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ABSTRACT: Nanoparticle self-assembly is  a vital  research field
with  significant  implications for  fundamental  science and a wide
range  of  technological  applications.  This  bottom-up  approach
enables the design and fabrication of mesoscopic materials with
distinct  electronic,  magnetic,  optical,  mechanical,  and  catalytic
properties.  Monodisperse  nanoparticles  serve  as  fundamental
building blocks for creating long-range ordered structures known
as  superlattices,  superstructures,  or  supercrystals.  Advances  in
wet  chemical  synthesis  methods  have  provided  access  to  a
variety  of  nanoparticle  shapes,  sizes,  and  compositions,
establishing  a  solid  foundation  for  extensive  studies  in  self-
assembly.  This  review  highlights  the  utility  and  advantages  of
various  electron  microscopy  methods  for  characterizing  the
structures  and  dynamics  of  nanoparticle  assemblies,  ranging
from conventional  imaging  and  diffraction  techniques  to  cutting-
edge  approaches  such  as  electron  tomography,  focused  ion
beam scanning electron microscopy tomography, four-dimensional scanning transmission electron microscopy, and liquid
cell  transmission  electron  microscopy.  These  methods  enable  the  acquisition  of  detailed  two-dimensional  and  three-
dimensional  structural  information  of  nanoparticle  superlattices  in  dry,  frozen,  and  liquid  states.  We  also  highlight  the
development  of  advanced  data  processing  algorithms  and  their  implementation  in  open-source  software  packages  to
facilitate electron microscopy data analysis. By leveraging machine learning techniques, researchers can efficiently manage
large  and  complex  electron  microscopy  datasets  and  gain  deeper  insights  into  the  mechanisms  of  nanoparticle  self-
assembly.  We  anticipate  that  the  comprehensive  electron  microscopy  toolkit,  combined  with  advanced  computational
algorithms  and  machine  learning,  will  continue  to  generate  new  knowledge  and  insights  in  nanoparticle  self-assembly
research.
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1    Introduction
Nanoparticle  self-assembly  is  of  great  interest  for  advancing  both
fundamental  research  and  a  wide  range  of  technological
applications  [1, 2].  This  bottom-up  approach  offers  a  versatile
pathway for fabricating mesoscopic and macroscopic materials with
emergent  electronic,  mechanical,  magnetic,  optical,  and  catalytic
properties [3−9]. Monodisperse nanoparticles serve as fundamental
nanoscale  building  blocks  for  creating  long-range  ordered  arrays,

often  referred  to  as  nanoparticle  superlattices,  supercrystals,  or
superstructures.  Advances  in  wet  chemical  methods  over  the  past
three decades have facilitated the reliable synthesis of monodisperse
nanoparticles  with  diverse  sizes,  shapes,  compositions,  and
functionalities,  creating  a  comprehensive  library  for  self-assembly
studies  [10−17].  The  three  key  experimental  parameters  for
nanoparticle  self-assembly  are  the  characteristics  of  the  hard
inorganic  cores,  the  soft  organic  surface  ligands,  and the  assembly
methods  or  conditions.  Pristine  surface  ligands  allow  the  as-
synthesized nanoparticles to be well-dispersed in either nonpolar or
polar solvents, providing steric or electrostatic stabilization. Typical
short-chain  alkyl  ligands  on  the  nanoparticle  surfaces  can  be
chemically  exchanged  for  other  types  of  ligands.  Various  types  of
ligands  can  be  grafted  onto  nanoparticle  surfaces  through  ligand
exchange,  including  polymer  brushes,  dendrimer  ligands,  DNA,
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and charged small molecules. These non-native ligands can regulate
interparticle  interactions  and  shift  the  self-assembly  mechanism
from entropy-driven to enthalpy-driven. Consequently, structurally
distinct  nanoparticle  superlattices  can  be  self-assembled  from  the
same  nanoparticle  cores  by  employing  different  surface  ligands.
Various  methods  for  nanoparticle  self-assembly  have  been
developed,  which can be broadly categorized into two main types:
drying-mediated  self-assembly  and  non-drying  mediated  self-
assembly.  In  drying-mediated  self-assembly,  nanoparticle
superlattices are formed by the gradual evaporation of nanoparticle
solutions  on  solid  substrates,  liquid  subphases,  or  within  liquid
emulsion droplets. This method has been utilized for nanoparticles
capped with native ligands [18, 19], polymeric ligands [20−22] and
dendrimer  ligands  [23, 24].  On  the  other  hand,  in  non-drying
mediated self-assembly,  the nucleation and growth of nanoparticle
superlattices  in  solution  can  be  initiated  by  adjusting  various
parameters,  such  as  pH,  ionic  strength,  temperature,  and  polarity.
This  method  has  been  employed  for  nanoparticles  capped  with
DNA ligands [25−27], charged small molecules [28−30], polymeric
ligands [31−33], dendrimer ligands [34, 35], and native ligands [36].

Structural  characterization  of  nanoparticle  superlattices  is
essential  for  understanding  the  self-assembly  mechanisms  and
structure–property relationships. Electron microscopy is a powerful
characterization  tool  due  to  its  high  spatial  resolution  and  diverse
analytical  modalities,  including  imaging,  diffraction,  and
spectroscopy.  It  provides  structural  information in  both real  space
and  reciprocal  space  across  a  broad  range  of  length  scales,  from
micrometers  to  sub-nanometers  [37−39].  The  rapid  advancement
of  electron  microscopy  instrumentation,  including  high-
performance detectors, microfabricated liquid cells, and specialized
sample holders, allows for the visualization of both static structures
and  the  dynamic  processes  of  nanoparticle  self-assembly.
Concurrently,  advancements  in  computational  algorithms,  open-
source  software,  and  machine  learning  facilitate  the  efficient
acquisition,  processing,  and analysis  of  large  datasets  generated  by
multimodal electron microscopy experiments.

This  review  focuses  on  the  various  electron  microscopy
techniques used in nanoparticle self-assembly research. We will first
discuss how transmission electron microscopy (TEM) imaging and
diffraction,  along  with  scanning  electron  microscopy  (SEM)
imaging,  have  been  routinely  utilized  to  identify  the  structures  of
various nanoparticle superlattices. Next, we will assess the utility of
electron tomography and focused ion beam scanning transmission
electron  microscopy  (FIB-SEM)  tomography,  conducted  at  both
room  and  cryogenic  temperatures,  for  resolving  the  three-
dimensional  (3D) structures  of  complex nanoparticle  superlattices.
Finally,  we  will  discuss  the  advantages  of  recently  developed
electron microscopy techniques, such as four-dimensional scanning
transmission  electron  microscopy  (4D-STEM),  fast  electron
tomography,  and  liquid  cell  transmission  electron  microscopy
(LCTEM),  as  well  as  the  new  insights  they  provide  into  the
structure and dynamics of nanoparticle self-assembly. 

