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Abstract: Chemical and physical properties of nanoparticles (NPs) are strongly influenced not only
by the crystal structure of the respective material, including crystal structure defects but also by the
NP size and shape. Contemporary transmission electron microscopy (TEM) can describe all these
NP characteristics, however typically with a different statistical relevance. While the size and shape
of NPs are frequently determined on a large ensemble of NPs and thus with good statistics, the
characteristics on the atomic scale are usually quantified for a small number of individual NPs and
thus with low statistical relevance. In this contribution, we present a TEM-based characterization
technique, which can determine relevant characteristics of NPs in a scale-bridging way—from the
crystal structure and crystal structure defects up to the NP size and morphology—with sufficient
statistical relevance. This technique is based on a correlative multi-scale TEM approach that combines
information on atomic scale obtained from the high-resolution imaging with the results of the low-
resolution imaging assisted by a semi-automatic segmentation routine. The capability of the technique
is illustrated in several examples, including Au NPs with different shapes, Au nanorods with different
facet configurations, and multi-core iron oxide nanoparticles with a hierarchical structure.

Keywords: transmission electron microscopy; crystal structure defects; semi-automatic image segmenta-
tion; kernel density estimator; gold nanoparticles; gold nanorods; multi-core iron oxide nanoparticles

1. Introduction

Nanoparticles (NPs) with a size between 1 nm and 100 nm possess a huge potential
for applications in various technological fields, e.g., in electronics and optoelectronics [1,2],
in catalysis [3,4] or in biomedicine [5,6]. Their unique properties, such as the localized
surface plasmon resonance (LSPR) in noble metal NPs [7], the superparamagnetism in metal
alloy and metal oxide NPs [8], or the quantum confinement in semiconductor quantum
dots [9], are facilitated by the small size of the NPs, as these properties are not observed
in the bulk counterparts of the same material. The chemical and physical properties of
NPs are basically controlled by their chemical composition [10] and crystal structure [11],
and influenced by the presence of crystal structure defects [12] like in bulk materials.
Additionally, the properties of NPs are strongly affected by their size [13], shape [14], and
surface morphology [15]. In recent decades, great efforts have been made to develop reliable
procedures for production of NPs with specific structure and microstructure characteristics
and thus with desired and well-defined materials properties [3,8,10,12,15–31].

In order to be able to correlate the physical and chemical properties of NPs with their
structure and microstructure characteristics reliably, scale-bridging approaches for structure
analysis must be developed that allow the structure and microstructure of NPs to be quan-
tified in-depth on different length scales and with sufficient statistical relevance. Integral
methods, such as UV-Vis spectroscopy [32], dynamic light scattering [33], small-angle X-ray
scattering, and wide-angle X-ray diffraction [34], have been proven to be powerful tools
enabling statistically relevant studies of morphological and structural characteristics of
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different kinds of NPs. However, the information, which is obtained using these integral
methods, is a priori averaged over the whole ensemble of the NPs under study. Thus,
the morphological and structural characteristics cannot be assigned to individual NPs.
Frequently, the integral techniques do not yield even the distribution function for the
respective characteristic, which tremendously complicates the determination of correlations
between two or more characteristics or properties.

The characterization of individual NPs is only possible using experimental tech-
niques that have a sufficient lateral resolution. In this context, the combination of three-
dimensional X-ray micro- or nanotomography with two-dimensional scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy has been shown to be a
suitable approach for the characterization of particles with a size ranging between several
hundreds of micrometers and approximately one micrometer [35–37]. NPs with a size
below 100 nm, however, can be investigated in sufficient depth by atomic force microscopy
(AFM) and/or transmission electron microscopy (TEM) [38]. In literature, several reviews
summarizing the techniques that are used to unveil NP morphology and to characterize
the surface of nanomaterials can be found, see, e.g., Refs. [39,40].

TEM, in particular in conjunction with high-resolution imaging (HRTEM), offers an
excellent lateral resolution. However, it suffers from a typically low statistical reliability,
which is caused by a limited number of the NPs under study. This contribution illustrates
the capability of a TEM-based correlative multi-scale approach that can determine the
relevant characteristics of NPs on atomic and sub-micrometer scales in a sufficiently detailed
and statistically relevant manner. The information on the atomic scale is obtained from
the HRTEM images and their fast Fourier transform (FFT) and geometric phase analysis
(GPA) [41,42]. The information on the sub-micrometer scale is obtained from a semi-
automatic segmentation and statistical evaluation of low-resolution TEM images that were
recorded by a high-angle annular dark-field detector. The applicability of the correlative
multi-scale approach is demonstrated in various examples: in the classification of the Au
NPs with different morphology, in the statistical determination of the facet configurations
in Au nanorods (NRs), and in the determination of the hierarchical structure of multi-core
iron oxide nanoflowers (IONFs).

