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CONSPECTUS

N owadays, tomography plays a central role in
pureand applied science, in medicine, and in
many branches of engineering and technology. It
entails reconstructing the three-dimensional (3D)
structure of an object from a tilt series of two-
dimensional (2D) images. Its origin goes back to
1917, when Radon showed mathematically how a
series of 2D projection images could be converted to
the 3D structural one. Tomographic X-ray and
positron scanning for 3D medical imaging, with a
resolution of ~1 mm, is now ubiquitous in major
hospitals. Electron tomography, a relatively new
chemical tool, with a resolution of ~1 nm, has been
recently adopted by materials chemists as an in-
valuable aid for the 3D study of the morphologies,
spatially-discriminating chemical compositions, and
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In this Account, we review the advances that have been made in facilitating the recording of the required series of 2D electron
microscopic images and the subsequent process of 3D reconstruction of specimens that are vulnerable, to a greater or lesser
degree, to electron beam damage. We describe how high-fidelity 3D tomograms may be obtained from relatively few 2D images
by incorporating prior structural knowledge into the reconstruction process. In particular, we highlight the vital role of compressed
sensing, a recently developed procedure well-known to information theorists that exploits ideas of image compression and
“sparsity” (that the important image information can be captured in a reduced data set). We also touch upon another promising
approach, “discrete” tomography, which builds into the reconstruction process a prior assumption that the object can be described in
discrete terms, such as the number of constituent materials and their expected densities. Other advances made recently that we outline,
such as the availability of aberration-corrected electron microscopes, electron wavelength monochromators, and sophisticated specimen
goniometers, have all contributed significantly to the further development of quantitative 3D studies of nanostructured materials,
induding nanopartide-heterogeneous catalysts, fuel-cell components, and drug-delivery systems, as well as photovoltaic and plasmonic
devices, and are likely to enhance our knowledge of many other facets of materials chemistry, such as organic—inorganic composites,
solar-energy devices, bionanotechnology, biomineralization, and energy-storage systems composed of high-permittivity metal oxides.

1. Introduction

More than a decade has elapsed since two of us' began to
exploit atomic number (Z)—contrast electron microscopy in
a three-dimensional (3D) mode for the recovery of unique
kinds of information pertaining to the shape, composition,
and other significant features of high-performance bimetallic
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nanocluster and nanoparticle heterogeneous catalysts.” In the
intervening time, several reviews of electron tomography
(ET) of relevance to nanochemical research have
appeared.>* ET, and in particular the technique of ET using
high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM, see Figure 1), which we have
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FIGURE 1. The STEM and associated detectors: high-angle annular
dark-field (HAADF), annular dark-field (ADF), and bright-field (BF). If the
BF detector is removed, transmitted electrons can pass through a
spectrometer to form an energy-loss spectrum. The tilting of the
specimen performed in ET experiments is illustrated schematically.

6a ~ 10 mrad and 6y ~ 50 mrad.

exclusively favored,>® has recently progressed in a remark-
ably significant manner for several reasons. First, it has now
reached a quantitative status. Second, the greatly improved
spatial resolution made possible by aberration-corrected (AQ)
microscopes (<0.5 A) has opened up several new avenues
of enquiry. Third, modern hardware, such as computer-
controlled goniometers (that can more rapidly and accu-
rately achieve angular settings for recording the 2D images),
novel tomography holders, and much improved electron
detectors are now readily available. Fourth, there have been
major developments in new imaging modes to elucidate not
merely morphology but also composition, electronic status,
and other physicochemical parameters in 3D. Finally, these
advances in acquisition have been complemented by the
development of new algorithms for image reconstruction
and visualization in robust and reliable forms. In particular,
the so-called procedures of discrete tomography (DT)” and
compressed sensing (CS)®° can be invoked in ET to yield
high-fidelity reconstructions from only a small number of
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images, a capability of significance for studying electron-
beam sensitive samples like biological macromolecules
and biominerals. As we outline below, with a greater focus
on CS-ET methods with which our group has primarily been
concerned, these approaches provide further advantages in
the retrieval, via ET, of tomographic information both in 3D
and in the recently introduced technique of 4D electron
microscopy,'®'" whereby it becomes possible simultaneously
to record picometer spatial and femtosecond time precisions.