2    Electron  microscopy  characterization  of  static
nanoparticle assemblies
 

2.1    Electron  microscopy  imaging  and  diffraction  of
nanoparticle assemblies
Conventional  electron  microscopy  techniques,  including  TEM
imaging,  small-angle  electron  diffraction  (SAED),  wide-angle

electron  diffraction  (WAED),  and  SEM  imaging,  have  been
extensively  utilized  to  investigate  the  structures  of  various
nanoparticle  assemblies  [40−53].  Spherical  nanoparticles  are
frequently  regarded  as  atomic  analogs  because  they  can  self-
assemble into superlattices that mirror the structural arrangements
found in atomic solids. In a groundbreaking 1995 study, Murray et
al.  combined  TEM  imaging,  SAED,  and  SEM  imaging  (Figs.  1(a)
and 1(b)) to investigate the face-centered cubic (FCC) structure and
morphology  of  superlattices  self-assembled  from  CdSe  quantum
dots  [18].  Later,  Shevchenko  et  al.  reported  over  fifteen  distinct
binary  nanoparticle  superlattice  (BNSL)  structures  such  as  NaCl,
CuAu, CsCl, AlB2, MgZn2, MgNi2, Cu3Au, Fe4C, CaCu5, CaB6, and
NaZn13,  self-assembled  from  many  combinations  of
semiconducting,  metallic,  and  magnetic  nanoparticles  (Figs.
1(d)−1(i))  [19].  Talapin  et  al.  discovered  the  first  dodecagonal
quasicrystalline  (DDQC)  BNSLs  (Fig.  1(c))  self-assembled  from
multiple  combinations  of  nanoparticles  [40].  Later,  Ye  et  al.
reported  a  different  type  of  DDQC  BNSLs  coexisting  with  the  σ
phase  (Fig.  1(l))  [54].  In  shape-anisotropic  nanoparticle  self-
assembly,  TEM and SEM imagings  enable  visualization of  particle
shape  and  arrangement  in  real  space,  while  SAED  and  WAED
provide  insights  into  lattice  symmetry  and  particle  orientation
through reciprocal  space analysis.  For example,  the TEM imaging,
SAED,  and  WAED  conducted  by  Ye  et  al.  (Figs.  1(k) and 1(l))
revealed  parallel  arrangements  of  DyF₃  rhombohedral  nanoplates
and alternating arrangements of DyF₃ hexagonal nanoplates in the
self-assembled  two-dimensional  (2D)  superlattices  [44].  SEM
imaging by Henzi et al. (Figs. 2(a)−2(c)) revealed supercrystals self-
assembled  from  Ag  cubes,  truncated  octahedra,  and  octahedra
exhibiting densest lattice packings [42]. Using SEM imaging, Wang
et  al.  observed multiply  twinned supracrystals  self-assembled from
Au  tetrahedral  nanocrystals,  adopting  both  icosahedral  and
hexagonal  plate-like  shapes  (Figs.  2(d)−2(k))  [53].  For  most  thin
nanoparticle superlattices (< 300 nm thick), acquiring TEM images
and  corresponding  SAED  patterns  along  characteristic  zone  axes,
then  comparing  them  with  modeled  crystal  structures,  is  often
sufficient for accurate structural assignment. When 2D projections
of  different  structures  appear  highly  similar,  structural
misassignment  of  nanoparticle  superlattices  may  occur  due  to
limited  structural  information from the  same superlattice  domain.
This  challenge  can  be  addressed  by  TEM  tilting  methods,  which
provide  additional  2D  projections  and  SAED  patterns  from  the
same  domain  by  tilting  the  specimen  to  various  orientations.
Structural  assignment  of  nanoparticle  superlattices  involves
matching  2D  projections  and  SAED  patterns  from  the  same
domain,  captured  at  various  tilt  angles,  to  a  crystal  model.  This
process  requires  only  a  standard  TEM  specimen  mounted  on  a
single- or  double-tilt  holder.  Tilting  is  paused  upon  observing  a
clear projection from a new zone axis,  allowing for the acquisition
of corresponding TEM image and SAED pattern.

The  TEM  tilting  method  has  been  used  to  distinguish  the
structures  of  BNSLs with polymorphic  phases.  For example,  Chen
et  al.  employed  a  3D  crystallographic  approach  using  a  dual-axis
tomography  TEM  holder  to  systematically  characterize  the
structure  of  AB13-type  BNSLs,  for  which  two  polymorphs—ico-
AB₁₃ and cub-AB13—had been proposed (Figs. 3(a)−3(d)) [55]. The
tomography  holder’s  in-plane  360°  rotation  capability  enables
alignment of  a  specific  crystallographic direction parallel  to the tilt
axis  prior  to  tilting.  The  crystallographic  tool  of  stereographic
projection is used to design series tilt paths. A total of nine tilt series
were  acquired  and  14  distinct  crystallographic  projections  of  the

Chen et al. Nano Research | Vol. 18, No. 7

Nano Research, 2025, 18, 94907286 94907286 (2 of 16)

https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286


AB13-type  BNSLs  were  identified.  All  TEM  images  and
corresponding  SAED  patterns  from  each  tilt  series  confirm  the
phase-pure  ico-AB₁₃-type  BNSLs  self-assembled  from  various
combinations  of  oleic  acid-capped  Fe3O4 nanocrystals.  Using  the
TEM  tilting  technique,  Ye  et  al.  identified  a  new  AB6 polymorph
with  body-centered  cubic  (bcc)  symmetry  in  Au-Fe3O4 BNSL,
distinct  from the  previously  known simple  cubic  CaB6 phase  [56].
The  TEM  tilting  experiments  conducted  by  Bodnarchuk  et  al.
allowed  for  the  differentiation  between  (100)  projections  of  AlB2-
type and (010) projections of CuAu-type BNSLs, as well as between
(001) projections of CuAu-type and (001) projections of CsCl-type
BNSLs composed of either 3.4 or 4.9 nm dodecanethiol-capped Pd
nanocrystals and oleic acid-capped 7.7 nm PbSe nanocrystals [57].

TEM tilting methods  were  also  used to  determine the  structure
of  shape-anisotropic  nanoparticle  superlattices.  For  example,  Boles
et  al.  conducted  TEM  tilting  experiments  on  superlattices
self-assembled  from  zinc-blend  CdSe  nanotetrahedra  with  8  or
10  nm  edge  lengths,  capped  with  oleic  or  stearic  acid  ligands
(Figs.  3(e)–3(h))  [58].  The  results  confirmed  that  the  three
characteristic projections from different domains correspond to the
same  superlattice  structure.  The  unit  cell  of  the  superlattice
comprises two tetrahedra oriented in opposite directions, featuring
a  center  of  inversion.  Nagaoka  et  al.  used  TEM  tilting  to

characterize  the  bcc  superlattice  self-assembled  from  wurtzite
CdSe/CdS  core–shell  nanotetrahedra  with  an  effective  edge  length
of 10.3 nm. The bottom facet of the nanotetrahedra is coated with
octadecylphosphonic acid, while the three equivalent side facets are
coated with oleic acid [59]. 