2. Materials and Methods
2.1. Nanoparticle Synthesis

The Au nanoparticles (Au NPs) were synthesized by adding an aqueous solution
containing trisodium citrate and tannic acid to an aqueous solution containing hydro-
gen tetrachloroaurate(III) trihydrate. The synthesis route was described in detail in
Refs. [16,22,43,44]. The temperature of the synthesis was 60 °C. The Au nanorods (Au
NRs) were synthesized using the procedure invented by Ye et al. [24]. The seed solution
was prepared by mixing HAuCl4 with cetyltrimethylammonium bromide (CTAB) solution.
Freshly prepared NaBH4 was injected into the Au(III)-CTAB solution under stirring. The
growth solution was prepared by dissolving cetyltrimethylammonium chloride (CTAC)
and sodium oleate (NaOL) in warm water (∼50 °C). After cooling down to 30 °C, a AgNO3
solution was added. After 150 min of stirring, HCl was introduced. After another 15 min of
stirring, ascorbic acid was added, and the solution was continuously stirred. Finally, the
seed solution was injected into the growth solution, and the resultant mixture was stirred
for 30 s and left at 30 °C for 12 h. The as-synthesized Au NRs were separated by centrifuga-
tion and then transferred to deionized water. In a final step, the Au NRs stabilized with
11-mercaptoundecanoic acid were obtained by ligand exchange. Further details on the syn-
thesis of the Au NRs can be found in Refs. [24,43,45]. The multi-core iron oxide nanoflowers
(IONFs) investigated in this study were commercially available dextran-coated maghemite
nanoparticles (synomag-D, micromod Partikeltechnologie GmbH, Rostock, Germany) [46],
which were synthesized by a polyol method adapted from Lartigue et al. [47]. Details on
the synthesis of the IONFs can be found in Ref. [27].
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2.2. Nanoparticle Characterization

For the scale-bridging analysis of the crystal structure and morphology of the NPs,
a combination of high-resolution transmission electron microscopy (HRTEM) and ‘low-
resolution’ high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) was utilized. The HRTEM images revealed information about the size and
shape of individual NPs that was complemented by the crystallographic orientations of
the NP facets, by the kind of the crystal structure defects, and by the related local displace-
ment fields, which were obtained from the fast Fourier transform (FFT/HRTEM) and the
geometric phase analysis (GPA) [41,42] of the HRTEM micrographs. The HAADF-STEM
images were processed by a semi-automatic segmentation routine [43] in order to obtain
statistically relevant information about the distribution of the NP size and shape, which
was correlated with the corresponding characteristics determined using HRTEM. As the
STEM images were recorded by a HAADF detector, they contained three-dimensional
information about the particle shape.

The semi-automatic segmentation routine [43] uses the intensities registered by the
HAADF detector in the STEM mode. For the identification and separation of individual
NPs, the contrast and brightness of the HAADF-STEM images were adjusted so that
the intensities filled the 16-bit integer range (0–65,535). In the next step, the noise was
reduced by convoluting the adjusted intensities with a two-dimensional Gauss function.
Subsequently, the pre-processed images were binarized (1/0) in order to distinguish the
NPs from the TEM sample holder and morphologically smoothed using a disk-shaped
element with a radius of 3 pixels as an opening operator [48]. Finally, the watershed
segmentation algorithm [49] was applied in order to distinguish neighboring NCs being in
contact with each other. The result of the segmentation routine was inspected, and critical
regions of the image were segmented manually.

All TEM experiments were carried out in a transmission electron microscope (JEM
2200FS from JEOL Ltd., Akishima, Tokio, Japan), which was equipped with a field emis-
sion gun operating at 200 kV, with a CESCOR probe aberration corrector (CEOS GmbH,
Heidelberg, Germany), with an ultra-high-resolution objective lens (CS = 0.5 mm), with an
in-column energy filter (Ω-filter), and with a 2 K × 2 K CCD camera (Gatan, Inc., Pleasan-
ton, CA, USA). The Ω-filter was used to filter inelastically scattered electrons and thus to
improve the quality of the HRTEM images. The HAADF-STEM images were recorded in
scanning mode by an upper HAADF detector (EM-24630 UHADF, JEOL Ltd., Akishima,
Tokio, Japan). For the TEM analyses, the NPs were suspended in a suitable solvent and
sprayed on a standard copper TEM grid that was covered with an amorphous carbon film.

3. Results and Discussion
3.1. Classification of Au Nanoplates and Multiply Twinned Au Nanoparticles

The Au NPs possess exceptional optical properties, which are caused by the localized
surface plasmon resonance (LSPR) effect [50,51]. The LSPR effect is a result of the collective
resonant oscillations of conduction electrons, which are excited by the electromagnetic field
of the incident light [7,52]. An important consequence of the LSPR effect is the appearance
of optical extinction at a specific frequency that depends mainly on the size [53] and
shape [54] of the Au NPs, and that is affected by the kind and density of the crystal structure
defects [12]. The Au NPs can grow as small faceted single crystals with truncated octahedral
(TOh) shape [21], as multiply twinned particles (MTPs) [55] with either icosahedral (Ih)
or decahedral (Dh) shape, or as nanoplates (NPLs) [17]. The Au NPs typically contain
planar defects that are mainly stacking faults (SFs) and twins (TWs). The shape of Au NPs
depends usually on the conditions of the Au NP synthesis [21]. However, as the transition
between the individual types of Au NPs is smooth, Au NPs with different properties can
occur within the same sample [25]. Therefore, an experimental technique for statistically
reliable classification of the Au NPs is required, in particular if the structural characteristics
of the NPs are to be correlated with their properties. This section illustrates how the NP
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shape can be correlated with the kind of crystal structure defects and how the combination
of HRTEM and HAADF-STEM improves the statistical quality of the Au NP classification.

