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We demonstrate how the acquisition and processing of 3D electron diffraction data can be extended to 

characterize structural features on the mesoscale, and show how lattice distortions in superlattices of self-

assembled spherical Pd nanoparticles can be quantified using three-dimensional small-angle electron 

diffraction tomography (3D SA-EDT). Transmission electron microscopy real space imaging and 3D SA-

EDT reveal a high density of stacking faults that was related to a competition between fcc and hcp 10 

arrangements during assembly. Information of the orientation of the stacking faults was used to make 

analogies between planar defects in the superlattices and Shockley partial dislocations in metallic 

systems.

Introduction 

The structural diversity of single and multiple-component 15 

nanoparticle superlattices1–6 is rapidly expanding and the ability 

to tune the electronic, optical and magnetic properties by the 

composition, size, and shape of the nanoparticles and their 
packing arrangements is attracting a large interest.7–11 For 
instance, thin films of binary PbTe/Ag2 nanoparticle superlattices 20 

can show a high p-type conductivity,12 whereas planar iron oxide 

(γ-Fe2O3) nanoparticle assemblies display a 2D to 3D crossover 
of the magnetic properties that depends on the layer thickness.13 
However, while the structural features are important, it is well 
known that the functionalities and performances of most 25 

materials are strongly influenced by their defects. This is also true 

for self-assembled colloidal crystals, exemplified by how planar 
defects14 (e.g. stacking faults) influence the photonic band gap 

structure, and how anisotropic strain in fcc photonic crystals 

breaks the selection rules for scattering resulting in a shift of the 30 

absorption peak.15 

 Nanoparticle superlattices can be fabricated and assembled 

into different packing arrangements that are controlled by the 

morphology, interactions, and sizes of the nanoparticles, as well 
as the assembly conditions.16–20 While the packing arrangements 35 

of nanoparticle superlattices have been extensively 

investigated,21–25 studies that characterize and quantify defects in 

the arrays are sparse. Korgel and coworkers26 identified 

dislocations and quantified lattice distortions in binary 

nanoparticle superlattices of Fe3O4 and Au nanoparticles using 40 

grazing-incidence small-angle X-ray scattering (GISAXS) and 

electron microscopy. Talapin and coworkers27 identified and 

classified defects in crystalline and quasi-crystalline binary 

nanoparticle assemblies using TEM real space imaging. More 

recently, Disch et al.28 quantified the stacking faults 45 

concentration in assemblies of anisotropic nanoparticles through 

a combination of SEM and GISAXS.  
3D electron crystallography encompasses novel approaches to 
study and solve crystal structures of challenging materials.29–31 

Three-dimensional electron diffraction tomography (3D EDT) 50 

was successfully utilized to retrieve three-dimensional diffraction 

data and solve crystal structures at the atomic scale.32 We recently 

demonstrated that it is a robust and powerful method to identify 

and solve the structure of single nanocrystals.33 In contrast to 

conventional real space electron tomography, 3D EDT is less 55 

sensitive to specimen drift and the selected-area diffraction mode 

helps to minimize the electron dose the material is exposed to. 
 In this work, we show that 3D EDT, operating in the small-
angle diffraction mode, can be used to study mesoscopic 

structures, e.g. 3D packing arrangements and lattice distortions in 60 

nanoparticle superlattices. TEM real space imaging (2D 

projection) and three-dimensional small-angle electron diffraction 

tomography (3D SA-EDT) have been combined to investigate 

defects in self-assembled superlattices of spherical palladium 

(Pd) nanoparticles. We show that the Pd nanoparticle 65 

superlattices display a high density of stacking faults that is 

related to the competition between the two densest ways to pack 
spheres, namely face-centered cubic (fcc) and hexagonal closed-
packed (hcp) arrangements, and discuss the similarities with 

metallic systems. Lattice distortions in nanoparticle superlattices 70 

could be quantified by 3D SA-EDT, and we discuss how they are 

related to the symmetry breaking during assembly. 

Experimental 

Synthesis and self-assembly of Pd nanoparticles 

Monodisperse spherical Pd nanoparticles were synthesized using 75 

a modified hot injection strategy.34 In a typical synthesis, 0.25 
mmol palladium acetylacetonate (Pd(acac)2) and 0.3 mmol oleic 
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acid were dissolved in 1 ml trioctylphosphine under vigorous 
stirring for one hour in a glove box, which yielded a bright 
yellow solution of the precursor. The precursor was rapidly 
injected into a vigorous stirred mixture of 19.27 g 1-octadecene 
and 390 mg 1, 2-hexadecanediol (Sigma Aldrich 90%) pre-heated 5 