2.2    Electron tomography for resolving the 3D structure of
nanoparticle assemblies
While  TEM  imaging  and  tilting  techniques  have  aided  in
determining the structures of many nanoparticle superlattices, they
are insufficient for resolving the complete 3D structure of complex
nanoparticle  assemblies.  Electron  tomography  is  the  technique  of
choice  for  3D  structural  characterization  of  complex  nanoparticle
assemblies, as it enables the visualization of individual nanoparticles
within  superlattices  at  nanometer  resolution  across  a  wide  field  of
view [54, 60−72]. Electron tomography consists of three stages: data
acquisition,  alignment,  and  reconstruction.  A  single-axis  high  tilt
holder is used to acquire a series of projection images across a wide
angular  range (e.g.,  ±60° and ±70°)  with small  increments  (e.g.,  1°
and  2°).  This  extensive  tilt  range  is  necessary  to  minimize  the
missing wedge problem, which occurs due to missing information
in uncovered tilt  angles and can cause elongation of  reconstructed
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Figure 1    TEM images and electron diffraction patterns of single component and binary nanoparticle superlattices. (a) and (b) TEM images and SAED patterns (insets)
of [101] and [100] projections of fcc superlattices self-assembled from 4.8 nm CdSe quantum dots. Reproduced with permission from Ref. [18], © American Association
for the Advancement of Science 1995. (c) TEM image and SAED pattern (inset) of a dodecagonal quasicrystalline superlattice self-assembled from 13.4 nm Fe2O3 and
5 nm Au nanoparticles. Reproduced with permission from Ref. [40], © Macmillan Publishers Limited 2009. (d)–(i) TEM images of the characteristic projections of binary
superlattices self-assembled from (d) 6.7 nm PbS and 3.0 nm Pd, (e) 6.2 nm PbSe and 3.0 nm Pd, (f) 5.8 nm PbSe and 3.0 nm Pd, (g) 7.2 nm PbSe and 4.2 nm Ag, (h) 6.2
nm PbSe and 3.0  nm Pd,  and (i)  7.2  nm PbSe and 5.0  nm Au nanoparticles.  The insets  show the  superlattice  projections  (left  bottom) and the  corresponding three-
dimensional structures (right bottom). Reproduced with permission from Ref. [19], © Nature Publishing Group 2006. (j) TEM image of the phase boundary between the
dodecagonal quasicrystal and σ phase self-assembled from 12.0 nm Fe3O4 and 6.8 nm CoFe2O4 nanoparticles. Insets show the corresponding SAED patterns of the DDQC
(left bottom) and σ phase (right bottom), respectively. Reproduced with permission from Ref. [54], © Macmillan Publishers Limited, part of Springer Nature 2016. (k) and
(l)  TEM images  (left),  wide-angle  and  small-angle  (upper  right  and  lower  right)  electron  diffraction  patterns  of  superlattices  self-assembled  from DyF3 rhombohedral
nanoplates and hexagonal nanoplates, respectively. Reproduced with permission from Ref. [44], © Macmillan Publishers Limited 2013. Scale bars: ((d), (g), and (h)) 10
nm, ((e), (f), and (i)) 20 nm, and ((k) and (l)) 100 nm.
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nanoparticles in the direction perpendicular to the tilting axis [73].
A specialized tomography holder with in-plane rotation allows for
the  acquisition  of  two  orthogonal  tilt  series  of  projection  images
from the same nanoparticle superlattices, improving reconstruction
quality  by  reducing the  missing  wedge  to  a  missing  pyramid [74].
Due  to  sample  drift  during  tilting  experiments,  the  acquired  tilt
series  must  be  aligned  to  correct  drifts  among  projection  images
recorded at different tilt angles. Alignment algorithms use either the
coordinates  of  a  few  fiducial  markers,  whole  image  cross
correlation,  or  patched  image  cross  correlation  at  different  tilt
angles.  Several  free  software  packages,  including  IMOD  [75],
ASTRA [76], and Tomviz [77], have been developed to implement
various reconstruction algorithms, such as weighted back projection
(WBP)  and  simultaneous  iterative  reconstruction  techniques
(SIRT)  [78].  WBP  is  a  non-iterative  method  that  determines  the
Fourier transform of the object from the Fourier transforms of the
measured  projections  and  uses  a  weighting  filter  in  the  Fourier
space  to  correct  the  uneven sampling  of  spatial  frequencies  before
back projection to obtain the 3D structure of the object. In contrast,
SIRT  is  an  iterative  real  space  method  that  iteratively  refines  the
reconstructed 3D volume by minimizing the deviation between re-
projections  from  the  reconstructed  3D  volume  and  the  measured
projections  of  the  object.  WBP  is  a  fast  reconstruction  algorithm
and  often  used  as  the  routine  reconstruction  method  for  big
datasets  with  a  wide  range  of  tilting  angles  and  large  number  of
projections,  while  SIRT  is  more  computationally  demanding  but
has  the  advantage  of  reduced  reconstruction  artifacts  for  datasets
with  a  narrow  range  of  tilting  angles  and  small  number  of
projections [73].

Electron  tomography  can  be  conducted  in  either  bright-field
TEM  (BF-TEM)  or  high-angle  annular  dark-field  scanning
transmission  electron  microscopy  (HAADF-STEM)  modes.  BF-

TEM  is  primarily  used  for  samples  with  minimal  diffraction
contrast,  while  HAADF-STEM  is  better  suited  for  samples  with
high  diffraction  contrast.  Both  BF-TEM  and  HAADF-STEM
tomography  have  been  used  to  characterize  the  3D  structure  of
complex  nanoparticle  assemblies,  allowing  clear  visualization  of
nanoparticle  types,  positions,  and orientations.  For  example,  Evers
et  al.  used BF-TEM tomography to examine the 3D structure of  a
ternary  nanoparticle  superlattice  formed  on  TEM  grids  by  slowly
evaporating toluene from mixed ternary nanocrystal suspensions at
70  °C  under  reduced  pressure  [60].  Electron  tomography
reconstruction  revealed  that  the  ABC4-type  ternary  nanoparticle
superlattice  is  isostructural  with  the  AlMgB4 atomic  lattice,  with
12.1  and  17.9  nm  PbSe  nanocrystals  occupying  the  A  and  B
positions,  and  5.8  nm  CdSe  nanocrystals  located  at  C  sites  (Figs.
4(a)–4(h)).  Boneschanscher  et  al.  used  BF-TEM  tomography  to
determine  the  3D  structure  of  an  A6B19-type  binary  BNSL
assembled from 6.5 nm PbSe and 3.4 nm CdSe nanocrystals with a
size  ratio  of  0.67  [66].  The reconstruction revealed that  the  A6B19-
type BNSL comprises stacked layers forming a Kagome-like lattice
of  PbSe  nanocrystals,  with  CdSe  nanocrystals  occupying  the
interstitial sites (Figs. 4(i)–4(m)).