2.STEM and ET

One of the key microscopic modes available to the materials
chemist is STEM, the great benefit of which is that with a
single incident probe of sub-nanometer (and sometimes
sub-Angstrom) diameter, it is possible to detect many signals
emanating from a minute volume of material, as little as a
zeptogram (102" g), for example,'? each of which leads to
an image endowing complementary information about the
sample. These include bright-field (BF), annular dark-field
(ADF) and high-angle annular dark-field (HAADF) signals. For
each signal, a separate detector is used to capture different
angular ranges of the scattered beam (Figure 1). In addition
to these structural imaging modes, it is possible simulta-
neously to record a variety of spectroscopic signals such as
electron energy-loss (EEL) and X-ray emission spectra. The
use of AC-optics for STEM imaging and microanalysis allows
all this to occur at near atomic resolution: one can identify
the chemical elements present and, in favorable circum-
stances, their electronic configurations.

STEM yields 2D images of a 3D object, and in many cases,
these may be considered to represent a “projection” of some
physical quantity of the 3D object.*® ET is achieved by
recording a series of 2D images at various angles, usually
about a single axis (perpendicular to the plane of the
diagram in Figure 1, see Figure 2a). Typically, tilt increments
of 1—2° are used, over an angular range of ca. +70°; the
limited space between the pole pieces of the microscope
objective lens often prevents rotation over a complete +90°.
The ensemble of images is then used to form a 3D reconstruc-
tion or tomogram, usually via a “back-projection” process
(Figure 2b)." The smaller the angular increment and the greater
the angular range, the higher the resolution of the tomogram.*

3. ET in Nanoscale Materials Chemistry

3.1. HAADF-STEM Tomography of Supported Hetero-
geneous Catalysts. Although its use across the field of
materials chemistry is wide-ranging, perhaps the greatest
1782-1791
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(a)

FIGURE 2. Schematic representation of (a) the acquisition of a “tilt series” of 2D images of an object (in this case a concave iron oxide nanoparticle) and
(b) back-projection of these images into a 3D space to obtain a reconstruction of the object.
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FIGURE 3. (a) ET reconstruction of (Pt,Ru) nanocatalysts supported on a
disordered mesoporous silica. The surface-rendered visualization of the
silica support has been color-coded according to the local Gaussian
curvature. The nanocatalysts (red) appear to prefer to anchor them-
selves at the (blue) saddle-points."* (b) Surface-rendered visualization of
an ET reconstruction of Au nanocatalysts (red) supported on titania
(blue). The nanocatalysts are located in the crevices between titania
crystallites; confirmed by the AC-STEM image in panel (c)."®

impact of ET to date has been in the study of supported
metallic nanocluster catalysts. We first draw upon our own
work, highlighting a study'® of bimetallic (Pt,Ru) nanocluster
catalysts supported on mesoporous silica, where such nano-
catalysts may be almost invisible using conventional
BF-TEM yet can be readily distinguished from the lighter
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support material using HAADF-STEM imaging, owing to the
strong Z-dependence of the HAADF signal.® From the ET
reconstruction, the pore volume, surface area, mean diam-
eter, overall porosity, and catalyst loading were determined,
and the surface dimension of the pore network was found to
be fractal in nature. Moreover, by classifying the surface
curvature of the support, the nanocatalysts were found to
prefer to be anchored at “saddle-points” on the support surface
(Figure 3a). In another example1 6 (Figure 3b,0), a combination of
AC(S)TEM and HAADF-STEM tomography identified that Au
nanocatalysts on titania show a propensity to reside in crevices
between the individual titania grains.

In a recent study17 of (Pt,Co) nanocatalysts on a fuel cell
carbon support, electrochemical experiments were under-
taken using the TEM sample support grid as the working
electrode in a three electrode cell. STEM-based tomographic
reconstructions, made before and after electrochemical
aging, revealed changes to the 3D morphologies and loca-
tions of the nanocluster electrocatalysts that when com-
bined with STEM—EEL spectroscopy enabled determination
of the primary cause of particle coarsening.