HRTEM images of individual Au NPs (Figure 1) reveal a coexistence of NPLs and
MTPs. While NPLs appear as truncated triangles (upper panels in Figure 1a,b) with almost
perfect crystal structure, MTPs look like disks with a high density of planar defects (upper
panels in Figure 1c,d). According to FFT/HRTEM (lower panels in Figure 1a,b), almost
all Au NPLs possess a ⟨111⟩ orientation along the direction of the primary electron beam.
The truncated triangles are terminated by the lattice planes ⟨211⟩. The diffraction spots
highlighted by dotted circles that resemble the reflections 1

3{422} are produced by the
stacking faults that are located on the lattice planes {111}, which are perpendicular to the
direction of the primary electron beam. Such SFs are not visible directly in the HRTEM
images, but they produce truncation rods {111}, which intersect the Ewald sphere at the
reciprocal space vector with a size of

|⃗qxy{111}| = 2π/d111 · sin φ = 2π
√

3/a · sin φ, (1)

where d111 = a/
√

3 is the interplanar spacing of the lattice planes {111}, a = 4.078Å the
lattice parameter of Au and φ = 70.53◦ or 109.47◦ the angle between the faulted lattice
planes (111) and the crystallographically equivalent lattice planes {111}. As sin φ ≈

√
8/3

for both φ angles, the qxy positions of the truncation rods 1̄11, 11̄1, 111̄, 1̄1̄1, 11̄1̄ and 1̄11̄ are
almost equal to one third of the qxy positions of the reciprocal lattice points 4̄22, 24̄2, 224̄,
2̄2̄4, 42̄2̄ and 2̄42̄, i.e.,

|⃗qxy{422}|/3 = 2π/(3d422) = 2π
√

3/a ·
√

8/3. (2)

Figure 1. HRTEM images (upper panels) of typical Au NPs and their fast Fourier transforms (FFTs,
bottom panels). The schematic shapes of the NPs are depicted between the panels. (a) Au nanoplates
(NPLs) with triangular projected shape, (b) Au NPLs with hexagonal projected shape, (c) multiply
twinned particles (MTPs) with decahedral (Dh) shape and (d) MTPs with icosahedral (Ih) shape.
Adopted from [43].

In the HRTEM images of multiply twinned particles (Figure 1c,d), the stacking faults
are visible directly because the normal directions to the faulted lattice planes are not
perpendicular to the diffraction vector. The projected form of the particles appears almost
circular for both MTPs classes, i.e., for Dh-shaped (Figure 1c) and Ih-shaped (Figure 1d)
MTPs. Still, these particle shapes can be distinguished by means of FFT/HRTEM. The
FFT/HRTEM of the Dh MTPs shows a pattern with a ‘five-fold symmetry’ consisting of
ten 111 diffraction spots (marked by solid circles in Figure 1c) and ten 200 diffraction
spots (marked by solid boxes in Figure 1c) that have approximately equidistant azimuthal
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positions. The FFT/HRTEM patterns of the Ih MTPs contain additional diffraction spots
(marked by dashed circles in Figure 1d), which are caused by the Moiré pattern effect [56].

As illustrated above, several kinds of Au NPs, e.g., ‘flat triangular’ NPLs with different
degrees of truncation and ‘spherical’ MTPs with Dh or Ih shapes, can be differentiated using
HRTEM imaging. Using FFT/HRTEM, the NP edges can be assigned to the crystallographic
directions, and the NP shape can be correlated with the kind and orientation of the planar
defects [18,43]. However, these techniques operating on the atomic scale are not suitable
to reveal statistically relevant information about the individual NP fractions. Therefore,
for statistical reasons, HRTEM was combined with a ‘low-magnification’ HAADF-STEM
imaging, which is indeed not able to visualize the crystal structure defects directly, i.e.,
on the atomic scale, but it can recognize different NPs according to their projected shape.
Furthermore, as the HAADF-STEM signal stems from the Rutherford scattering of the
primary beam electrons on the atomic nuclei within the sample, the HAADF-STEM intensity
measured on Au NPs depends mainly on the NP thickness [57]. As the Au NPs contain only
a single element, the dependence of the HAADF-STEM intensity on the atomic number
does not play any role. Consequently, the HAADF-STEM signal from Au NPs can be used
to determine their 3D form.

The information about the NP thickness and especially the information about the
thickness variation within individual NPs can help to classify the Au NPs into the ‘flat
triangular’ NPLs and ‘spherical’ MTPs. For a quantitative classification of the NPs, the
relative variance of the HAADF-STEM intensity within individual NPs (Figure 2a) was
used:

Ĩ =
σI
µI

(3)

The mean HAADF-STEM intensity,

µI =
1
N

N

∑
i=1

IHAADF
i , (4)

and its variance,

σI =

√√√√ 1
N − 1

N

∑
i=1

(IHAADF
i − µI)2, (5)

were calculated from the HAADF-STEM intensity values (IHAADF
i ) that were measured

within individual NPs. N in Equations (4) and (5) denotes the number of pixels within the
respective NP.

To improve the reliability of the classification procedure, Ĩ from Equation (3) was
correlated with the area-equivalent diameter of the respective NP that was calculated from
the projected area A:

dA =

√
4A
π

, (6)

The area itself was determined from the number of pixels that were assigned to the re-
spective NP. In Figure 2b, the correlation between Ĩ and dA is visualized using a bivariate
density estimator [58]

f̂H(dA, Ĩ) =
1

NtotalhdA h Ĩ

Ntotal

∑
j=1

K

(
dA − dA,j

hdA

,
Ĩ − Ĩj

h Ĩ

)
(7)

that are based on the Gaussian kernel functions K. Ntotal is the total number of NPs, hdA
and h Ĩ are the bandwidths of the kernel function that were determined according to Scott’s
rule [59], and dA,j and Ĩj are the characteristics of the jth NP.
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Figure 2. (a) HAADF-STEM intensity distribution measured for Au NPLs (particles with almost
constant intensity) and MTPs (particles with a strong intensity variation). (b) Correlation between
the area-equivalent diameter (dA, Equation (6)) and the variation of the HAADF-STEM intensity ( Ĩ,
Equation (3)) as obtained for an ensemble of approx. 2700 Au NPs. The colors represent the values of
the bivariate kernel density estimator f̂H(dA, Ĩ) from Equation (7). Red circles and triangles mark the
positions of the MTPs and NPLs depicted in the panel (a). The white dashed lines are the isolines of a
sum of two 2D Gaussian functions that were fitted to f̂H(dA, Ĩ). The red line marks the transition
between MTPs and NPLs that was determined using Equation (8). Adopted from [43].