at 120 oC under argon protection. The solution was heated up to 
316 oC with 3 oC/min heating rate followed by a reflux during 30 
min to complete the synthesis. After synthesis, the flask was left 
under argon protection to cool down to room temperature. 
Nanoparticle purification was achieved by dilution/flocculation 10 

cycles using ethanol as the non-solvent, and toluene as the 
solvent. The final sample was dispersed in toluene for storage. 
 The nanoparticle superlattices were produced by a controlled 

destabilization strategy35 where ethanol slowly diffuses into a 

dilute dispersion of Pd nanoparticles in toluene with a 15 

concentration of 1.3 mg Pd/ml. Small aliquots of the dispersion 

were retrieved over a period of 24-72 hours and deposited onto 

TEM carbon coated grids. Typically, micrometer-sized facetted 
Pd nanoparticle superlattices are obtained over a period of time 
exceeding 72 hours (see ESI, Fig. S1†). 20 

Characterization 

 Real space imaging. The images were recorded using a JEOL 

JEM-2100 microscope equipped with LaB6 filament operating at 
200 kV (f= 2.7 nm, Cs =1.4 mm, Cc =1.8 mm, point resolution = 

2.5 Å). The mean diameter of the inorganic core of the spherical 25 

Pd nanoparticles was estimated to be 6.1 ± 0.6 nm from a set of 
HRTEM images (see ESI, Fig. S2-4†). TEM bright-field images 

along the most representative nanoparticle superlattice 

orientations were recorded together with the 3D SA-EDT data 
set. 30 

 3D small-angle electron diffraction tomography (3D SA-

EDT). The 3D SA-EDT data sets were acquired using Analitex 
EDT-COLLECT32 software package. The 3D SA-EDT data 
collection was carried out in small-angle selected area electron 
diffraction mode (SA-SAED), with a large nominal camera 35 

length of 4500 mm, with a goniometer tilt step of 1˚. The SA-
EDT mode was used to investigate structural features with 
characteristic length scales from 1 up to 15 nm. An ultrahigh tilt 
tomography specimen holder was used to scan ~220° of 
reciprocal space (∼110° of the total goniometer tilt in the range 40 

from −50° to +60°). The data sets were recorded on a bottom 
mounted Gatan SC1000 ORIUS CCD camera with 4.0kx2.7k 
pixels, using a 2x2 pixel binning, with an exposure time of 2 
seconds for each frame. The 3D SA-EDT volumes were 
reconstructed from a set of individual background corrected 45 

electron diffraction frames using Analitex EDT-PROCESS,32 and 
further used for 3D unit cell determination. 

Results and discussion 

Real space imaging and 3D SA-EDT reconstruction were 

performed on nanoparticle superlattices thinner than 100 nm (3-50 

10 layers of packed nanoparticles) that were obtained by 

retrieving small aliquots of the Pd nanoparticle dispersion during 

the first 24 hours of ethanol induced destabilisation. The TEM 

images in Fig. 1 show that the Pd nanoparticles assemble into a 

highly ordered close-packed arrangement with the surfactant-55 

capped Pd spheres separated from each other by ~2.0 nm. The 3D 

SA-EDT volume reconstruction (Fig. 1d-f) can be indexed as 

either a hcp lattice or alternatively as a fcc lattice, with unit cell 
dimensions of a=b=7.9 nm and c=12.0 nm, or a=11.2 nm, 
respectively. The measured unit cell axial ratio, c/a ~1.53, 60 

deviates by ~7% from the ideal value of the hcp arrangement 
(~1.63), suggesting a slight contraction of the lattice 

perpendicular to the substrate. Indeed, previous investigations 

have also observed lattice distortions perpendicular to the 

substrate and related this effect to the stresses induced by solvent 65 

removal.26,36 The 3D SA-EDT data set shows relatively sharp 

spots when viewed along the [001]hcp direction (Fig. 1d) unlike 

the substantial diffuse streaking observed when viewed along [-
110]hcp direction (Fig. 1e), suggesting that the nanoparticle 

superlattice contains a large number of stacking faults that 70 

propagate along the chcp-axis. 

 
Fig. 1 TEM bright-field images along [001]hcp and 3D SA-EDT volume 

reconstruction of a Pd nanoparticle superlattice. (a) Low magnification 

image. (b) Intermediate magnification from the area tagged in Fig. 1a. (c) 75 

High magnification image from area tagged in Fig. 1b. 3D SA-EDT 

volume reconstruction of the array shown in Fig. 1a projected along; (d) 
[001]hcp, (e) [-110]hcp and (f) arbitrary crystallographic orientation. 