Ye  et  al.  used  BF-TEM  tomography  to  investigate  the  3D
structure of a novel DDQC BNSL thin film, formed by slow drying
of  binary  nanocrystal  mixtures  in  hexane  on  an  immiscible
diethylene  glycol  subphase  [54].  The  SAED patterns  display  sharp
diffraction spots with 12-fold rotational symmetry,  while the TEM
images reveal the characteristic square-triangle tiling of the DDQC
structure  and  an  absence  of  translational  periodicity  (Fig.  4(n)).
Electron  tomography  was  used  to  resolve  the  3D  structure  and
identify  the  types  and  positions  of  individual  nanocrystals  within
layers of the DDQC BNSLs. The reconstruction revealed that while
the  overall  structure  exhibits  12-fold  symmetry,  each  sublayer
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Figure 2    SEM images  of  anisotropic  nanoparticle  supercrystals.  (a)–(c)  SEM images  of  supercrystals  self-assembled  Ag  cubes  (a),  truncated  cubes  (b),  and  truncated
octahedra (c) with edge lengths of 122, 68, and 106 nm, respectively. Reproduced with permission from Ref. [42], © Macmillan Publishers Limited 2012. (d)–(k) SEM
images of icosahedral-shaped (d)–(i) and hexagonal plate-shaped (j) and (k) supercrystals self-assembled from Au tetrahedra with edge length of 48 nm. Reproduced with
permission from Ref. [53], © American Chemical Society 2022. Scale bars: ((a)–(c)) 500 nm, ((d), (j), and (k)) 200 nm, ((e) and (f)) 100 nm and ((g) and (i)) 50 nm.
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shows a reduced 6-fold symmetry (Fig. 4(o)). The 6-fold symmetric
layers  rotate  by  30°  between  the  non-primed  (P,  M)  and  primed
(P',  M')  layers,  confirming  the  presence  of  screw  symmetry.
Tomographic  reconstruction  further  reveals  that  the  M  layers
comprise  rectangles  and  equilateral  triangles  of  two  distinct  edge

lengths, with the rectangle’s edges matching those of the small and
large  triangles.  High-resolution  SEM  images  revealed  the
rectangle–large  triangle–small  triangle  tiling  in  the  surface
topography  of  DDQC  BNSLs.  This  structure  was  observed  across
four  binary  nanocrystal  systems:  6.8  nm  CoFe2O4 with  12.0  nm
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Figure 3    Series tilting of nanoparticle superlattices.  Structural models (a) and [001] projections (b) of ico-AB13 (left) and cub-AB13 (right) structures.  (c) Stereographic
projection of the cubic crystal system. (d) A tilt series of ico-AB13 binary superlattices self-assembled from 10.5 and 5.6 nm Fe3O4 nanoparticles. Below each TEM image
(inset shows the SAED pattern) are the projections from structural models and simulated SAED pattern. Tilting sequence: [001]→[015]→[013]→[012]→[035]→[011] zone
axes. Reproduced with permission from Ref. [55], © American Chemical Society 2010. (e)–(h) A tilt series of TEM images (e), corresponding modeled projections (f), unit
cell (g), and structural model (h) of superlattices self-assembled from CdSe tetrahedra with 10-nm edge length. Reproduced with permission from Ref. [58], © American
Chemical Society 2014. Scale bars: (d) 20 nm and (e) 10 nm.
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Fe3O4,  6.2  nm  FePt  with  11.5  nm  Fe3O4,  5.8  nm  Au  with  9.7  nm
Fe3O4,  and 8.8  nm Fe3O4 with  14.6  nm Fe3O4.  These  observations
demonstrate  that  the  formation  of  DDQC  BNSLs  is  robust  and
essentially  independent  of  the  chemical  composition  of  the
constituent  nanocrystals.  In  all  combinations,  the  nanocrystal  size
ratio  falls  within  the  range  of  0.60–0.66,  calculated  based  on

effective  sizes  that  include  both  the  inorganic  core  and  the  ligand
shell. Molecular dynamics simulations suggest that the particle size
ratio and the width of the attractive potential well are key factors in
stabilizing the DDQC phase over competing structures.

Using  BF-TEM  tomography,  Nagaoka  et  al.  resolved  the  3D
structure  of  a  novel  single-component  decagonal  quasicrystalline
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Figure 4    Electron tomography of nanoparticle superlattices. (a)–(h) Slice views of electron tomography reconstruction (a)–(d) and the corresponding structural models
(e)–(h) of the ABC4-type ternary nanoparticle superlattices self-assembled from 12.1 and 17.1 nm PbSe and 5.8 nm CdSe nanocrystals. Reproduced with permission from
Ref. [60], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2009. (i)–(m) Slice views of electron tomography reconstruction (i)–(l) and TEM image (m) of A6B19
binary superlattices self-assembled from 6.5 nm PbSe and 3.4 nm CdSe nanocrystals. Reproduced with permission from Ref. [66], © American Chemical Society 2013. (n)
SAED pattern (top) and TEM image (bottom), (o) slice views of electron tomography reconstruction (top), corresponding structural models (middle) and fast Fourier
transform patterns (bottom) of a dodecagonal quasicrystalline binary superlattice self-assembled from 6.8 nm CoFe2O4 and 12.0 nm Fe3O4 nanocrystals. Reproduced with
permission  from  Ref.  [54],  ©  Macmillan  Publishers  Limited,  part  of  Springer  Nature  2016.  (p)  SAED  pattern  (left  top),  TEM  image  (left  bottom),  and  slice  views  of
electron tomography reconstruction of a decagonal quasicrystalline superlattice self-assembled from CdSe/CdS core–shell nanocrystals with height of 6.7 nm. Reproduced
with permission from Ref. [69], © American Association for the Advancement of Science 2018.
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superlattice  [69].  This  superlattice  comprises  truncated  tetrahedral
wurtzite CdSe/CdS core–shell quantum dots (TTQDs) with heights
of  6.7  or  8.5  nm,  featuring  three  oleic  acid-capped  facets  and  one
facet  coated  with  octadecylphosphoric  acid.  The  decagonal
quasicrystalline  superlattices  were  assembled  by  the  slow
evaporation  of  a  cyclohexane  solution  containing  TTQDs  on  an
ethylene glycol liquid subphase. TEM images reveal the absence of
translational  periodicity,  while  SAED  patterns  display  10-fold
rotational  symmetry,  confirming  the  decagonal  quasicrystalline
ordering (Fig. 4(p)). Electron tomography was used to elucidate the
3D  TTQC  packing  within  the  decagonal  quasicrystalline
superlattices.  The  reconstruction  revealed  a  consistent  10-fold
rotational  symmetry  across  all  slices,  along  with  a  distinctive
alternating  pentagon–decagon–pentagon  pattern  from  top  to
bottom slices (Fig. 4(p)). The shape of the TTQDs, combined with
the  anisotropic  surface  patchiness  from  the  two  distinct  capping
ligands, was found to be crucial for the formation of the decagonal
quasicrystalline superlattices.

