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Transmission electron microscopy (TEM) acts as the
scientist�s “electronic eyes” as it not only reveals the
morphology, but also provides structural, chemical, and
electronic information on nanomaterials at the atomic level.
This information provides a dramatic driving force for the
development of nanoscience and nanotechnology.[1–9] TEM
and high-resolution TEM, however, generate only two-
dimensional (2D) projections through a three-dimensional
(3D) structure, as shown in Figure 1a. Information about the
real 3D structure—such as the exposure surface, internal
structure, surface defects, and 3D shape of a gold nanoparticle

(Au NP; see Figure 1b)—is missing from a 2D TEM image. It
is therefore crucial to obtain the 3D structures, and several
indirect methods have been applied, such as the combination
of two or more TEM images[5, 10] and the serial sectioning of
the sample by microtomy[11] accompanied by simulations for
reconstructing the structures and shapes of NPs and nanorods.

Besides the aforementioned methods, electron tomogra-
phy (ET) is a general and effective approach to reconstruct
the 3D structures of nano-objects from a tilt series of 2D
images.[12–16] Already in 1968, efforts were primarily made to
“retrieve” 3D information from 2D TEM projections, but it
mainly remained limited to the field of structural biology.[17,18]

Its wide popularity as a key aid for the 3D study of
morphologies, spatially discriminating chemical compositions,
and defect properties of nanostructured materials in other
fields (e.g., structural and energy materials) started about
a decade ago by the use of scanning transmission electron
microscopy (STEM) and TEM. Before 2011 the best reso-
lution in three dimensions was roughly 1 nm,[12] although with
spherical-aberration-corrected TEM resolution as low as
0.5 �[19] is possible for several reasons. First, it is difficult to
align the projections of a tomography tilt series to a common
axis with atomic-level precision. Second, the tilt range is
usually from + 758 to �758, which leads to a “missing wedge”
of information that caused an elongation of the reconstruc-
tion point-spread function. Last, the damage from the
electron beam limits the number of projections that can be
acquired from a nano-object.[12, 13, 20] Therefore, the 3D
representation of real crystal structures, including disloca-
tions, stacking faults interfaces, and grain boundaries, remains
a challenge .

Recently, significant progress has driven the resolution in
three dimensions to the atomic level.[20–23] One approach
consists of quantifying the projected intensity of each atomic
column by using a best-fit statistical method incorporating the
discrete constraint (named discrete tomography (DT));[21] this
was the first method showing real 3D tomography with atomic
resolution and is very useful for reconstructing the fine 3D
structures of small NPs. The DT method assumes prior
knowledge of the NP�s lattice structure and requires that the
atoms fit rigidly on that lattice. Another method combines
a center-of-mass (CM) alignment approach and equally
sloped tomography (EST) reconstruction method with annu-
lar dark-field STEM (ADF-STEM); in this way, the 3D
structures of an approximately 10 nm Au NP have been

Figure 1. a) Representation of a 2D projection of a 3D gold NP by
TEM; b) atomic structure, 3D shape, and surface defect of a gold NP
in different orientations.

[*] Dr. B. Zhang, Prof. Dr. D. S. Su
Shenyang National Laboratory for Materials Science
Institute of Metal Research
Chinese Academy of Sciences
72 Wenhua Road, Shenyang 110016 (China)
E-mail: dangsheng@fhi-berlin.mpg.de

[**] We gratefully acknowledge the financial support provided by the
IMR SYNL-T.S. KÞ Research Fellowship, the National Natural
Science Foundation of China (nos. 21203215, 21133010), MOST
(2011CBA00504), and the China Postdoctoral Science Foundation
(2012M520652).