 Figure 2a shows that a Pd nanoparticle superlattice can contain 

a high concentration of stacking faults, consisting of a stacking 80 

sequence alternation of the nanoparticle close-packed planes, as 

outlined by the zigzag path traced in Fig. 2a. The stacking faults 
are running parallel to the substrate, along either the [001]hcp or 
alternatively the [111]fcc direction. The TEM image in Fig. 2b 

shows that the array is composed of nanoparticles with a hard 85 

core diameter of ~5.3 nm, which is smaller than the mean 

diameter of the synthesized nanoparticles (6.1 nm). This 

difference may be related to local size segregation/fractionation 

during self-assembly as suggested in previous studies on 

polydisperse hard spheres.37,38 Interestingly, the 3D SA-EDT 90 

volume reconstruction (Fig. 2c-e) of the nanoparticle superlattice 

suggests a monoclinically distorted close-packed arrangement 
with unit cell parameters of a=5.5 nm, b=6.9 nm, c=13.2 nm and 

α=90˚, β=90˚ and γ=115˚. The analysis of the 3D SA-EDT data 
sets and TEM images also shows that the separation distance 95 

between the individual surfactant-capped nanoparticles can vary 
significantly from one superlattice to another. In fact, the 3D SA-
EDT data set shown in Fig. 2 reveals that the inorganic cores of 
the Pd nanoparticles are almost in contact to each other (~0.2 nm 
separation), suggesting that the ethanol destabilization process 100 

may promote desorption of the surfactants from the Pd surface. 
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Fig. 2 TEM bright-field images along [100]hcp, 3D SA-EDT volume 
reconstruction, and crystallographic models of a Pd nanoparticle 
superlattice assembled into a monoclinically distorted close-packed 
arrangement. (a) Image with zigzag features corresponding to stacking 5 

faults running (traced by lines) along the close-packed planes of the 
nanoparticle superlattice. (b) Magnified image of the area tagged in Fig. 
2a revealing stacking faults. The sequence alternation of the nanopartice 
close-packed planes is described using A, B, and C symbols in blue, red 
and green respectively. The two unit cell projections of the close-packed 10 

systems, i.e. fcc and hcp lattices, are outlined with their respective lattice 
constants. 3D SA-EDT reciprocal space reconstruction of the superlattice 
projected along: (c) [100]hcp; (d) [010]hcp; and (e) [001]hcp. (f) 
Crystallographic model projected parallel to the substrate (along [001]hcp) 
depicting the lattice distortion occurring in the array shown in Fig. 2a. 15 

The monoclinic lattice axes are drawn in red. 

The comparison of the experimental 3D SA-EDT volume of the 

nanoparticle superlattice with the simulated 3D reciprocal volume 

reconstruction data set of an ideal hcp arrangement has been used 

to quantify the deviations from ideal close-packed arrangement 20 

(space group: P63/mmc) (see ESI, Fig. S5-7†). We found that the 

monoclinic distortion, outlined in Fig. 2f, results in a decrease of 
the hexagonal basal plane angle of 5˚ and a lattice contraction of 
20% along [100]hcp. 
 Figure 3 gives further evidence of the hcp and fcc competition 25 

during assembly of spherical Pd nanoparticles. We have 

compared two nanoparticle superlattice’s where the (001)fcc facet 
dominates as shown in Fig. 3a and 3c. The TEM image in Fig. 3c 

shows that one of the superlattices display distinct line defects 

with a regular spacing of ~15-25 nm. These features are related to 30 

slanted (out-of-plane) stacking faults oriented at an angle of 54.7° 
(angle between [111]fcc and [001]fcc directions) with respect to the 

normal direction, [001]fcc. The stacking sequence alternation 
occurs at every third to fifth close-packed nanoparticle layer. 
Hence, the defect-rich nanoparticle superlattice consists of an fcc 35 

(red spheres) packing arrangement interrupted by hcp (blue 

spheres) subdomains as modelled on insets (see Fig. 3a and 3c). 
The small-angle electron diffraction patterns (SA-DPs) of the two 

superlattices shown in Fig. 3b and 3d correspond to a two-
dimensional orthogonal unit cell with equal lengths of the a and b 40 

reciprocal vectors. However, the SA-DP in Fig. 3d exhibits 
additional diffuse scattering features near the Bragg reflections 

that are related to the stacking faults in the nanoparticle 

superlattice. 

45 

Fig. 3 Slanted stacking faults in Pd nanoparticle superlattice. TEM bright-
field images, crystallographic models and SA-DPs of Pd nanoparticle 
superlattices along [001]fcc: (a,b) with and (c,d) without planar defects. 
The crystallographic models viewed from the side, along [110]fcc, are 

provided below each images; the blue and red spheres depict hcp and fcc 50 

domains, respectively. 