Electron tomography has also been utilized to investigate the 3D
structure  of  nanocrystal  supraparticles  assembled  within  emulsion
droplet  templates.  For  example,  Wang  et  al.  employed  HAADF-
STEM  tomography  to  examine  the  3D  structure  of  binary
icosahedral supraparticles, which were assembled through the slow
drying  of  emulsion  droplets  created  by  mixing  a  cyclohexane
nanocrystal  dispersion  with  an  aqueous  solution  of  dextran  and
sodium dodecyl  sulfate  [79].  The  binary  icosahedral  supraparticles
consist  of  7.7  nm  CdSe  and  9.9  nm  PbSe  nanocrystals  with  an
effective size ratio of 0.78 and a 2:1 number ratio of small  to large
nanocrystals. This same binary combination forms an MgZn₂ Laves
phase  when  the  cyclohexane  solution  of  nanocrystals  was  slowly
dried  on  a  diethylene  glycol  surface,  indicating  that  the  MgZn₂
phase  is  the  bulk-stable  structure.  Electron  tomography  was
conducted  to  analyze  the  3D  structure  of  six  supraparticles  with
diameters of 80, 110, 132, 167, 170, and 187 nm. Using an advanced
tomographic  reconstruction  algorithm,  the  coordinates  of  all
particles  were  successfully  retrieved.  The  reconstruction  revealed
binary  icosahedral  clusters  in  all  supraparticles,  consisting  of
tetrahedral  domains  with  a  cubic  MgCu₂-like  structure  and
exhibiting  five-fold  symmetry.  Both  experimental  results  and
simulations  indicate  that  the  formation  of  binary  icosahedral
supraparticles  is  driven  by  spherical  confinement.  Additionally,
electron tomography has been used to characterize the 3D structure
of supraparticles composed of shape-anisotropic nanoparticles [80]
and  polymer-grafted  nanoparticles  [81],  revealing  core–shell
structures  resulting  from  spherical  confinement  and/or  the
minimization of liquid/liquid interfacial energy. 

2.3    FIB-SEM tomography  to  uncover  the  3D  structure  of
nanoparticle assemblies
TEM tomography is  typically  restricted  to  nanoparticle  assemblies
with  a  thickness  of  less  than  300  nm,  as  the  quality  of  the
reconstruction  deteriorates  for  thicker  samples  due  to  the  limited
penetration  of  the  electron  beam.  In  contrast,  FIB-SEM
tomography  is  well-suited  for  3D  structural  characterization  of
thick  nanoparticle  assemblies,  thanks  to  its  different  volume
generation  mechanism  [82−85].  FIB-SEM  tomography  is
performed  using  a  dual-platform  FIB-SEM  microscope,  where
synchronized  FIB  milling  removes  thin  slices,  and  SEM  imaging
captures  the  newly  exposed  cross-sections.  This  process  allows  for
the acquisition of sequential stacks of SEM images. Following post-

acquisition image processing steps such as denoising and alignment
to  correct  for  sample  drift  during  data  collection,  the  3D  volume
data  is  generated  directly  from  the  aligned  stacks  of  SEM  images.
The  resolution  of  FIB-SEM  tomography  can  reach  2–3  nm,
typically determined by the minimum thickness of each milled slice.
While  FIB-SEM  tomography  requires  substantially  longer  data
acquisition times than TEM tomography, the sequential FIB milling
and SEM imaging process is  fully automated in modern FIB-SEM
microscopes.

FIB-SEM  tomography  has  been  employed  to  uncover  the  3D
structure  of  large  supercrystals  self-assembled  from  anisotropic
nanoparticles, such as Au nanorods [83, 84] and Au nanotetrahedra
[85].  For  instance,  Wang  et  al.  utilized  FIB-SEM  tomography  to
examine the 3D structure of DDQC supracrystals composed of 70
nm  sharp-vertex  gold  tetrahedra,  which  were  assembled  through
the  slow  evaporation  of  an  aqueous  solution  on  hydrophobic
polystyrene-coated  Si  substrates  [85].  The  70  nm  gold  tetrahedra
were  synthesized  using  a  seed-mediated  growth  method,  purified
through  a  centrifugal  force-assisted  depletion  approach,  and  post-
synthetically  functionalized  with  11-mercaptoundecanoic  acid
(MUA).  Deprotonated  MUA  ligands  provide  a  balance  between
electrostatic  repulsion  and  van  der  Waals  attraction,  resulting  in
hard  particle-like  interactions.  SEM  images  revealed  discrete
supracrystals  with  disk  or  dome  shapes,  each  spanning  several
micrometers  in  diameter.  The  structural  order  of  individual
supracrystals was examined using small-angle X-ray scattering with
microfocus X-ray beams. The results showed sharp spots exhibiting
12-fold  rotational  symmetry,  a  hallmark  of  dodecagonal
quasicrystals.  The  3D  structures  reconstructed  from  FIB-SEM
tomography  closely  match  the  simulation  model  (Figs.  5(a) and
5(b)).  The  positions  and  orientations  of  the  gold  nanotetrahedra
were  revealed  through  five  evenly  spaced  slices  spanning  half  a  z-
periodicity.  Two  pentagonal  bipyramids  are  positioned  above  and
below  each  12-tetrahedra  ring.  The  triangular  tiles  are  formed  by
three  12-tetrahedra  rings  and  a  central  tetrahedron,  which  can
adopt  two  orientations  (face-up  or  vertex-up)  when  viewed  along
the 12-fold axis. The square tiles consist of four 12-tetrahedra rings
enclosing five interstitial tetrahedra, with the outer four arranged to
make  face-to-face  contact  with  the  central  tetrahedron.
Furthermore, 360° HAADF-STEM tomography was performed on
a pillar-shaped cutout prepared by FIB from the central region of a
quasicrystalline  supracrystal.  The  reconstructed  slices  reveal  a
periodic arrangement of alternating pentagonal bipyramids and 12-
tetrahedra rings along the 12-fold axis, consistent with the volume-
rendered  3D  reconstruction  extracted  from  the  FIB-SEM
tomogram  (Figs.  5(c) and 5(d)).  Overall,  the  surface  chemistry  of
nanotetrahedra  and  the  assembly  environment—particularly
substrate hydrophobicity—are key parameters for the formation of
DDQC supracrystals. 

2.4    4D-STEM analysis of nanoparticle assemblies
4D-STEM involves scanning a convergent electron beam over a 2D
grid of  probe positions,  recording a  2D diffraction pattern at  each
position with a pixelated camera [86]. This process generates a 4D
dataset  that  typically  comprises  tens  of  thousands  of  electron
diffraction patterns.  Unlike WAED, which provides the ensemble-
averaged  orientation  of  nanoparticles  in  superlattices,  4D-STEM
allows  for  the  measurement  of  the  orientation  of  individual
nanoparticles.  Orientation  mapping  requires  indexing  the  Bragg
disks  within  the  4D-STEM  dataset.  To  prevent  overlapping  of
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adjacent  diffraction  disks,  the  convergence  angle  of  the  electron
probe  must  be  smaller  than  the  Bragg  angle  of  the  material  being
measured.  Several  open-source packages,  such as  py4DSTEM [87]
and  Pyxem  [88],  have  been  developed  for  analyzing  4D-STEM
datasets.  To  generate  orientation  mapping  from  a  4D-STEM
dataset,  a  library  of  diffraction  patterns  for  each  possible  material
orientation  is  typically  precomputed.  The  orientation  is  then
determined  by  matching  the  experimental  electron  diffraction
pattern to the simulated pattern with the highest  correlation.  Both
py4DSTEM  and  Pyxem  are  python-based  open-source  packages
that  provide  orientation mapping  workflows  in  Jupyter  notebooks
on  their  public  GitHub  repositories.  While  they  employ  different
template  matching  methods  to  extract  orientations  from  the  4D-
STEM datasets, both packages enable a reliable and fast orientation
mapping [87, 88].