This classification procedure allows NPLs to be distinguished from MTPs and the
respective NP fraction to be determined. It can be seen from Figure 2a,b that NPLs show a
smaller variation of the HAADF-STEM intensity and that are typically larger than MTPs.
The transition between NPLs and MTPs (red line in Figure 2b) was determined using the
indicator function

1MTP(dA, Ĩ) =

{
1 if fMTP(dA, Ĩ) ≥ fNPL(dA, Ĩ)
0 if fMTP(dA, Ĩ) < fNPL(dA, Ĩ)

(8)

For MTPs, 1MTP(dA, Ĩ) is equal to unity, while for NPLs, 1MTP(dA, Ĩ) = 0. The MTP fraction
was obtained from the ‘weighted’ integration of the function f̂H(dA, Ĩ),

µMTP =
∫∫

f̂H(dA, Ĩ)1MTP(dA, Ĩ)ddAd Ĩ (9)

The fraction of NPLs is equal to µNPL = 1 − µMTP. The statistical analysis carried out with
∼2700 Au NPs revealed that the sample under study contains approx. 90% of MTPs and
about 10% of NPLs.

In conjunction with the results of HRTEM and FFT/HRTEM, the result of HAADF-
STEM provides an important insight into the kinetics of the growth process of Au NPs
because the kind and the density of planar defects and, consequently, the morphology of
the Au NPs are controlled by the reaction rate during the synthesis [20,25]. At a sufficiently
high reaction rate, defect-free NPs with truncated octahedral (TOh) shape develop [21,60].
Reduction of the reaction rate leads to the stabilization of multiply twinned particles
(MTPs) [21,55,61]. A further reduction of the reaction rate promotes the formation of NPs
with plate-like morphology that contain a high density of planar defects preferentially
on a single system of the (111) lattice planes [17,62,63]. The absence of TOh NPs and the
presence of ∼90% MTPs and ∼10% NPLs in the Au NPs under study indicate that the
reaction conditions were moderate. However, the reduction rate was not sufficiently high
to produce exclusively MTPs.
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Although the statistical HAADF-STEM analysis of the Au NPs that is supported by
the FFT/HRTEM investigation of a few selected NPs reveals valuable information about
the kind and distribution of the planar defects, and although this technique provides an
important insight into the growth conditions, further details, for instance about the stacking
fault density, can only be obtained using the analytical methods operating on the atomic
scale.

3.2. Classification of Differently Faceted Au Nanorods

As with Au NPs, the Au nanorods (Au NRs) also show unique plasmonic proper-
ties [64]. However, in contrast to Au NPs, which typically possess one LSPR band, Au
NRs produce two LSPR bands, which correspond to the plasmonic oscillations along their
short and long axes [51]. The optical properties of Au NRs depend mainly on their size
and aspect ratio. For applications in catalysis, the crystallographic orientation of the Au
NRs facets plays a crucial role. Zhang et al. [15] have shown that Au NRs terminated by
high-index facets possess higher catalytic activity than Au NRs with low-index facets.

The example from Section 3.1 illustrated the capability of the statistical classification
of Au NPs by HAADF-STEM supported by HRTEM and FFT/HRTEM. However, in that
example, the information obtained from HRTEM was not fully linked with the information
obtained from HAADF-STEM, as the exact projected NP shape was not considered when
analyzing the HAADF-STEM images. The NPLs with triangular (less truncated) and
hexagonal (heavily truncated) forms or the MTPs with decahedral and icosahedral shapes
were not classified separately (Figure 2). Thus, the densities of planar defects were not
determined statistically. The example presented in this section illustrates how Au NRs can
be classified into four categories when their 3D shape is used.

The in-depth characterization of the Au NRs on the atomic scale was carried out
using HRTEM and FFT/HRTEM on several tens of nanorods. The HRTEM images taken
on reclined Au NRs (Figure 3a) confirmed that they are single-crystalline, possess the fcc
structure, and are defect-free and elongated along one of the crystallographic directions
⟨001⟩, as it was already reported by Zhang et al. [15] and Ye et al. [24]. The caps of the Au
NRs are usually formed by the high-index facets {013}. The angle between these facets
is 143°, as it is visible in the HRTEM image from Figure 3a, where the facets (013) and
(01̄3) are highlighted in red. The cross-sections of the Au NRs (Figure 3b) are typically
terminated by the high-index facets {013} [24], but in some cases also the low-index facets
of the {100} and {110} types were found. This result was confirmed by the presence of
differently oriented reclined NRs (Figure 3d).

