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Abstract

Small particles with face-centred cubic structures can have non-singlecrystallographic shapes. Here, an approach based on annular dark-field
scanning transmission electron microscopy (STEM) is used to obtain information about the crystal sub-units that make up supported and unsupported twinned Pt, Pt alloy and Au nanoparticles. The three-dimensional
shapes of two types of lamellar-twinned particles (LTPs) of Pt are obtained
using high-angle annular dark-field STEM. Possible growth mechanisms
of the LTPs and origins for the contrast features in the recorded images
are discussed.
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Introduction
Metal nanoparticles are often used as heterogeneous catalysts and in applications that include plasmonics and nonlinear optics [1,2]. An understanding of their structures is
important, both because their chemical, electronic and optical properties can be very different from those of bulk single
crystals, and for understanding their growth dynamics. For
example, single nanocrystals of silver are found to have better catalytic activity and reduced electron–phonon coupling
when compared with twinned nanocrystals [3].
The structures, shapes and growth mechanisms of metallic nanoparticles have been studied intensively both theoretically and experimentally [4,5]. Although the thermodynamically stable shape of a nanoparticle should correspond
to a Wulff construction, a nanoparticle with a small number
of atoms need not have a fixed structure at a given temperature, but may be fluctuating dynamically between different shapes [6]. The appearance of a single structure at
equilibrium may be indicative of a minimum in the total
free energy of the particle, with both surface and bulk energy terms included. A phase diagram derived for small gold
particles illustrates the fact that different crystal structures
can be stable for different particle sizes and temperatures
[6]. For gold particles of a given size, a change in the crystal

structure, from face-centered cubic (fcc) to decahedral and
icosahedral, occurs with increasing temperature. Decahedral
and icosahedral crystallites are normally considered to be
made up of tetrahedral fcc segments that are joined together
in a twinned arrangement. They are then referred to as ‘multiply twinned’ particles (MTPs). An MTP structure minimizes
bulk, surface and interface energies, whereas an fcc structure
minimizes just the energy of the bulk structure.
The effects of temperature and particle size, and the presence of adsorbates, have all been found to affect the equilibrium structures of small particles. For Ni, icosahedral structures are favoured slightly when the sizes of nanoparticles
are reduced [7]. For Ag and Pt, for which the formation
temperature is lower, decahedral and icosahedral structures
form [8,9]. Molecular dynamics (MD) simulations are used
widely as a tool for studying structural size effects, thermal
vibrations and melting [10,11]. Model atomic arrangements
can be ‘optimized energetically’ by allowing atoms to relax
in an appropriate self-consistent force field [12]. MD simulations have been used to predict icosahedral structures for
Cu nanoparticles with sizes of below 3.8 nm, while an fcc
structure is predicted above this size. A 3.8 nm Cu cluster
contains ∼2500 atoms, of which ∼30% are at its surface.
In practice, small Au nanoparticles can form many different
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Fig. 1. (a) BF and (b) ADF (∼40 mrad inner detector semi-angle) STEM images of an asymmetrically twinned Pt particle acquired at
100 kV. (d) HRTEM image and (e) diffractogram of a symmetrically twinned Pt3 Co particle acquired at 300 kV. (c and f) Inferred possible crystallographic models of the particles shown in (a) and (d), respectively, exhibiting 111- and 100-type facets.

types of twinned particles. These include (i) fcc structures
with various morphologies [cuboctahedra (CO), octahedra
(Oh), truncated octahedra (TO, TO6) and their twinned variants]; (ii) icosahedra (Ih) and capped-Ih (c-Ih) structures;
(iii) hexagonal-close-packed (hcp) structures and (iv) pentagonal decahedral (Dh) arrangements and their variants,
including Ino-Dh (i-Dh) and Marks-Dh (m-Dh), in which
re-entrant (111) facets are described using a modified Wulff
construction [13].
The characterization of twinned nanoparticles was first
carried out by studying double-diffraction spots using selected area electron diffraction in a 1000 kV electron
microscope [14]. STEM microdiffraction patterns were
subsequently used to provide evidence for the presence of
twinning in 5 nm Au crystals [15]. Many experimental studies have been carried out by applying high-energy electron diffraction (HEED) to freely floating nanometre-sized
nanoparticles, with the aim of identifying the presence of
different crystal structures [9,16,17]. However, it is difficult to separate signals from decahedra and icosahedra, and
freely floating particle structures may differ from those of
supported particles due to metal–support interactions [18].
The primary advantage of using transmission electron microscopy (TEM) over diffraction methods is that it is the
only technique that can be used to determine the crystalline
structures of individual small particles unambiguously. For
example, a particle that contains different crystals may
exhibit different diffraction contrast from each sub-unit.
Weak-beam dark-field imaging has been used to identify
icosahedral structures in Rh particles [19]. MTPs have also