4D-STEM  has  been  employed  to  analyze  the  orientation
distribution  of  individual  nanoparticles  within  self-assembled
superlattices. For example, Cimada daSilva et al. used 4D-STEM to
determine  the  precise  position  and  crystallographic  orientation  of
individual  7  nm  PbS  nanocrystal  in  monolayer  superlattices  at
different stages of the transformation from a hexatic to a square-like
superlattice  [89].  A  2  nm  electron  probe  was  used  to  scan  the
monolayer  superlattice  across  large  fields  of  view,  recording  a
nanobeam  electron  diffraction  (NBED)  pattern  at  each  scan
position  (Fig.  6).  The  in-plane  and  out-of-plane  tilt  angles  were
determined  by  comparing  the  single-particle  NBED  patterns  of
each  nanocrystal  to  a  series  of  simulated  patterns.  Correlating  the

orientation of the nanocrystals with the local bond order parameter
revealed  that  the  transformation  within  a  grain  occurs  gradually
and is largely driven by the translation of pre-aligned nanocrystals. 

3    Electron  microscopy  characterization  of
undried nanoparticle assemblies
 

3.1    Cryogenic  transmission  electron  tomography  for  3D
structure  characterization  of  nanoparticle  assemblies  in
frozen state
Conventional  TEM  analyzes  dried  samples  under  high  vacuum,
whereas  nanoparticle  superlattices  formed  through  non-drying-
mediated  self-assembly  remain  stable  only  in  a  solvent.
Consequently,  X-ray  scattering  techniques  are  frequently  used  to
analyze  these  solvent-stabilized  assemblies,  but  they  typically  yield
ensemble-averaged  information  in  reciprocal  space.  On  the  other
hand,  cryogenic  TEM  (cryo-TEM),  originally  developed  by  the
structural  biology  community,  is  a  powerful  tool  for  directly
visualizing  solvent-stabilized  nanoparticle  superlattices  through
solvent vitrification [90−92]. The vitrified TEM sample is prepared
by  applying  a  few  microliters  of  aqueous  solution  onto  a  glow-
discharged holey carbon TEM grid,  followed by brief  blotting and
rapid  plunge  freezing  in  liquid  ethane.  The  sample  is  then  cryo-
transferred  to  the  microscope  for  imaging.  Cryo-TEM  and
cryogenic  electron  tomography  (cryo-ET)  are  conducted  at  liquid

 

(a) (b)

(c) (d)

Figure 5    FIB-SEM tomography and electron tomography of dodecagonal quasicrystals self-assembled from sharp-vertex Au tetrahedra with 70-nm edge length. (a) Slice
visualization  of  FIB-SEM  tomography  reconstruction  data  and  square-triangle  tilting  analysis.  (b)  FIB-SEM  tomography  slices  (left)  along  the  12-fold  axis  and  cuts
through the simulation dataset (right) are compared at five different heights. (c) STEM tomography reconstruction of a 250 nm-diameter pillar sample prepared by FIB
lift-out  from the  central  region of  a  quasicrystal.  The periodic  stacking along the  12-fold  axis  is  confirmed by comparing the  STEM tomography slice  (left)  and a  cut
through the simulation dataset (right). (d) (left) Schematic depiction of the orientation of cut planes (gray) in (b) and (c) on a log and (right) volume rendering of the FIB-
SEM tomography reconstruction. Reproduced with permission from Ref. [85], © American Chemical Society 2023.
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nitrogen temperatures and under low-dose conditions to maintain
the vitrified state of the solvent and prevent thawing.

Cryo-TEM and cryo-ET have  been  employed  to  investigate  the
self-assembly  of  charged  nanoparticles  in  aqueous  solutions
[93, 94].  For  instance,  Kostiainen  et  al.  utilized  cryo-ET  to
characterize  the  3D  structure  of  binary  nanoparticle  superlattices
formed by the self-assembly of negatively charged protein cages and
positively charged gold nanoparticles in aqueous solution [93]. Due
to the inability of the nanoparticle superlattices to withstand drying,
cryo-TEM  and  cryo-ET  were  conducted  on  vitrified  samples  to
characterize  2D  superlattice  projections  and  3D  structures  at  the
liquid nitrogen temperature. The effective diameters are 28 nm for
the  negatively  charged  cowpea  chlorotic  mottle  virus  (CCMV),
12 nm for ferritin (FT), and 8.5 nm for the positively charged gold
nanoparticles.  The  interactions  between  protein  cages  and  gold
nanoparticles  can  be  tuned  by  adjusting  the  electrolyte
concentration  and  pH  to  promote  BNSL  formation.  Cryo-ET
revealed the formation of a novel fcc AB8-type BNSL composed of
CCMV and gold nanoparticles (Figs. 7(a)−7(d)), as well as a simple
cubic CsCl-type BNSL formed by FT and gold nanoparticles. These
findings  were  supported  by  small-angle  X-ray  scattering  results
obtained in aqueous solutions.

Cryo-TEM and cryo-ET can  also  be  used  to  study  less  ordered
nanoparticle  assemblies  in  solution.  For  example,  Bian  et  al.  used
cryo-TEM  and  cryo-STEM  tomography  to  characterize  the
structure of  aggregates formed immediately after mixing positively
charged gold nanoparticles with negatively charged small molecules
[29].  Gold  nanoparticles  with  diameters  ranging  from  2.8  to
13.1  nm  were  functionalized  with  (11-mercaptoundecyl)-N,N,N-
trimethylammonium (TMA) ligands that feature positively charged
ammonium terminal groups. They discovered that small molecules
carrying  three  or  more  charges  could  mediate  electrostatic
attraction  between  oppositely  charged  gold  nanoparticles,  while
those with only one or two charges were ineffective. Cryo-TEM and
cryo-STEM  tomography  were  employed  to  characterize  the
aggregates formed immediately after treatment of the TMA-coated
gold  nanoparticles  with  the  oligoanion  P3O10

5−.  The  tomography
reconstruction revealed that  the  ~ 25 nm aggregates  were  Mackay
icosahedra,  with  a  central  nanoparticle  surrounded  by  a  12-
nanoparticle  icosahedral  shell.  This  inner  shell  was  encased within
an outer deltahedral shell composed of 42 nanoparticles, forming a
magic  number  cluster  comprising  a  total  of  55  nanoparticles
(Figs.  7(e) and 7(f)).  The  formation  of  densely  packed  clusters  of
like-charged nanoparticles is facilitated by small, oppositely charged
molecules  that  mitigate  electrostatic  repulsion  between  the
nanoparticles. 