According to Figure 3c, the angles between the high-index facets {013} are either
143.1°, e.g., between (3̄10) and (3̄1̄0), or 126.9° like for (3̄1̄0) and (1̄3̄0). The angles between
the corresponding crystallographic directions (3̄10), and (3̄1̄0) and (1̄3̄0) are 36.9° and
53.1°, respectively. The high-index facets are believed to develop in the final stage of a
seed-mediated Au NR synthesis, as they smooth the sides of the NRs by removing the
edges between the previous side facets {100} and {110} [28]. In general, a high number of
crystallographically equivalent lattice planes distributed along a specific zone axis ({hk0}
in Figure 3c) smooths the kinks between the neighboring facets. From the crystallographic
point of view, the number of crystallographically equivalent lattice planes increases with
an increasing number of non-equal h, k, and l values within the Miller index hkl. Thus, a
combination of the high-index and low-index facets also facilitates the smoothing of the
NR surface. From the atomistic point of view, however, the high-angle facets produce steps
on the surface of the NRs.
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Figure 3. HRTEM images of Au NRs oriented with their growth direction [001] perpendicular (a) and
parallel (b) to the direction of the primary electron beam. (c) Cross-section of a NR illustrating the
orientations of low-index {100}, {110}, and high-index {310} facets. (d) Au NRs viewed along the
zone axes [310] and [100] that represent a completely and an incompletely {310}-faceted cross-section,
respectively. (e) Au NRs with symmetric and asymmetric caps. The insets in panels (a,b,d,e) show
the FFTs of the respective HRTEM image. (f) Geometrical model of an Au NR that is completely
terminated by high-index {310} facets. Adopted from [43].

For subsequent statistical analysis using HAADF-STEM, the Au NRs were divided
into four categories of ‘faceted cylinders’ capped by differently oriented lattice planes. The
cross-sections of the cylinders are either complete or incomplete. The NRs with complete
cross-sections are terminated by the high-index facets {310} only. The NRs with incomplete
cross-section possess one low-index facet, e.g., of the type {100} (Figures 3b and 4c). The
caps of the NRs are either symmetric or asymmetric. The NRs with symmetric caps are
terminated on both ends by the same facet type, i.e., (0,±1, 3) and (0,±1, 3̄) or (±1, 0, 3)
and (±1, 0, 3̄). The NRs with asymmetric caps are terminated by facets, which are mutually
rotated by 90° at the respective end, i.e., (0,±1, 3) and (±1, 0, 3̄) or (±1, 0, 3) and (0,±1, 3̄).

Since most NRs lie horizontally on the TEM grid, the NR symmetry is typically
visible directly from the 2D HAADF-STEM projection (Figure 4a). In the semi-automatic
segmentation and classification routine [43], the ratio of the NR diameters measured at the
top and the bottom of the NRs (Figure 4b),

δT = min

(
DTop

DBottom
,

DBottom

DTop

)
, (10)

was employed as the parameter quantifying the degree of the NR symmetry. For NRs
with symmetric caps, δT ≈ 1. For NRs with asymmetric caps, δT ≪ 1 (Figure 4b). The
completeness of the NR cross-sections was quantified by
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δC =
DCS
D

, (11)

where DCS is the width of the plateau in the HAADF-STEM intensity profile measured
across the NR diameter (Figure 4c) and D the width of the whole NR (Figure 4b).
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Figure 4. (a) Example of a low-magnification HAADF-STEM image of Au NRs. (b) Schematic shape
of a single Au NR approximated by a ‘faceted cylinder’ with differently oriented polygonal caps; the
HAADF-STEM intensity is proportional to the thickness of the NR along the direction of the primary
beam. (c) Examples of the HAADF-STEM intensity profiles measured along the D direction (see panel
(b)) in the NRs with complete (left) and incomplete (right) cross-sections (orange objects). The relative
width of the intensity plateau (δC from Equation (11)) is used as a measure of the NR completeness.
The ratio between the NR diameter obtained from the HAADF-STEM intensity measured at the top
and at the bottom caps of the NR (δT from Equation (10)) is used as a measure of the symmetry of the
NR caps (tips). Adopted from [43].

The experimentally determined two-dimensional distribution density of the param-
eters δT and δC is depicted in Figure 5a in terms of the bivariate kernel density estima-
tor, f̂H(δC, δT), which was calculated in analogy to Equation (7). Individual maxima of
f̂H(δC, δT) were fitted by 2D Gaussian functions. The δC positions of the maxima of the two-
dimensional distribution density function, i.e., δC ≈ 0.33 and δC ≈ 0.42 indicate that the
NRs with incomplete cross-sections, which are depicted on the right-hand side of Figure 4c
and which would lead to δC → 0, are rare. The maximum at δC ≈ 0.33 corresponds to the
NRs with complete cross-sections that are terminated solely by the high-index facets {310}.
The cross-section of such NRs possess a kind of ‘crystallographic inversion symmetry’
but no ‘mirror symmetry’ with respect to the horizontal facets {310}, which means that
only parts of the horizontal facets contribute to the plateau in the HAADF-STEM intensity
profile. Consequently, DCS = D − 2x1 and δC = (D − 2x1)/D, s. upper panel in Figure 5b.
According to Figure 4b, x0 = 0 and x3 = D. Assuming the same length of all facets {310},
the values of x1 and x2 can be calculate from

x1

cos α1
= x2 − x1 =

x3 − x2

cos α2
, (12)

where α1 = 36.9° is the angle between the facets (310) and (31̄0), α2 = 53.1° is the angle
between the facets (310) and (130), and x3 = D (see above). The solution of Equation (12)
yields x1 = 1/3 and x2 = 3/4. Thus, NRs with complete cross-sections terminated by the
facets {310} are characterized by δC = 1/3, which corresponds to the left maxima of the
two-dimensional distribution density in Figure 5a.
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Figure 5. (a) Two-dimensional distribution density of the parameters δT and δC plotted in terms of
their bivariate kernel density estimator, f̂H(δC, δT). The white lines represent isolines of the sum of
four 2D Gaussian functions fitted to the four maxima of f̂H(δC, δT). The red dashed lines mark the
boundaries between the NRs with the respective facet configuration that were determined according
to Equation (15). (b) Upper panel: ideal NR with complete cross-section terminated solely by the
facets {310}. Bottom panel: ‘vertically symmetrical’ NR, whose cross-section is terminated by the
facets {310} and {320}. The cross-sections of the NRs are plotted in orange, the facets as solid red
lines. In both panels, the distance between the red vertical dashed lines corresponds to DCS from
Equation (11). x1 and x2 are the horizontal positions of the edges between the lattice planes (31̄0),
(310) and (130), respectively. x0 = 0 and x3 = D, see text and Equation (12). Adopted from [43].