3.2. 3D Analysis of Nanoporous Solids. Although tradi-
tional methods, based on adsorption of gases, yield invalu-
able information about the global features of nanoporous
solids, deeper insights pertaining to the local nature of the
nanoporosity are best retrieved using ET, as recently exem-
plified in the work of Yuan et al.'® Here, slices through the ET
reconstruction of SBA-15 mesoporous silica revealed the
presence of locally disordered and randomly distributed
merged pores (Figure 4b—e). Such local disorder is not
detectable in a single 2D TEM image (Figure 4a), which
provides only a projection of the structure through hundreds
of layers. Moreover, ET proved vital in showing that in-
creases in pore fraction detected by nitrogen sorption for
samples subjected to higher temperature hydrothermal
treatments were due to increases in the number and volume



fraction of disordered merged pores and not to changes
in the sizes of the ordered pores. Similarly, with a
hydrothermally treated microporous zeolitic catalyst, it has
been shown'® by ET that this material possesses a hierarchical
porosity within single-crystal specimens, and such porosity can
be quantified in detail by applying image analysis techniques
to the ET reconstructions.*®

3.3. Nanoparticles with Plasmonic Responses. Solids
falling within the size range 1—100 nm are well-known to
exhibit chemical properties that are critically dependent
upon their precise shape and morphology.* Whereas con-
ventional STEM and other high-resolution microscopic tech-
niques that yield 2D images cannot reveal the morphology
of such nanoparticles, the ET approach outlined above can.

FIGURE 4. (a) BF-TEM image of an ordered mesoporous silica (SBA-15)
recorded parallel to the [001] zone axis, showing long-range order. (b)
Slice through an ET reconstruction, showing the presence of local
disorder caused by randomly distributed merged pores, examples of
which are highlighted in color in (c—e), which are slices taken at different
heights from the boxed region in panel (a)."®
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A prime example is a recent study?' linking the plasmonic
response of a Au nanoparticle to its true morphology. STEM
tomography showed the nanoparticle to have a 3D shape
markedly different from the one that would be inferred from a
single 2D image (Figure 5a—c). Using the ET reconstruction, the
morphology of the nanoparticle was encoded as finite ele-
ments and used as input to 3D electrodynamics simulations.?'
By comparing simulations performed using a model based on
the true irregular morphology, with those using an idealized
shape assumed from a 2D (S)TEM image, dramatic differences
in the predicted optical properties were found (Figure 5d).
3.4. Densely-Packed Nanoparticle Systems and Quan-
titative Analysis. The analysis of agglomerates, mixtures,
and composite structures containing densely-packed nano-
particles poses a severe challenge for conventional electron
microscopy (TEM or STEM), because image interpretation is
hampered by multiple overlapping particles in projection.
While 3D tomographic reconstructions can overcome this
through slice-by-slice visualization of the tomogram, quan-
titative analysis of, for example, surface area, volume,
crystallography, or porosity requires “segmentation” of the
data set, in which each voxel (volume pixel) in the tomogram
is assigned to a feature of interest, for instance, a nanopatrticle,
the vacuum, or the substrate. Such quantification can then be
of great value in understanding physical and chemical behav-
ior, illustrated by our first example in this section, in which the
3D morphology of CdSe nanoparticles is key to the perfor-
mance of certain nanoparticle—polymer blend photovoltaic
devices.?* Figure 6a shows the quantum efficiency as a func-
tion of wavelength for thin film photovoltaic devices with
different nanoparticle morphology and concentration. STEM-
based ET reconstructions confirmed that spherical nanoparti-
cles were distributed homogeneously throughout the polymer
matrix and that an increase in their concentration led to
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FIGURE 5. (a) HAADF-STEM image of a Au nanoparticle from an ET tilt series. (b,c) Surface-rendered views of the ET reconstructed Au nanoparticle,
with dimensions indicated. (d) 3D simulations for the real (using the tomogram) and an idealized (estimated from a single image) nanopatrticle,
showing regions of high electromagnetic-field enhancement (marked in orange), revealing very different localization.?’
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FIGURE 6. (a) Short-circuit external quantum efficiency (EQE) as a function of wavelength for thin film photovoltaic devices with different weight ratios
of nanodots or nanorods to polymer. (b) Surface-rendering of an ET reconstruction of the CdSe nanorod network in a nanorod—polymer thin film.22
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FIGURE 7. (a) HAADF-STEM image of densely-packed GaPd, nanocrystals from an ET tilt series. (b) 3D voxel-projection visualization of the segmented
ET reconstruction, in which each nanocrystal or agglomerate has been given a color that differs from those of its nearest neighbors. (c) Statistical
distribution and size filtered tomograms according to the equivalent diameter, d, of the nanocrystals and agglomerates.?>

increased connedtivity, and thus to improved charge transport
and quantum efficiency. The distribution of nanorods, illu-
strated in Figure 6b, was also homogeneous but their high
aspect ratio and connectivity, seen in the ET reconstructions,
led to considerably improved device efficiency.

