADF imaging [9]. The algorithm is essentially a
quasi-intelligent smoothing algorithm in which areas of
similar planarity (intensity) or curvature are connected.
In other words the tomogram (or image) ﬂux is ÔdiﬀusedÕ
to maximise the contrast of real features.

2. Experimental
The MCM-48 silica was synthesised using triblock ethylene (EO)–propylene oxide (PO)–EO copolymer Pluronic
P123 (EO20PO70EO20, Mav = 5800), butanol and tetraethyl
orthosilicate (TEOS) [7]. Care was taken to ensure that all
precursor molecules were removed before imaging by a
gentle heating of the sample prior to introduction into
the electron microscope.
A series of 158 STEM HAADF images was acquired
every 1 between 78 and +79 using a 40 mrad detector
inner angle. Each image acquired at a magniﬁcation of
450 000· was composed of 1024 · 1024 pixels with a pixel
size of 0.28 nm and a dwell time of 38 ls per pixel. The series was aligned ﬁrst by simple cross-correlation and then
reﬁned using defects in the supporting carbon ﬁlm as features with which the alignment procedures could track.
Computer memory constraints meant that the data set
was re-binned to 512 · 512 and a sub-area of each image
was selected for reconstruction using an iterative reconstruction technique (SIRT) implemented in Inspect3D [8].
The resulting tomogram was then processed using a
noise-reduction algorithm called anisotropic non-linear diffusion (AND), developed by one of us (JJF), and further
adapted to use with tomograms acquired using STEM

Fig. 1. (a) A montage of tomographic voxel projections of MCM-48
shown at successive major zone axes as the three-dimensional tomographic
reconstruction is rotated about a Æ1 1 2æ zone axis. (b) Stereographic
representation of the image series shown in (a). Crosses indicate the Æ1 3 5æ
axes.
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3. Results and discussion
Fig. 1a shows a montage of voxel projections computed
from a three-dimensional tomographic reconstruction of a
sub-100 nm particle of MCM-48 silica. Each projection is
at a major zone axis encountered when rotating about a
Æ1 1 2æ axis through a symmetry-independent sector of reciprocal space. A {1 1 2} plane, whose normal is vertical in
the plane of the paper, is common to all projections. On
the right of each image is a simulation of the MCM-48
structure based on an approximate gyroid surface given
by the equation:
hðx; y; zÞ ¼ sin x cos y þ sin z cos x þ sin y cos z ¼ 0.
Power spectra for both experiment and simulation are
shown as insets. The agreement between experiment and
simulation is remarkably consistent for each projection except near the Æ1 1 1æ axis, which we will discuss later. The
Æ1 3 5æ axes contain two dominant sets of {1 1 2} planes,
the strongest scattering planes in the lattice. The full 360
rotation about the Æ1 1 2æ axis can be seen in an animation
of the reconstruction – see Electronic Supplementary
Information.
Although such projections could in principle be
acquired through successive images recorded at zone axes
found by tilting in the microscope, in practice for MCM48, which can be prone to beam damage, or for example
for interfacial phases or small embedded crystallites, it
can be a very diﬃcult and time-consuming task to identify
major zone axes in situ. Electron tomography oﬀers a way
of recording images about a ÔrandomÕ tilt axis, performing
a three-dimensional reconstruction and then, post facto,
aligning the whole crystal in the computer – a far less
demanding task than in the electron microscope! In addi-

Fig. 2. A reconstructed slice through the MCM-48 reconstruction
perpendicular to the Æ1 1 0æ zone axis. A Bragg-ﬁltered inset enhanced
the periodic detail. The pairs of spots in the power spectrum correspond to
{3 3 2} and {2 2 4} reﬂections. A centred projected cell is outlined in white.