The right-hand maxima of the two-dimensional distribution density that are located
at δC ≈ 0.42 correspond to the relative length of the facets {310}, which is equal to
x2 − x1 = 5/12 ≈ 0.42, cf. Equation (12) & Figure 5b. In the HAADF-STEM intensity
profile, this facet length becomes visible if the upper part of the NR is ‘mirror symmetrical’
with respect to the bottom part of the NR as illustrated in the bottom panel of Figure 5b.
However, this case can only be achieved when the cross-section of the NR is partially
terminated by other facets than {310}, e.g., by {320}. For the configuration of the facets
depicted in the bottom panel of Figure 5b, the angle between the lattice planes (3̄1̄0) and
(2̄3̄0), which is approximately 37.9°, is almost the same as the angle between the lattice
planes (310) and (31̄0), which is about 38.9°. The angles between the lattice planes (310)
and (130)≈ 53.1° and (3̄1̄0) and (3̄20)≈ 52.1° show an analogous similarity. In this context,
it should be noted that the incompleteness of the NR cross-sections or, in other words,
the presence of other cross-sectional facets than {310} (Figure 5b) causes an asymmetry
of the HAADF-STEM intensity profiles. This is also true for the NRs with incomplete
cross-sections depicted on the right-hand side of Figure 4c if some of their {310} planes
would be parallel to the TEM grid.

Based on the previous considerations, the individual maxima of f̂H(δC, δT) in Figure 5a
were assigned to NRs with incomplete cross-sections and symmetric caps, to NRs with
complete cross-sections and symmetric caps, to NRs with incomplete cross-sections and
asymmetric caps, and to NRs with complete cross-sections and asymmetric caps, respec-
tively. The corresponding functions f s

i (δC, δT), f s
c (δC, δT), f a

i (δC, δT) and f a
c (δC, δT) were

used to identify the boundaries between the NR categories (red lines in Figure 5a) and to
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determine the amounts of NRs with the respective facet configuration. The boundaries
between the NR categories obey the relationships

f s
i (δC, δT) = f s

c (δC, δT) ; f s
i (δC, δT) = f a

i (δC, δT) (13)

f s
c (δC, δT) = f a

c (δC, δT) ; f a
i (δC, δT) = f a

c (δC, δT)

The amount of NRs with the particular facet configuration follows from the integration of
the bivariate kernel density estimator f̂H(δC, δT) over the respective (δC, δT) region. For
example, the amount of NRs with complete cross-sections and symmetric caps is equal to

µs
c =

Ns
c

Ntotal
=

1∫
0

1∫
0

f̂H(δC, δT)1s
c(δC, δT)dδCdδT , (14)

where

1s
c(δC, δT) =

{
1, f s

c (δC, δT) ≥ f a
c (δC, δT), f s

i (δC, δT), f a
i (δC, δT)

0, f s
c (δC, δT) < f a

c (δC, δT), f s
i (δC, δT), f a

i (δC, δT)
(15)

is the indicator function for NRs with the particular facet configuration. The amounts of
NRs with other configurations of the facets are calculated analogously.

The statistical evaluation of the HAADF-STEM measurements summarized in Figure 5a
revealed that about 28% of the Au NRs have complete cross-sections and symmetric caps.
According to HRTEM, these NRs are fully terminated by the high-index facets {310}. Ap-
proximately 15% of the Au NRs still possess complete cross-sections but have asymmetric
caps. In total, the cross-sections of ∼57% Au NRs were incomplete. Approximately 33%
of them have symmetric and about 24% asymmetric caps. Analysis of the δC values from
Figure 5a revealed that the majority of facets in Au NRs with incomplete cross-sections,
which have other orientations than {310}, are almost parallel to the lattice planes {320}. The
lattice planes {320} are inclined about 15.3° from the ‘next’ lattice planes {310}, which com-
pensates for the difference between the angles α1 = 36.9° and α2 = 53.1° in Equation (12)
and makes the shape of the Au NRs with incomplete cross-section more symmetrical. In
contrast to relatively frequently present facets {320}, the low-index facets depicted in
Figures 3b and 4 are rare.

The stabilization of specific facets in noble metal NPs is generally attributed to the
presence of certain surface capping agents [31] and structure-directing ions [23,65,66]. The
formation of high-index facets {310} and {320} on the Au NRs observed in this study
was facilitated by the Ag ions [23,65] stemming from the addition of AgNO3 to the seed-
mediated solution. Stabilization of the facets {100} is often attributed to the presence of
bromide ions [29,67]. In our case, the bromide ions may stem from the seeds that were
synthesized using the CTAB protocol [24,43]. Furthermore, our results have shown that the
NR caps are predominantly symmetric (Figure 5). This result is in good agreement with
previous investigations [23,24,68,69] showing that under uninhibited growth conditions,
the symmetric caps occur more frequently than the asymmetric caps. The symmetric or
asymmetric arrangement of the NR caps can, however, depend on the aspect ratio of the
NRs. Ye et al. [24] reported that the amount of NRs with asymmetric caps increases when
the aspect ratio of the NRs increases.