 Occassionally, the Pd nanoparticle superlattices exhibit 
multiple stacking fault directions; two in-plane (Fig. 4a), and a 
combination of in-plane and out-of-plane (Fig. 4b) directions. For 
exemple, Fig. 4b shows a nanoparticle superlattice oriented along 55 

[110]fcc where one stacking fault propagates along the substrate 
(zigzag traced line) while another is slanted at an angle of 35.2° 

between the (110)fcc and (111)fcc planes. While stacking faults 

clearly dominate in the Pd nanoparticle superlattices prepared by 

the interfacial destabilization technique, we also observe other 60 

imperfections, e.g. interstitial defects and grain boundaries, as 

shown in Fig. S8-11†. More complex defect-rich structures may 

also occur, as exemplified by a 5-fold twinned superlattice in Fig. 
4c. 

 65 

Fig. 4 TEM bright-field images of Pd nanoparticle superlattices 

containing multiple stacking fault directions. (a) In-plane stacking faults 
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running along two directions (traced by zigzag lines); (b) In-plane 

stacking fault (traced by zigzag line), and out-of-plane stacking faults 
outlined by crystallographic models. The 2D crystallographic models of 
the nanoparticles packing are provided along two projections, and the 

model inset shows the side view of the nanoparticles packing. (c) 5 

Example of 5-fold twinned nanoparticle array. 

 It is well established that monodisperse spheres can assemble 

into two possible, but equally dense, close-packed arrangements; 
cubic close-packed (ccp), also known as face-centered cubic 

(fcc), and hexagonal close-packed (hcp) where the sequences of 10 

the close-packed planes are (…ABCABC…) and 

(…ABABAB…), respectively. For ideal hard spheres, the fcc 

lattice is the most thermodynamically favored packing but the 

free-energy difference between the two structures is very small 
(on the order of 10-3 kBT per sphere).39–42 Previous reports on 15 

nanoparticle superlattices have indeed shown that spherical 
nanoparticles can assemble into both fcc and hcp 

arrangements.18,43,44 

 In this study, we found that stacking faults consists of 
alternating fcc and hcp subdomains are the predominent defects. 20 

Indeed, very few of the superlattices are void of planar defects, 
and stacking faults are observed regardless of the preferential 
growth orientation of the self-assembled superlattices. The 
stacking faults can be characterized as a Shockley partial 
dislocation along the <112>fcc direction; a type of planar defect 25 

commonly found in close-packed metal structures45–47 and noble-
gas clusters.48,49 The stacking faults observed in the nanoparticle 
superlattices are usually running along one unique direction over 
the whole array as shown in Fig. 2a. This is characteristic of an 

hcp system, depicted in Fig. 5a, that permits only a single 30 

propagation direction, [001]hcp, of the stacking faults. On the 

other hand, the cubic symmetry of a fcc lattice allows four 
different and equally probable stacking directions, as shown in 

Fig. 5b. Therefore, stacking faults running along two different 
directions occur when the fcc packing sequence (…ABCABC…) 35 

is disrupted along two different {111} planes, e.g. the two in-
plane stacking fault directions shown in Fig. 4a. 

Fig. 5 Crystallographic models of close-packed arrangements and their 
respective slip systems. (a) hcp system with a single slip plane; (001). (b) 40 

fcc system contains 12 independent slip systems, and 4 different slip 
planes; (111), (-111), (1-11) and (11-1). The red vectors depict the slip 

directions of the close-packed plane in both structures.  

However, it should be noted that the investigated nanoparticle 

superlattices rarely show multiple stacking fault directions, 45 

probably because this would significantly locally disrupt the 
close-packing and reduce the nanoparticle coordination number. 
 The stacking fault energy in solids can have an influence on 
the mechanical properties, where materials with a high 
concentration of stacking faults can be stronger compared to 50 

more defect-free materials, demonstrated e.g. in magnesium 
alloys.50 Therefore, it would be interesting to investigate the 

mechanical properties of defect-rich (e.g. having a high 
concentration of stacking faults) nanoparticle superlattices. 

Conclusions 55 

In summary, we show how a combination of transmission 

electron microscopy techniques, direct imaging and three-
dimensional small-angle electron diffraction tomography (3D 

SA-EDT), can be successfully utilized to identify defects and 

quantify lattice distortion in nanoparticles superlattices. The 60 

superlattices exhibit a high concentration of stacking faults that 
were related to a competition between hcp and fcc arrangements, 
and analogies to close-packed metallic systems and solid nobel 
gases were made. Further development of the 3D SA-EDT 

technique will open up opportunities to characterize and solve the 65 

3D structures for a wide range of mesoscopic materials including 

electron beam sensitive samples, e.g. biopolymers, proteins and 

self-assembled organic structures. 
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