Most segmentation is undertaken in a manual fashion,
which is both time-consuming and prone to error and bias.
To process data sets in a fast and routine fashion, automated
segmentation methods are being developed based on com-
binations of image processing tools. We illustrate progress in
this area by focusing on the analysis of GaPd nanocrystals,?3
ca. 1-30 nm in diameter, recently introduced as novel selec-
tive hydrogenation catalysts. Figure 7a shows a HAADF-STEM
image of densely-packed GaPd, nanocrystals. A tilt series of
such images yielded a sufficiently high contrast reconstruction
to enable a semi-automated segmentation procedure
(involving noise reduction, thresholding, and color coding of
individual nanocrystals and agglomerates), which revealed
with far greater clarity the complex 3D morphology, as shown
in Figure 7b. Such a procedure enables a full structural analysis
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to be undertaken in a more routine and objective way. As an
example, Figure 7c shows pictorially, and in histogram form, the
size distribution of the GaPd, nanocrystals and agglomerates.?
Automation of the segmentation process is a critical step in mak-
ing ET a more routine analytical tool for the materials chemist
and will inevitably be the focus of much attention in the future.

4. Advanced Methods for ET

4.1. Reconstruction Algorithms. The desire for routine
quantitative 3D structural information emphasizes the need
for reliable, robust reconstruction algorithms to produce high-
fidelity 3D tomograms free from artifacts. Inevitably, the
limited data sets used in any form of ET, whether they arise
from finite angular sampling or a limited tilt range, will lead to
imperfect reconstructions. To use such limited data for quan-
titative 3D analysis requires careful appraisal of how the
reconstruction is affected or, better still, the use of new
reconstruction algorithms that aim to reduce those artifacts
by incorporating known additional (so-called “prior’) informa-
tion about the object to be reconstructed.



FIGURE 8. (a) HAADF-STEM image of a decahedral Au nanopatrticle
from a 15 image ET tilt series. (b,c) Orthogonal slices through SIRT and
DT 3D reconstructions. (d,e) Surface-rendered views of the
reconstructions.?®

Briefly, we describe two conventional algorithms. The
first, weighted back-projection (WBP) compensates, using a
linear filter in Fourier space, for the uneven sampling of
spatial frequencies brought about by the acquisition of
images about a tilt axis. This filter has the effect of enhancing
edges and boundaries, ideal for many biological applica-
tions where delineation of membrane structures is often
key, but is of less value for true quantitative analysis. The
second is the simultaneous iterative reconstruction techni-
que (SIRT),** which iteratively improves a back-projected
reconstruction by minimizing the difference between repro-
jections of the 3D reconstruction and the original images.
This algorithm is the most popular of many possible iterative
algebraic reconstruction techniques (ARTs). Now we focus
on two new ARTSs that allow prior information to be incor-
porated into the reconstruction process: (i) discrete tomogra-
phy and (i) compressed sensing.

4.1.1. Discrete Tomography. Discrete tomography (DT)
reconstruction is an ART that imposes “discreteness” on the
object being reconstructed.”?> For specimens relevant to
materials chemistry, the discrete nature may be either (i) that
the object is composed of discrete constituents (e.g., atoms),
which may be assumed to lie on a regular 3D grid®® (see
section 4.2 for an elaboration of this) or (i) that the object is
composed of a discrete (typically <5) number of homoge-
neous phases, meaning in practical terms a discrete number
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of gray levels in the 3D reconstruction. Such a discrete
constraint can be used to great effect, as shown in Figure 8.2
Here, a multiply twinned (decahedral) nanoparticle has been
reconstructed assuming it is composed only of a single
species (Au in this case). With this prior knowledge, a high-
fidelity reconstruction from only 15 images is possible,
alleviating in particular in this example the problem of the
missing wedge, as clearly demonstrated by comparison with
the equivalent SIRT reconstruction. While this approach is
successful, strong constraints are needed based on key
assumptions about the sample (for example, the particle
contains only Au). So-called “partially discrete” methods that
relax these constraints are under development.?”