3.3. Hierarchical Architecture of Multi-Core Iron Oxide Nanoparticles

In both previous examples, individual nanoparticles and nanorods were sufficiently
separated from each other. Thus, they could be identified and quantified quite straightfor-
wardly from the HAADF-STEM images using a shape-based segmentation routine [43].
However, this routine fails when it is applied to overlying objects, e.g., to multi-core iron
oxide nanoparticles (IONPs). An example of a multi-core IONP is shown in Figure 6a. The
multi-core nature of the IONP becomes clearly visible from the FFTs of the HRTEM images
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(Figure 6b,c), which disclose different orientations of the cores A and B along the direction
of the primary electron beam, i.e., [1̄12]A and [2̄17]B.
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Figure 6. (a) HRTEM image of an iron oxide nanoparticle (Fe3O4, magnetite, space group Fd3̄m) that
consists of two cores, A and B. The outline of the NP and the interface between the two cores are
highlighted by the solid line and the dashed line, respectively. The dotted line marks a low-angle
boundary between two nanocrystals with almost the same orientation. (b,c) Local FFTs of the HRTEM
regions corresponding to the cores A and B. (d) Rigid rotation field determined by geometric phase
analysis [41,42]. Adopted from [70].

The attachment of differently oriented cores is facilitated by the agreement in the
distances of the parallel lattice planes of both counterparts at their interface. In the mutual
orientation relationship of the cores from Figure 6a, the following lattice planes are almost
parallel and their interplanar distances equal: (311)A ∥ (31̄1)B, (33̄3)A ∥ (15̄1)B and
(04̄2)A ∥ (2̄4̄0)B, s. Figures 6b,c. Slight differences in the local orientations within the cores
are visible from the rigid rotation field (Figure 6d) that was determined using the geometric
phase analysis (GPA) [41,42]. For GPA, the reflections 311A, 33̄3A, 31̄1B and 15̄1B were
used. While the GPA done on Core A did not reveal noticeable orientation variations, the
GPA carried out on Core B indicated that this core consists possibly of two parts, which
are separated by a low-angle boundary (dotted line in Figure 6a). These characteristics of
the multi-core IONPs obtained from HRTEM and FFT/HRTEM, in particular the detailed
information about the crystallographically oriented attachment of individual cores, are
extremely helpful for understanding the formation of multi-core IONPs and their magnetic
properties.

The multi-core IONPs show superparamagnetic behavior with a high saturation mag-
netization and good biocompatibility, which makes them favored materials for applications
in biomedicine, especially in magnetic hyperthermia. The magnetic properties of the
multi-core IONPs depend mainly on their size and chemical composition [8], but they are
also affected by the disorder of the magnetic moments [71–73] and/or by the magnetic
coupling between the neighboring cores [70]. Bulk iron ferrites are strongly ferrimagnetic
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and exhibit spontaneous magnetic moment and hysteresis [74]. When the size of the IONPs
is reduced, they become superparamagnetic [8] with nearly zero remanent magnetization
and coercivity but retain a high magnetic susceptibility. A further decrease in the IONP
size leads to a decrease in the saturation magnetization of the IONPs, which is attributed
to the magnetic disorder in the surface layer [75,76]. Another reason for the reduction of
the saturation magnetization of IONPs is the presence of vacancies on the cation sites in
the crystal structure of Fe3−δO4, which also contributes to the disorder of the magnetic
moments and thus to the decrease of the saturation magnetization [77,78]. While the sat-
uration magnetization of vacancy-free magnetite (Fe3O4, SG Fd3̄m) is 92.8 Am2/kg [79],
the saturation magnetization of maghemite (Fe2.667O4, SG P4332 or P41212 [80]) is only
74.3 Am2/kg [79].

In order to be able to distinguish individual parts of the multi-core IONPs as suggested
by HRTEM and GPA (Figure 6) from each other, the shape-based segmentation routine [43]
was extended (Figure 7). In the first step (Figure 7a,b), the size of individual multi-core
IONPs and the corresponding size distribution were determined from the projected area
as described in Section 3.1. In the second step (Figure 7c–g), the individual IONPs were
separated into individual cores, which were quantified analogously. This two-step seg-
mentation and quantification procedure revealed the size distribution functions, which are
depicted in Figure 8a. The distribution density was calculated according to

q0(D) =
Ni/N

Dmax
i − Dmin

i
, (16)

where Ni is the number of particles within the respective “size category”, i.e., with diameter
between Dmax

i and Dmin
i . D in the argument of the distribution function is the mean

value of Dmax
i and Dmin

i . N = ∑i Ni is the total number of particles. The distribution
functions from Figure 8a were compared to the distribution function of the magnetic
particle size (Figure 8b), which was determined using the Langevin fit of the magnetization
curve measured by alternating gradient magnetometry on an ensemble of IONPs (inset in
Figure 8b) [70].