.Angewandte
Highlights

8504 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 8504 – 8506



determined at 2.4 � resolution.[20] Although the lattice and
some individual atoms are visible in the reconstruction, the
ET method cannot reveal all of the atoms inside the NP
because of dynamic scattering effects, the “missing-wedge”
problem, and Poisson noise in the tilt series. Subsequently, in
a recent paper published in Nature,[24] Chen et al. overcome
these obstacles by combining 3D Fourier filtering together
with EST tomography in high-angle ADF STEM (HAADF-
STEM) mode. The breakthrough lies, for the first time, in the
ability to observe nearly all atoms in a roughly 10 nm multiply
twinned platinum NP, achieving atomic steps at 3D twin
boundaries and imaging the 3D core structure of edge and
screw dislocations at atomic resolution. This data give solid
support for the existence of the classical 3D block models of
crystal defects presented in materials-science lectures, publi-
cations, and textbooks.

The EST-based ET in combination with CM alignment
and 3D Fourier filtering represents a general method for 3D
atomic-resolution imaging of the local structure in NPs.[24]

Because of the low signal-to-noise ratio (SNR) in the EST
reconstruction, 3D dislocations within the NP cannot be
identified at atomic resolution. The proposed 3D Fourier
filtering method can identify all the measureable 3D Bragg
peaks and the 3D distribution around each peak. With this
method nearly all the atoms are visible in a slice of the NP in
the xy plane.

In Figure 2 the grain boundaries in a 2D experimental
projection and in a reconstructed Pt NP composed of 2.6 �
thick internal slices. The NP is multiply twinned with flat twin
boundaries (Figure 2a). The atomic steps at the twin boun-
daries (Figure 2b,c) are hidden in the projection (Figure 2 a)
and vary in consecutive atomic layers (Figure 2 c–e). A
stacking fault can be also observed at a twin boundary.
Except for the aforementioned structures, the 3D core
structure of edge and screw dislocations (see Figure 4 in
Ref. [24]) at atomic resolution in the Pt NP can be deduced by
applying these approaches, whereas it is not visible in
a conventional 2D projection. Considering the location of
the screw dislocation inside the Pt NP, the twin boundaries are
not flat. The dislocations associated with the atomic steps at
the boundaries account for the strain relaxation.[24]

Identifying the real atomic structure is crucial for the
development of nanomaterials.[25–27] The new imaging tech-
nology is a milestone for the structure analysis of nano-
materials in three dimensions at the atomic level, and may
have widespread applications in materials science and nano-
science. For instance, it could become a powerful tool for
characterizing surface and internal structures of catalysts in
order to establish synthesis–structure–property relationships.
With the new development of 3D ET in the future, the
electron energy loss spectrum (EELS) may be acquired
synchronously. Thus, the 3D electronic structure information
of both surface and bulk can also be reconstructed (e.g.,
bonds, valence state, and composition, as shown in Figure 3).
Furthermore, it could be a powerful technique for exploring
the “black box” of nanomaterials (e.g., solid catalysts and
energy-conversion and energy-storage materials) under
working conditions at the atomic and electronic level. This
would enable us to design and fabricate nanomaterials with

new structures and desired properties at an unprecedented
level.
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Figure 2. Comparison of grain boundaries in a 2D experimental
projection and in a Pt NP reconstructed from several 2.6 � thick
internal slices. a) Experimental projection in the xy plane suggesting
that this is a decahedral multiply twinned NP and that the twin
boundaries (red lines) are flat. Blue lines show two subgrain bounda-
ries. To enhance the image contrast, a 2D Fourier filter was applied to
the projection. b) A 2.6 � thick internal slice indicating the existence of
atomic steps at the twin boundaries (red lines). The subgrain
boundaries (blue lines) are two lattice spacings wider than those in
(a). c) Enlarged view of a twin boundary in (b). d,e) A 2.6 � thick slice
above and below the slice of (c), revealing that the atomic steps vary
in consecutive atomic layers. f) Enlarged view of a stacking fault in the
2.6 � thick internal slice, which is in good agreement with the classical
model for a face-centered-cubic extrinsic stacking fault (inset). Reprint-
ed with permission from Ref. [24].

Figure 3. Illustration of ET combined with EELS in the scanning
transmission electron microscope, which can be used to probe the 3D
crystal and electronic structure of a nano-object. GIF= Gatan Imaging
Filter.
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