tion, by collecting over a large angular range, access is
made possible to almost all major zone axes of interest,
which may not be possible, or may be missed, with conventional microscopy.
Fig. 2 shows a reconstructed slice perpendicular to a
Æ1 1 0æ direction. A Bragg-ﬁltered version, used to reduce
non-periodic artefacts, has been superimposed for clarity.
A centred projected cell is also shown. The inset shows a
power spectrum of the slice indicating strong pairs of Fourier components, which if indexed according to a Æ1 1 0æ diffraction pattern, correspond to {3 3 2} and {2 2 4}
reﬂections, the latter set demonstrating 4.7 nm periodic resolution within the slice. The ability to slice through diﬀerent
planes of the crystal can be of great advantage when visualising complex three-dimensional geometry. An animation
of successive Æ1 1 0æ slices can be found in the Electronic
Supplementary Information. All projections and slices from
the reconstruction (together with the corresponding system-

Fig. 3. (a) A Æ1 1 1æ voxel projection of MCM-48. The superposed inset is a
Bragg-ﬁltered version revealing a periodic array of large pores. (b)
Averaged, tessellated motif from (a) and a schematic diagram indicating
(1) the basic gyroid structure, (2) the proposed MCM-48 structure from [6]
and (3) a new proposed structure with larger complementary pores.
Projected unit cells are outlined in white.
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The boundary itself is parallel to a {2 2 0} plane of the
left-hand grain and a {1 1 2} plane of the grain on the right.
In order for this orientation relationship to be achieved and
for the common {1 1 2} plane to be undisturbed across the
boundary, there must be a rotation of about 52 between
grains, i.e., the angle between the [1 1 3] and ½
1 1 1 zone
axes. In principle such a relationship could have been
found in situ using conventional microscopy but would
have required an element of chance to hit upon the optimum orientation to see the inter-grain relationship. With
a three-dimensional tomographic approach, that element
of chance is no longer needed.
4. Conclusions

Fig. 4. A view of a boundary (BB) separating two ÔgrainsÕ of MCM-48
with [1 1 3] orientation (right) and ½1 1 1 orientation (left). A common set
of {1 1 2} planes is seen in the Bragg-ﬁltered inset.

atic absences in the associated power spectra) are consistent
with the proposed space group of Ia
3d [6].
The mismatch between experiment and simulation seen
near the [1 1 1] zone axis of Fig. 1 is highlighted further in
Fig. 3a. Here, we show a projection at a Æ1 1 1æ axis with
the pore structure clariﬁed in the Bragg-ﬁltered inset.
Fig. 3b shows an average motif derived from (a) and tessellated to form a two-dimensional lattice. No symmetrisation
was performed beyond a small correction for geometric
image distortion. A comparison between this and the montage of three possible projections down the Æ1 1 1æ axis highlights diﬀerences between: (1) the ideal gyroid surface, (2)
the array of primary and complementary pores as indicated
in [6] and (3) a possible new model for the pore structure of
MCM-48 presented here. By studying intensity proﬁles
across the reconstructed projection, it was found that the
two sets of pores have the same diameter within experimental error and which we estimate from this work to be 6 nm.
In previous studies [6] the complementary pore sizes of
MCM-48 were determined based primarily on pore volumes modelled from nitrogen gas adsorption–desorption
experiments. In the future, direct structural measurements
available with STEM tomography should overcome some
of the limitations of such model-dependent analyses.
Fig. 4 shows another strength of a three-dimensional
real-space approach to the study of mesoporous structures.
Here, we reveal the presence of a boundary apparently separating crystal ÔgrainsÕ with orientations parallel to the
[1 1 3] zone axis on the right-hand side and ½
1 1 1 on the left.
One set of {1 1 2} planes is common across the boundary as
seen by the inset in the left hand corner of the ﬁgure and by
the power spectra taken from each side of the boundary.

In this Letter, we have shown how with scanning transmission electron tomography it is possible to reveal directly
the three-dimensional crystallography of the mesoporous
silica, MCM-48. The ability to interrogate the three-dimensional internal structure of ordered materials with near
nanometer resolution has important consequences not only
for the understanding of many complex catalyst systems
but for many structures found in other ﬁelds of physical
science.
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