4.1.2. Compressed Sensing Electron Tomography (CS-
ET). The principles of image compression (e.g,, as used for
JPEG formats), where images are retrieved from their com-
pressed form without significant information loss, provide
an alternative basis for 3D reconstruction from very limited
data sets as we have in ET and found often in magnetic
resonance imaging*® and X-ray tomography.*° The method
known as “compressed sensing” (CS) is able to recover a
high-fidelity reconstruction from a highly undersampled
data set if the object to be reconstructed is “sparse”, in this
context meaning having relatively few nonzero pixels (or
voxels).2? The sparsity may be in the same space as the
reconstruction (typically real space) or in some other space
linked by a known transform (e.g, in a gradient domain). If
the object can be approximated in a sparse way;, it is said to
be “compressible”. To ensure a high-fidelity reconstruction,
free from aliasing artifacts, for example, sampling of the
object should be performed in a random (or near-random)
fashion.?® A tilt series, as acquired in ET, has been shown to
provide a sampling scheme that, although clearly not ran-
dom, results in aliasing artifacts that are sufficiently “noise-
like” that they can be removed by CS. Thus for ET, the CS
reconstruction proceeds by finding the sparsest representa-
tion of the object to be reconstructed, subject to reprojec-
tions of that object best-fitting the original microscope
images. Here, the knowledge that the object is in some
sense “sparse” provides the extra prior information that
improves the reconstruction.

Recently, the authors, in collaboration with the Gladden
group in Cambridge (especially D.J. Holland) have shown
that CS applied to ET can yield high-fidelity 3D reconstruc-
tions from very few images. One example, a CS-ET recon-
struction of concave iron oxide nanoparticles,® illustrated
in Figure 9, demonstrates how, compared with SIRT,
CS-ET provides a faithful reconstruction of the octahedral
1782-1791
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FIGURE 9. (a) HAADF-STEM image of concave iron oxide nanoparticles taken from an ET tilt series. (b) Quantification of the concavity volume of the
nanoparticle indicated in panel (a) from CS-ET and SIRT reconstructions using different numbers of images.>°

morphology and a robust quantitative measurement of the
nanopatrticle concavity, even from a tilt series composed of
only nine images. Knowledge of precise 3D morphology,
such as the concavity, is key for application of the particles in
drug delivery and photocatalysis.?’

Compared with DT, CS-ET potentially offers a more flex-
ible approach to how constraints can be applied. For ex-
ample, for homogeneous objects with sharp boundaries,
sparsity may be found in the gradient domain by minimizing
the so-called “total variation”,>%32 or for more diffuse objects
(e.g., those with compositional gradients), wavelet represen-
tations can be used, as they are for JPEG compression in
digital photography. Although still in its infancy, we expect
CS-ET to be adopted widely in the future. In particular, the
ability of CS-ET to yield high-fidelity reconstructions from
relatively few images should prove to be of great benefit in
the study of beam-sensitive samples or where total acquisi-
tion time is limited.

4.2. ET with Atomic Sensitivity. While the use of nano-
scale ET in materials chemistry has increased significantly
over the past decade, there is still the pressing need to
extend the technique to investigate 3D structure at the
atomic scale. With the advent of AC optics, atomic resolution
in 2D is now commonplace, but extending this to the third
dimension is not so straightforward. Here we briefly describe
some recent advances.

An estimate of the reconstruction resolution from a con-
ventional tilt series is given by the product of the angular
spacing between the images and the size of the object: for a
1 A 3D resolution, the maximum object that can be recon-
structed (using say 100 images) is ~3 nm.' Such an ap-
proach was undertaken by Bar Sadan et al.>® using AC-TEM,
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studying the lattice arrangement in fullerene-like metal
oxide nanoparticles. Despite the limited tilt range used
(ca. +£30°), a square arrangement of atoms at the nanopar-
ticle apex was revealed, which had been predicted by theory
but not seen previously. However, the overall 3D resolution
was not sufficient to see the full atomic arrangement in all
three dimensions.