3.2    Fast  electron  tomography  for  3D  structural
characterization  of  nanoparticle  assemblies  in  liquid
environments
The introduction of microfabricated liquid cells has facilitated TEM
characterization of samples within liquid environments. These cells
consist  of  two  electron-transparent  windows,  typically  less  than
50  nm  thick,  that  enclose  the  liquid  and  isolate  it  from  the
microscope’s  vacuum.  Electron  tomography  of  nanoparticle
assemblies  in  liquid  can  provide  accurate  3D  representations  of
their  native  solvated  state,  closely  resembling  the  results  achieved
with  cryo-TEM  tomography.  However,  several  challenges  remain,
including  the  limited  tilt  range  imposed  by  the  liquid  cell’s
geometry,  background  noise  from  the  liquid  and  silicon  nitride
windows, and a weak signal-to-noise ratio due to the need for low-
dose imaging to  prevent  radiolysis.  The restricted tilt  range results
in  a  missing wedge artifact,  which compromises  the  quality  of  the
tomographic reconstruction. Overcoming these challenges requires
improvements  in  liquid  cell  design  and  the  development  of
innovative  methods  for  tilt  series  acquisition,  alignment,  and
reconstruction.  For  instance,  unlike  conventional  electron
tomography,  which  typically  requires  tens  of  minutes  to  acquire  a
tilt series, fast electron tomography reduces acquisition time to just
a few minutes or even less than one minute by continuously tilting
the sample while capturing 2D projection images [95−97].

Recently,  Arenas  Esteban  et  al.  demonstrated  the  utility  of  fast
electron  tomography  for  3D  structural  characterization  of
nanoparticle assemblies in liquid cells [98]. Two types of liquid cells
were used: one with a 90° tilt range and a 500 nm window gap, and
another  with  a  140°  tilt  range  and  a  100  nm  window  gap.
Approximately  2  μL  of  nanoparticle  solution  was  introduced  into
the  liquid  cell,  assisted  by  capillary  forces.  The  liquid  cell,  sealed
with water-resistant glue, was mounted onto a single-tilt holder for
fast  tomography  acquisition.  They  developed  an  optimized
workflow  for  the  acquisition,  alignment,  and  reconstruction  of
nanoparticle  assemblies  in  liquid  environments.  This  included  an
advanced  reconstruction  method  that  combined  compressed
sensing  with  the  discrete  algebraic  reconstruction  technique,
significantly  improving  the  accuracy  of  tomography
reconstructions.  Fast  electron  tomography  of  cetyltrimethy-
lammonium  bromide  (CTAB)-stabilized  gold  nanorods  showed
that surface-to-surface distances were shorter in vacuum (2–4 nm)
compared to those in liquid (6–8 nm), as illustrated in Fig. 8. These
findings  underscore  the  importance  of  liquid  cell  electron
tomography  for  accurately  capturing  the  3D  structures  of
nanoparticle assemblies in their native liquid environments. 

 

(a) (b)

(c)

Figure 6    4D-STEM characterization of monolayer superlattices self-assembled from 7 nm PbS truncated cuboctahedron nanocrystals. (a) NBED patterns overlaid with
each HAADF-STEM image of the same region. (b) NBED patterns matched to simulated patterns for different out-of-plane and in-plane tilt angles. (c) Illustration of in-
plane and out-of-plane angles. Reproduced with permission from Ref. [89], © American Chemical Society 2020.
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4    LCTEM for direct imaging of nanoparticle self-
assembly dynamics
Due to advancements in microfabricated liquid cells and specialized
sample  holders,  LCTEM has  emerged as  a  powerful  technique for
studying  the  dynamics  of  nanoparticle  self-assembly  in  liquid
environments [90, 99−115]. While X-ray scattering techniques have
been  widely  employed  to  investigate  nanoparticle  self-assembly  in
solutions, they are limited to providing ensemble-level information
in reciprocal  space.  In  contrast,  LCTEM enables  direct  imaging of
dynamic  processes  at  the  single-particle  level  in  real  space.
Nanometer-scale  image  resolution  is  achieved  using
microfabricated  liquid  cells  with  thin  silicon  nitride  or  graphene
windows  and  spacers  that  isolate  the  liquid  from  the  vacuum
environment  within  the  TEM.  The  holder’s  flow  capability  allows
for  the  introduction  and  exchange  of  solutions  within  the  liquid
cells  before  or  during  imaging.  Additionally,  electrodes  patterned
on  the  silicon  nitride  chips  and  sample  holder  enable  the
application  of  electric  fields  and  temperature  jumps  as  stimuli  for
studying dynamic processes. The electron beam plays an important
role  in  studying  nanoparticle  self-assembly  with  LCTEM.  It

functions  not  only  as  an  imaging  source  but  can  also  affect  the
liquid environment within the cells by inducing solution radiolysis
and  charging  the  silicon  nitride  windows  and  nanoparticles.  The
large,  time-resolved  TEM  datasets  with  low  signal-to-noise  ratios
present  significant  challenges  for  efficient  data  processing  and
analysis.  These challenges can be overcame by leveraging machine
learning and deep learning techniques [116−121].

Ou et al. used LCTEM to directly observe a two-step nonclassical
nucleation  pathway  in  nanoparticle  assembly  [107],  capturing  the
transition  of  dispersed  triangular  gold  nanoprisms  into  a
superlattice  in  aqueous  solution  (Fig.  9(a)).  Before  electron  beam
illumination,  triangular  gold  nanoprisms  with  a  side  length  of
100.5 nm and a thickness of 7.5 nm were dispersed in the solution
due  to  electrostatic  repulsion  imparted  by  the  negatively  charged
thiolated ligands. The electron beam rapidly increases ionic strength
in  the  illuminated  region  through  water  radiolysis,  reducing
electrostatic  repulsion  and  causing  the  gold  nanoprisms  to  stack
into  vertically  aligned  columns  on  the  SiNx chip.  The  gold
nanoprisms  within  each  column  exhibited  random  horizontal
alignment,  creating  columns  that  formed  a  hexagonal  lattice
appearing as circular discs under TEM. The evolution of liquid and

 

(c)(a) (b)

(c)

(e) (f)

(d)

Figure 7    Cryo-TEM and cryo-ET of nanoparticle superlattices. Cryo-ET reconstruction data (a), structural model (b), cryo-TEM images of [100] and [110] projections
((c) and (d)) of vitrified AB8-type superlattices self-assembled from negatively charged CCMV cages and positively charged 2.6 nm Au nanoparticles. Scale bars: 50 nm.
Reproduced with permission from Ref. [93], © Macmillan Publishers Limited 2013. (e) Cryo-STEM bright-field image of a vitrified Au·TMA/P3O10

5− aggregate. (f) (top)
Voxel  projections  of  the  cryo-tomography  reconstruction  of  the  Mackay  cluster  marked  in  (e)  and  (bottom)  corresponding  2D  projections  of  structural  models.
Reproduced with permission from Ref. [29], © Bian, T. et al. 2021.