been imaged in detail using high-resolution TEM (HRTEM)
[20–22]. The primary disadvantage of HRTEM is that it may
provide poor statistics resulting from small numbers of observations. Moreover, lattice fringes need not be related simply to crystal structures, and crystal-tilt-dependent image
features can be interpreted erroneously as ‘relaxations’ or
‘twinned’ regions.
Most studies of twinned particles have involved the examination of MTPs (i.e. decahedral and icosahedral particles). Here, we study both MTPs and nanoparticles that
can have a number of parallel twin boundaries and are
referred to as ‘lamellar-twinned’ particles (LTPs). Annular
dark-field (ADF) and high-angle (HAADF) scanning transmission electron microscopy (STEM) imaging and tomography are used to characterize both the structures and the
three-dimensional shapes of LTPs. Figure 1 shows examples
of images of an asymmetrical and a symmetrical LTP. We discuss the shapes, possible growth mechanisms and contrast
features of such particles.

Methods
Carbon-supported (Vulcan XC-72R) platinum (19.1 wt%)
was prepared using established techniques by impregnating
carbon black supports with aqueous hexachloroplatinic acid,
as described elsewhere [23]. The samples were further reduced in a N2 -rich atmosphere at 900◦ C. In part to reduce
the overall cost of the catalyst, alloys of Pt with other metals
are used frequently. Here, we study 40 wt% Pt3 Co on carbon
black, with a Pt:Co atomic ratio of 75:25. The structures of
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such particles can change as a function of alloy content and
annealing temperature. Three common structures are those
of ordered Pt3 Co and PtCo and disordered PtCo [24]. The
specimens were prepared as dry powders and spread on holey carbon copper grids. Au nanoparticles from colloid solutions, which had been air dried on holey carbon grids, were
also studied.
Experimental data were acquired using a Tecnai F20
Super-Twin field-emission gun (FEG) TEM operated in a
STEM mode at 200 kV, using camera lengths corresponding
to inner detector semi-angles of ∼40 mrad and ∼10 mrad.
1024 × 1024 pixel images were acquired using a singletilt tomography holder from Fischione Instruments, with a
maximum tilt range (limited by the microscope goniometer) of ± 80◦ . The three-dimensional shapes of the particles were obtained using HAADF STEM tomography [25].
The technique has been applied previously for the determination of the shapes of individual Pt nanoparticles [26].
Here, in order to use HAADF STEM tomography to measure
the shapes of Pt catalyst nanoparticles with sufficient spatial
resolution, magnifications of between 910 kx and 1.8 Mx
were used. Alignment and reconstruction of the datasets was
performed using the simultaneous iterative reconstruction
technique (SIRT) algorithm in Inspect3D software (15–20
iterations proved to be enough to reach convergence). Visualization of the final three-dimensional datasets was performed by using isosurface rendering in Amira V2.3 software.
Atomic-resolution images in TEM and STEM modes were
acquired using a Cs -corrected FEI Titan FEG TEM operated
at 300 kV and a Cs -corrected VG HB501 dedicated STEM operated at 100 kV. For the VG STEM, the probe convergence
semi-angle was 24 mrad. The inner detector semi-angle was
40 mrad for acquiring ADF images and >70 mrad for acquiring HAADF images.
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Fig. 2. (a) ADF images (∼10 mrad inner detector semi-angle at
200 kV) of (1) a single crystal; (2) a 5-fold MTP; (3) a symmetrically
twinned crystal and (4) an asymmetrically twinned crystal. (b) Four
ADF images of the MTP particle numbered (2) in (a) acquired at
different tilt angles. Different crystal domains appear bright or dark
depending on the diffracting condition. (c) High-resolution ADF image of a decahedral Au nanoparticle acquired using an inner detector semi-angle of ∼40 mrad at 300 kV.