By increasing the convergence angle in an AC-STEM, the
lateral probe size is kept at or below 1 A in size, allowing
clear imaging of individual atomic columns, but the depth of
field, which varies as the inverse square of the convergence
angle, can be reduced to just a few nanometers. Depth-
sensitive experiments are then possible, in which the beam
is focused progressively through the sample thickness, ac-
quiring images sequentially in a fashion akin to confocal
microscopy. This has proven to be a powerful method to
highlight the position of individual dopant atoms within a
matrix,3*3> but to date has not demonstrated 3D atomic
resolution in the true sense. One may speculate whether,
with a suitable adjustment of the lens aberrations, it may be
possible to sacrifice lateral resolution to improve depth
resolution, yielding a more isotropic 3D resolution. True
confocal STEM can be achieved by imaging the probe
through an aperture in the image plane. Howevet, to retain
atomic resolution requires a double aberration-corrected
microscope, with correction of the probe-forming lens and
the imaging system, to enable an atomic resolution image of
the electron beam to be formed in the confocal aperture.>®

Alternatively, using high-resolution HAADF-STEM images
in particular, it may be possible to quantify directly the image
intensity and estimate the number of atoms in each atomic
column. Such an “atom counting” approach was used to
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FIGURE 10. (a) HAADF-STEM image of an Ag nanocrystal embedded in an Al matrix. (b) Discrete quantification of the image intensities of the
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FIGURE 11. Combined ET reconstructions of a carbon nanotube at
different instants in time, revealing an oscillatory motion indicated by
the white arrows.'® The field of view is ~1000 nm.

construct 3D atomic pictures of Au nanoclusters from single
HAADF images and by comparison with model geometry.3”
More recently van Aert et al.?® used HAADF-STEM images of
an Ag nanocrystal encapsulated within an Al matrix to
reconstruct the 3D atomic structure of the nanocrystal
(Figure 10). In their approach, the projected intensity of each
atomic column was quantified using a best fit statistical
method incorporating the discrete constraint (see section
4.1.1) that each column is composed only of a discrete
number of atoms (of the same species) and that the 3D
lattice is periodic.

While in this case the periodicity constraint is justified, the
Ag nanocrystal is embedded within an Al matrix, in general,
finite atomic lattices are not necessarily periodic, with atoms
at the surface in particular undergoing relaxation or surface
reconstruction. This poses a far greater challenge, and
different constraints are needed to enable a high-fidelity
reconstruction. Moreover, the quantification of atom inten-
sities is only possible while the relationship between atom

counts and intensity is monotonic. For thicker samples and
heavier atom species, the effects of dynamical diffraction
(channeling) become stronger, and image interpretation
becomes far more complex.

4.3. Time-Resolved ET. Since many structures or chemi-
cal processes are transient in nature, the development of
time-resolved ET'° is of great significance. The essence of
the approach developed by Zewail and co-workers'' is,
using stroboscopic methods, to initiate structural changes
in the object of interest via laser controlled pulses and then to
capture images of the object at subsequent instants, using
precisely time-delayed electron pulses, in so-called “pump—
probe” experiments. By repetition of this process at different tilt
angles, ET reconstructions provide a time-resolved series of
tomograms, and in a recent proof-of-principle study,'® the
oscillatory motion of a multiwall carbon nanotube was visua-
lized in 3D (Figure 11). The potential impact of this method to
study similar systems is enormous, espedially if combined with
modem reconstruction algorithms, such as CS-ET, that can
greatly reduce the number of images needed in a tilt series.

5. Concluding Remarks

We highlight a few applications that, owing to recent ad-
vances, may now become amenable to study by ET. We also
speculate on future technique developments that may
further enhance the role played by ET in materials chemistry.