Figure 7. Schematic representation of the multi-stage segmentation routine used for the determination
of the particle size and core size distribution in multi-core IONPs. (a) Original low-magnification
HAADF-STEM image of an ensemble of the multi-core IONPs. (b) HAADF-STEM image segmented
by the semi-automatic segmentation routine [43] into individual multi-core IONPs. Individual multi-
core IONPs are highlighted by different colors. (c) Single multi-core IONP segmented into several
cores by a shape-based segmentation routine complemented by the watershed [49] and DTECMA [81]
algorithms. Individual cores of a multi-core IONP are highlighted by different colors. (d) Binary
image of the multi-core IONP from panel (c). (e) The multi-core IONP split into individual elliptical
cores (marked in red) using the DTECMA algorithm [81]. (f) Shape markers are determined based
on the ellipses from panel (e). (g) The marker-controlled segmentation using the Euclidean distance
transform, and the watershed algorithm [82]. Adopted from [70].
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Figure 8. (a) Distribution density, q0(D), of the size of the multi-core IONPs (Particles) and their cores
(Cores) as determined from the HAADF-STEM images. The broad pink band marks the diameter
range of the cores and core fragments (nanocrystals within the cores) that were obtained from the
HRTEM images. A statistically reliable analysis of the diameter of the cores and core fragments is
not possible because of the small number of multi-core IONPs that were investigated using HRTEM,
FFT/HRTEM and GPA. (b) Distribution of the magnetic particle sizes as determined using the
Langevin fit of the magnetization curve. The magnetization curve and its Langevin fit are shown in
the inset. Adopted from [70].

In analogy with the model of the multi-core IONPs suggested on the basis of the
HRTEM and HAADF-STEM results (Figures 6 and 7), the presence of three categories of
magnetic particles was assumed, corresponding to (i) the fragments of the cores (nanocrys-
tals within the cores that are frequently terminated by low-angle boundaries), (ii) the
individual cores and (iii) the multi-core IONPs. Hence, the distribution of the magnetic
particle size (Figure 8b) was composed of three log-normal functions:

P(dc) =
3

∑
i=1

wi
1√

2πσidc
exp

[
− (ln dc − µi)

2

2σ2
i

]
(17)

In Equation (17), wi is the fraction of the magnetic particles with mean size µi; σi is the width
of the respective log-normal function. This distribution function was used to calculate the
magnetization curve [83,84]:

M(H) = MS

∫ ∞

0
P(dc)L(ξ)ddc, (18)

where
L(H) = coth(ξ)− 1/ξ (19)

is the Langevin function, which argument,

ξ =
MSπd3

c Hµ0

6kBT
, (20)

depends on the saturation magnetization (MS), the size of the magnetic particles (dc), the
temperature (T), and the strength of the external magnetic field (H). µ0 is the permeability
of vacuum, kB the Boltzmann constant. The calculated magnetization curve was fitted
to the measured one (inset in Figure 8b). The refinable parameters were the saturation
magnetization (MS), the fraction of the magnetic particles (wi), the medians of the magnetic
particle sizes (µi), and the widths of the log-normal functions (σi). The starting values of µi
and σi were taken from the HRTEM and HAADF-STEM results (Figure 8a).

For multi-core IONPs, the size distribution functions from Figures 8a,b match quite
well. Both techniques, i.e., the HAADF-STEM imaging and the determination of the size of
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the superparamagnetic nanoparticles from the magnetization curve [83], revealed the same
mean size of the multi-core IONPs and the same width of the size distribution, (20 ± 5) nm.
This means that in multi-core IONPs, the magnetic moments in individual cores are highly
coupled. Thus, such multi-core IONPs resemble large magnetic particles. The coupling
of the magnetic moments in neighboring cores is apparently facilitated by their specific
orientation relationships, as it was shown exemplarily in Figure 6.

The mean size of the individual cores obtained from the magnetization curve, (12± 1) nm,
also agrees with the size of the cores determined by HAADF-STEM. In this context, it
should be noted that the ‘magnetic’ size of the cores is typically smaller than their geo-
metric size because the magnetization of small particles is reduced by a disordered spin
layer at their surface [76]. Still, the size distribution function obtained for the individual
cores from the HAADF-STEM analysis (Figure 8a) is much broader (and thus less intense)
than the size distribution function determined from the magnetization curve (Figure 8b).
As the analysis of the HAADF-STEM images classified the IONPs according to their 2D
morphology (projected area) only and as it was not complemented by the information
about the crystallographic orientations of adjacent cores, it cannot distinguish between the
cores with coupled and uncoupled magnetic moments. Consequently, the size distribution
function obtained from the HAADF-STEM measurements also includes multi-core IONPs
with elliptical projected shapes that consist of magnetically uncoupled cores. Finally, the
fitting of the magnetization curve confirmed the presence of the core fragments. How-
ever, their fraction was very low because most of the core fragments possessed distinct
mutual orientation relationships that facilitated a coordinated arrangement of the magnetic
moments.

4. Conclusions

In this contribution, the capabilities of a correlative multi-scale nanoparticle characteri-
zation technique using the combination of high-resolution and low-resolution transmission
electron microscopy were illustrated by means of the quantitative classification of gold
nanoplates, multiply twinned gold nanoparticles, gold nanorods, and multi-core iron oxide
nanoparticles. In this classification procedure, the high-resolution transmission electron
microscopy complemented by the fast Fourier transformation of the HRTEM images pro-
vides information about the two-dimensional shape of the nanoparticles (determined from
the projected area), about the crystallographic directions, e.g., about the orientations of the
surface facets or the orientation relationships between neighboring particles, and the kind
of the crystal structure defects. The high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) performed in a lower resolution mode provides
statistically relevant information about the three-dimensional shape of the nanoparticles
(determined from the projected area and from the intensity of the Rutherford scattering
that is proportional to the nanoparticle thickness), which can be correlated with the crystal-
lographic information obtained from the HRTEM measurements if some features of the
3D shape can unambiguously be assigned to the crystallographic directions. However,
the HAADF-STEM intensity depends not only on the thickness of the investigated objects
but also on the atomic number of the involved elements. Therefore, most examples of the
three-dimensional nanoparticle classification presented in this contribution were restricted
to the materials containing a single type of atoms.
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