Results and discussion
Structural characterization of twinned particles
using ADF STEM
High-tilt series of low-angle ADF STEM images were used to
characterize nanoparticle structures. A low collection semiangle (∼10 mrad) was used to enhance diffraction contrast. Images were typically acquired over tilt ranges of
± 50◦ , with a 1–4◦ tilt increment. By using this approach,
individual crystal domains in the nanoparticles could be detected and imaged rapidly with a high signal-to-noise ratio
and a large field of view. Figures 2 and 3 show selected images taken from tilt series of ADF STEM images of Pt and
Pt3 Co nanoparticles supported on carbon. The background
contrast from the carbon support is minimized in these images, when compared to using BF STEM imaging.
The images in the top row of Fig. 2 illustrate the
most common types of crystalline structures found in the
present experiments, corresponding to decahedral struc-

tures, single crystals with truncated octahedral morphologies and their symmetrically twin-faulted variants. Interestingly, images such as those in Fig. 2 show the three
structure types that are also determined theoretically for
1.4–3.0 nm Au nanoparticles via exhaustive searches and
energy-minimization methods compared with data from
synchrotron X-ray diffraction [27]. The middle row of
Fig. 2 shows four ADF images of the same 5-fold MTP acquired at different tilt angles, confirming the crystallite’s
∼5-fold symmetry and the presence of five distinct tetrahedral sub-units. Figure 3 shows a series of ADF STEM images
taken from two tilt series of Pt3 Co and Pt samples supported
on carbon. The top two rows show a 10 nm Pt3 Co particle
that contains two crystal domains of different size, referred
to as an asymmetrically twinned particle. The bottom row of
images shows variations in contrast in a Pt particle, which
may be either an MTP or an LTP. Although the collection
angle of the ADF detector used to acquire the top two rows
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Fig. 3. Top two rows: HAADF images of a Pt particle showing different contrast at different specimen tilt angles, acquired using an inner
detector semi-angle of ∼50 mrad at 200 kV. Bottom row: ADF images of a Pt3 Co particle acquired using an inner detector semi-angle
of ∼10 mrad at 200 kV.

of images was high (∼50 mrad), the contrast displays abrupt
changes for different orientations of the particle.
The majority of previous HRTEM structural observations
and MD simulations have involved the study of small particles that can have metastable structures, from which misleading conclusions about the equilibrium forms of larger
crystals may be drawn. The MTP-to-single-twin transition
has been reported to occur in Au in the 2–3 nm range [27].
Although no such studies have been performed for Pt or
Pt3 Co, significantly larger MTPs are seen frequently in the
present samples.

Three-dimensional shapes of LTPs
HAADF STEM tomography was used to determine the threedimensional shapes of symmetrically and asymmetrically
twinned crystals similar to those shown in Figs. 1 and
2. Figures 4 and 5 summarize results obtained from symmetrically twinned Pt and Pt3 Co particles using different approaches. The angles between the facets on the particles
measured from the three-dimensional reconstructions are
consistent with the modified Wulff model for twinned particles described by Marks [28]. The results also confirm that
the observed twins form on 111-type planes, and that the
particles have primarily 111-type surfaces. Although the resolution of the STEM tomographic reconstructions was not
sufficient to resolve possible re-entrant surfaces at twins,
HRTEM and STEM images such as those shown in Fig. 4c
and e confirm their presence.
Figure 6 illustrates the analysis of a twinned 20 nm
Pt particle. The three-dimensional shape of the particle
obtained using HAADF STEM tomography is a modified
cuboctahedron, in which the twins are parallel to a 111 facet

Fig. 4. (a) HAADF image taken from a tilt series of images of Pt
particles supported on carbon. (b) Isosurface visualization of a threedimensional reconstruction obtained from a tilt series of images such
as that shown in (a) optimized to fit the shape of the particle inside
the white circle. (c) Cs -corrected bright-field STEM image of a symmetrically twinned Pt3 Co particle obtained using a Cs -corrected VG
HB501 dedicated STEM operated at 100 kV. (d) Three-dimensional
shape of the particle shown in (c) obtained from an HAADF tomographic series of 70 images (−72◦ to +65◦ ; 1◦ step) acquired using
an inner detector semi-angle of ∼40 mrad at 200 kV. (e) HAADF
image of the Pt3 Co particle shown in (c). (f) Inferred possible crystallographic details of the twinned particle shown in (c) and (e).