5.1. Future Nanochemical Investigations Amenable to
ET. 5.1.1. Biomineralization. Our knowledge of biomin-
erals such as CaCOs3, bioapatite, and silica has been largely
retrieved through the deployment of conventional scanning
electron microscopy at comparatively low spatial resolution.
However, Pouget et al., in a seminal study,® traced the initial
stages of template-controlled CaCO5 by cryo-TEM and, in so
doing, uncovered the occurrence of nanoscopic prenuclea-
tion clusters of the biominerals. It is likely that CS-ET will now
open up the feasibility of deeper structural studies of

Vol. 45, No. 10 = 2012 = 1782-1791 = ACCOUNTS OF CHEMICAL RESEARCH = 1789



Application of Electron Tomography to Materials Chemistry Leary et al.

biomineralization and cognate topics. And in view of the
recently disclosed “big bang” approach to ET,° which seems
best suited to ultrathin specimens of light elements, it may
be feasible to explore the early stages of prenucleation of
monolayers of proteinaceous material on very thin layers of
SiO, and CaCO:s. It is already known from earlier work in this
laboratory and elsewhere on magnetotactic bacteria* that
ET is an instructive technique for shedding light on the
disposition of minute (single) crystals of Fe304 surrounded
by its biological shroud.

5.1.2. Nanoparticle Inorganic Oxides as Substitute En-
zymes. It is remarkable that nanoparticles of magnetic
materials, such as magnetite (Fe30,4) and its congener Cos0y,
in the size range of 30 to 300 nm can exhibit intrinsic perox-
idase-like activity.***' Much work now needs to be done to
identify the precise crystal facets in these nanoparticles where
the greatest enzymatic activity is exhibited. It may also transpire
that microspheres of Cos0, will exhibit high enzyme-like
performance, just as they do in their role as ethanol sensors.*?

5.1.3. Dielectric and Energy Storage Properties of High-
Permittivity Metal Oxide Nanocomposites. It is recognized
that materials having high dielectric permittivity, high break-
down strength, low loss, and fast response will be essential
for future electrical and electronic applications. A full discus-
sion of the materials chemistry aspects of such applications
has been given recently by Lanagan, Ratner, Marks, and co-
workers.*3 Here, cores of BaTiO5 or ZrO- and thin (variable)
shells of Al,O3 are the key components. The nature of such
encapsulated materials could be further elucidated by the
application of ET in its various modes, as outlined in this
Account. In particular, the predise distribution and interfacial
propetties of the polyolefin that surrounds the Al,Os-encapsu-
lated nanoparticles could be retrieved at high spatial resolution.

5.2. Future Advances in ET Techniques. The ability to
incorporate prior knowledge into reconstruction algorithms
has enabled high-fidelity reconstructions to be made from
very limited data sets. Further work is needed to ensure that
the techniques are reliable and provide trustworthy, truly
quantitative results for every data set. But once a robust
methodology is in place, genuine “3D nanometrology”
(measurement with statistically meaningful errors) may be
realized. With both DT and CS-ET approaches providing
high-contrast reconstructions, fully automated segmenta-
tion routines may be possible in the near future. The advent
of aberration correction has led to routine sub-Angstrom
atomic resolution 2D imaging, but 3D atomic resolution in
the most general case is still elusive. Physical constraints,
regarding, for example, periodicity and atomicity, can be
1790 = ACCOUNTS OF CHEMICAL RESEARCH

1782-1791 = 2012 = Vol. 45, No. 10

combined with knowledge of the reconstruction (e.g., posi-
tivity, sparsity) to improve both the reconstruction fidelity
and resolution, and new, more flexible, algorithmic ap-
proaches need to be developed further. Modermn (S)TEMs
not only act as remarkably efficient microscopes yielding
structural information at the highest resolution but also, with
the availability of highly coherent electron sources, mono-
chromators, and sensitive spectrometers, yield spectro-
scopic information that provides a unique insight into the
3D chemical nature of many materials. Time-resolved stro-
boscopic imaging adds another dimension to what may be
achieved with a (STEM and, coupled with ET and novel
reconstruction algorithms, should provide a new under-
standing of many time-dependent physicochemical phe-
nomena with sub-nanometer 3D resolution. Lastly, the
availability of environmental cells and specialized specimen
holders could allow tomographic analysis of materials when
subject to high (or low) temperatures, a reactive gas, me-
chanical stress, or other stimuli. Combining such in situ
capabilities** with 3D imaging (possibly time-resolved)
would provide an extraordinary ensemble of tools that
would inevitably lead to a deeper understanding in many
fields of materials chemistry.
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