Chen et al. Nano Research | Vol. 18, No. 7

Nano Research, 2025, 18, 94907286 94907286 (10 of 16)

https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286
https://www.sciopen.com/article/10.26599/NR.2025.94907286


 

(a) (b)

(c) (d)

(e) (f)

Figure 8    Fast electron tomography of Au nanorod bilayer assemblies in vacuum and liquid solution. 2D HAADF-STEM images ((a) and (b)), 3D STEM-tomography
reconstructions ((c) and (d)) and orthogonal slice views of superlattices self-assembled from two layers of Au nanorods in vacuum ((a), (c), and (e)) and liquid solution
((b), (d), and (f)), respectively. Reproduced with permission from Ref. [98], © Arenas Esteban, D. et al. 2024.

 

(a)

(b)

(c)

(d)

Figure 9    Time-lapse LCTEM images showing the dynamics of nanoparticle self-assembly in solutions. (a) Time-lapse LCTEM images show the self-assembly process of
gold triangular nanoprisms in aqueous solution, with nanoprism columns colored according to |ψ6j|2. Reproduced with permission from Ref. [107], © Ou, Z. H. et al. 2019.
(b) Time-lapse LCTEM images show the self-assembly process of gold nanospheres in nonaqueous solution, with nanoparticle centroids color-coded according to |ψ6j|.
Reproduced  with  permission  from  Ref.  [112],  ©  American  Chemical  Society  2022.  Time-lapse  LCTEM  images  show  the  self-assembly  process  of  gold  nanocubes  in
nonaqueous  solution,  with  nanocube centroids  colored according to  |ψ6j|  (c),  and nanocubes  colored according to  their  orientations  (d).  Reproduced with  permission
from Ref. [114], © Zhong, Y. X. et al. 2024.
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solid  column  populations  followed  a  two-step  nonclassical
crystallization  pathway  which  involved  a  dense,  amorphous
intermediate.

Using  LCTEM,  Zhong  et  al.  revealed  a  multistep  crystallization
pathway  for  nanoparticle  self-assembly  in  a  mixed  octane-butanol
solvent  [112],  capturing  the  entire  process  from  dispersed
nanoparticles to ordered superlattices with single-particle resolution
(Fig.  9(b)).  Prior  to  TEM  imaging,  68.1  nm  gold  nanospheres
grafted  with  3.2  kDa  thiol-terminated  polystyrene  were  deposited
onto the Si3N4 windows. However, within seconds of electron beam
illumination,  they  began  to  move  due  to  electron-beam-induced
positive  charging of  the  Si3N4 windows and the gold nanospheres.
A  multistep  crystallization  pathway  comprising  four  distinct
stages—gas  state,  cluster  state,  polycrystalline  state,  and  single
crystalline  solid  state—was  unveiled  using  deep  learning-assisted
image  segmentation  and  order  parameter  analysis.  The  solvent
composition  was  identified  as  the  key  parameter  for  tuning
interparticle interactions and the assembly behavior of polystyrene-
grafted  Au  nanospheres.  LCTEM  also  revealed  the  formation,
migration,  and  annihilation  of  structural  defects  in  nanoparticle
superlattices, such as vacancies, dislocations, and grain boundaries.

Recently,  Zhong  et  al.  reported  LCTEM  imaging  of  the  self-
assembly  pathways  of  gold  nanocubes  into  various  superlattice
structures  [114],  with  the  assembly  process  governed  by  solvent
composition  (Figs.  9(c) and 9(d)).  Theoretical  analysis  and
molecular dynamics simulations suggest that the interplay between
van  der  Waals  attraction  and  electrostatic  repulsion  in  different
solvents  controls  superlattice  formation.  As  the  solvent  polarity
decreased  with  an  increasing  ratio  of  octane  to  butanol,  the
formation of square-like (SQ), rhombic (RB), and hexagonal rotator
(HR)  phases  of  2D  superlattices  composed  of  87.4  nm  gold
nanocubes  was  observed.  Distinct  self-assembly  pathways  for  the
three  phases  were  identified  through  deep  learning-assisted  image
segmentation  and  analyzed  using  various  order  parameters.  The
evolution  of  lattice  translational  order  and  particle  orientational
order was largely decoupled during the assembly of the HR phase,
while  strong coupling was  observed for  the  SQ phase.  In  contrast,
the  degree  of  coupling  varied  at  different  stages  of  the  assembly
process for the RB phase. They also demonstrated real-time control
of solid–solid transitions via in situ rapid solvent exchange. LCTEM
revealed  two  pathways  for  the  RB-to-SQ  transition:  one  involving
an  HR-like  intermediate  and  the  other  characterized  by  lattice
distortion resulting from the collective rotation of gold nanocubes,
influenced by their local densities. 

5    Outlook and perspective
In  this  review,  we  discussed  the  utility  and  advantages  of  various
electron  microscopy  techniques  for  characterizing  the  structures
and formation pathways of nanoparticle assemblies, spanning from
conventional imaging and diffraction to advanced techniques such
as electron tomography,  FIB-SEM tomography,  cryogenic electron
tomography,  fast  electron  tomography,  4D-STEM,  and  LCTEM
(Table  1).  These  methods  facilitate  the  acquisition  of  2D  and  3D
structural  information  of  nanoparticle  superlattices  in  dry,  frozen,
and liquid states. We also highlighted the advantages of LCTEM for
studying  dynamic  processes  of  nanoparticle  assembly  in  liquid
environments.  Furthermore,  we  discussed  the  development  of
advanced  data  processing  and  analysis  algorithms  and  their
integration  into  open-source  software  for  tomography
reconstruction  and  4D-STEM  data  analysis.  The  incorporation  of
artificial  intelligence  and  machine  learning  techniques  has  been
instrumental  in  managing  large  and  complex  datasets,  including
those  with  low  signal-to-noise  ratios,  with  many  open-source
Python  codes  available  to  researchers.  We  anticipate  that  the
extensive  electron  microscopy  toolkit,  combined  with  advanced
computational  algorithms  and  machine  learning,  will  continue  to
offer new insights and deepen our understanding in future research
on nanoparticle self-assembly. 
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Table 1    Summary of advantages and disadvantages of various electron microscopy techniques in nanoparticle self-assembly research

Technique Advantage Disadvantage

TEM imaging Fast, accessible in every TEM Only provide 2D projections
SAED/WAED Fast, accessible in every TEM Only provide 2D projections
SEM imaging Fast, accessible in every SEM Only provide surface information

TEM/STEM tomography Enable 3D information in dry state Require high tilting holder
FIB-SEM tomography Enable 3D information in dry state Require FIB-SEM dual probe workstation

4D-STEM Provide orientation mapping Require 4D-STEM acquisition capability
Cryo-TEM/cryo-STEM

tomography
Provide 3D information in frozen hydrated

state Require cryo-TEM holder or cryo-TEM

Fast electron tomography Provide 3D information in liquid
environment

Require liquid cells and specific data acquisition and reconstruction
algorithms

LCTEM Provide the dynamics in liquid environment Require liquid cells and specific TEM holders
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