(Fig. 6c and e). The measured angles between the facets and
the edges of the particle, both in the tomographic reconstruction and in the original tilt series of HAADF images,
were used to assign the indices of the faces on the particle
that are marked in Fig. 6f.
For twinned particles, it is necessary to distinguish between thermodynamic growth (resulting in decahedral and
icosahedral particles) and kinetic growth (resulting in singly
and lamellar-twinned particles). The coalescence of particles
can also lead to the formation of twin boundaries, as shown
in Fig. 7d. While MTPs are metastable structures for smaller
particles, it has been reported that lamellar twinning is preferred strongly in larger particles, even though the energy
cost is expected to be zero or slightly positive, as a result
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Fig. 5. Orthogonal sectioning of the tomographic reconstruction of
the twinned Pt3 Co particle shown in Fig. 4d and corresponding inferred possible crystallographic models.

of the presence of residual stresses accumulated during
growth (i.e. they may be ‘annealing twins’) [29]. Vogel et al.
showed that MTPs with 5-fold symmetries (decahedra and
icosahedra) disappear progressively with increasing particle
size and are replaced by singly twinned fcc particles [30].
Such structural changes result from a competition between
surface and bulk energies, with the effects of temperature
making twins move or disappear [31]. Interestingly, asymmetrically twinned particles (e.g. particle 4 in Fig. 2) are also
observed, suggesting that kinetic effects are involved in their
growth.
In general, the effect of temperature and adsorbates on the
shapes of supported metal particles can stabilize one or more
crystal planes. Supported metal particles that have been subjected to severe heat treatments (e.g. particles that have been
exposed to ageing in real vehicle exhausts) can grow abnormally as a result of kinetic factors. For example, in Pt samples
that have been heated in oxygen at 800◦ C, large plateletlike particles that contain twin planes can form. In this case,
the primary growth site is the twin re-entrant edge, which

171

Fig. 6. (a) ADF STEM image of the Pt particle shown in (b) acquired at high magnification using an inner detector semi-angle of
∼10 mrad. Bright lines across the particle arise from lamellar twinning. (b) HAADF STEM image of Pt particles acquired at 200 kV
taken from a series of images acquired using a tilt range of ± 70◦
with a tilt increment of 2◦ , at a magnification of 1.3 Mx, using
an inner detector semi-angle of ∼40 mrad. (c and e) Two different
views of the three-dimensional reconstruction of the particle shown
in (a) determined using HAADF STEM tomography. (d and e) Corresponding views of the inferred modified Wulff construction. The
inset between images (c)–(f) shows that a section taken through the
reconstruction at the position of the twin is approximately hexagonal in shape.

provides a preferential nucleation site for incoming atoms.
The particles that are studied here were subjected to heat
treatments, and can therefore be classified as fast-growing
particles according to the terminology of Harris [5]. Their
growth constitutes a major cause of catalyst surface area
loss. Such particles are more common in samples that were
heated in the presence of oxygen, with the twin plane reentrant edges then being the most likely growth sites. The
presence of parallel twins in a cubic crystal may result in the
formation of surface grooves that provide preferential nucleation sites for incoming atoms. Accelerated growth may
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Fig. 7. (a) Atomic structure at a 111-type twin boundary marked in the Au particle shown in (c). (b and c) ADF STEM (∼40 mrad inner
detector semi-angle) and HRTEM images of the same lamellar-twinned Au particle. In (c), strong delocalized diffraction contrast confirms the
presence of multiple grains that each have a thickness of a few atomic layers. (d) Atomic-resolution HAADF STEM (∼70 mrad inner detector
semi-angle) image showing two Pt particles in slightly different orientations that have coalesced. (e) HRTEM image of a rounded Au particle
exhibiting lamellar twinning. The diffractogram contains streaks as a result of the presence of the lamellar twins.

then occur in a direction parallel to the twins, resulting in
the formation of large platelet-like particles.
Figures 7a–c show examples of images of rapidly grown
platelet-like particles of Au, which contain parallel twins
that each have a thickness of a few atomic layers, as previously reported for Ag [22]. It has been suggested that
alloying may reduce some of the problems that result from
abnormally rapid growth if the alloy increases the twin
boundary energy at the grooves. However, our results show
that twinned particles, and in particular LTPs, are found
more frequently in Pt3 Co than in pure Pt, suggesting either
that Pt3 Co has a lower twin boundary energy than Pt or that
the particles form from MTPs.

Contrast features in ADF images of twinned
particles
The origin of the contrast observed in lamellar-twinned Pt
and Pt alloy nanoparticles such as that shown in Fig. 3 is now
discussed. Examples of similar contrast features are also visible in HRTEM and HAADF images of Au particles. Many of
the particles show abrupt changes in contrast at boundaries
between adjacent grains, which may result from diffraction

effects related to particle orientation or from strain resulting from imperfection of the crystal structures at the boundaries. The suggestion that MTPs are made up of inhomogeneously strained single crystal units [32] has recently been
confirmed experimentally for Au nanoparticles by using geometrical phase analysis [21]. The HRTEM image of a Au
LTP shown in Fig. 7e contains complicated contrast that originates from a combination of Moiré fringes (see also Fig. 2c)
and defects. The presence of Moiré fringes does not alone
provide evidence that inhomogeneous strains are not also
present in LTPs [20]. High-order grain boundaries and twins
do not in general correspond to absolute minima in energy,
and may be associated with distortions of atomic planes close
to the boundaries [33]. Indeed, the stability and migration of
grain boundaries (twins) in Au particles [34] and lattice distortions and shear moduli at coherent twin boundaries [35]
have both been discussed. While high-order grain boundaries may be ejected after irradiation with a high-energy
electron beam, coherent twin boundaries similar to those reported in this paper appear to be more stable.
ADF contrast usually depends on a combination of specimen thickness, composition, orientation and detector inner angle. The presence of thermal diffuse scattering (TDS)
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and multiple scattering makes the quantitative interpretation of the contrast difficult. Resonant phonon modes can
occur close to twin boundaries and enhance TDS [33], and
localized static strain can give rise to ADF contrast similar to
that arising from variations in composition or thickness. Indeed, Perovic et al. [36] showed that ADF images of B-doped
silicon can exhibit opposite contrast to that expected as a result of scattering from displaced atoms surrounding impurity
atoms. Figure 6a shows an ADF STEM image of a Pt particle acquired using an inner detector collection angle of ∼10
mrad in order to enhance diffraction contrast. This particle
is asymmetrically twinned and crossed by three bright lines
that may be parallel twins. Interestingly, the edge of the Pt
particle is also bright, possibly as a result of strain resulting
from a surface contraction measured experimentally for Pt
nanoparticles [37]. As the particle is pure Pt, such variations
in contrast are unlikely to be associated with compositional
variations.
Elastic contrast can be preserved in HAADF images as a
result of channelling along planar or axial directions in crystals. Unless the annular HAADF detector has a large inner
acceptance angle (>40 mrad), it will collect a significant proportion of coherent (Bragg) scattering. For example, grain
boundary dislocations may exhibit complicated contrast, going from dark at the entrance surface of the specimen to
oscillatory and finally to bright at the exit surface [38].
Similarly, contrast at twin planes in LTPs of fcc crystals can
be understood with reference to the Ewald sphere. 111-type
twins in fcc crystals are stacking faults, as shown in Fig. 7a,
and separate grains contain a common reflection. A perfect
boundary will define a thin platelet with an hcp structure,
i.e. a planar fault. In the reciprocal lattice, this fault will result in an elongated relrod perpendicular to the hcp platelet,
which is excited when the particle is tilted.
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asymmetrically twinned particles, which contain 111 twin
planes, have been measured using HAADF STEM tomography. Although the spatial resolution of HAADF STEM tomography does not allow re-entrant grooves to be imaged
in three dimensions, their presence can be confirmed using
HRTEM. Contrast features in HAADF and ADF STEM images
of LTPs may originate in part from strain and diffraction contrast that is preserved even when a large detector collection
semi-angle is used. Future studies would benefit from the
combined use of HAADF STEM tomography with geometrical phase analysis and detailed simulations of contrast in
HAADF and ADF STEM images.
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