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Abstract
Nanostructures are playing important roles in fundamental research and practical application. The ease of their processing 
to secondary structures through assembly and the use as catalysts in chemical reactions have inspired much research interest 
in developing nanoparticles synthesis and characterization techniques. In this snapshot review, the advances in colloidal 
synthesis, chemical processing, and emerging characterization of novel nanostructures will be reviewed. The working 
mechanism and rational design of nanostructures with different chemical components, sizes, and shapes will be firstly 
introduced, with a focus on understanding the complex structure–property correlation of these nanostructured materials. 
In the second part, advanced in situ electron microscopy characterization technologies will be introduced to illustrate new 
understandings on nanostructure synthesis, nucleation, and phase transformation. Some operando characterization techniques 
will be further elaborated to study the complicated catalytic reactions occurring on nanoparticle surfaces, followed by a 
perspective on the further advances of nanostructures to the next generation.

Introduction

Nanoparticles are nanometer-sized particles with well-
defined shape, composition, surface property, size, and 
size distribution [1]. Due to the small sizes, nanoparticles 
exhibit many unique physiochemical properties that are not 
observed in their bulk counterparts. For example, metal-
lic nanoparticles, particularly those made of Au, Ag, and 
Cu, have localized surface plasmon resonance (LSPR) due 
to the resonant oscillation of free electrons with the light, 
leading to extinction of light at resonant wavelengths [2–5]. 
The LSPR is sensitive to the chemical compositions and 
nanoparticles made of different materials have their charac-
teristic extinction peak positions in optical spectrum, mak-
ing them attractive materials for light-related applications 
[6–9]. Semiconductor nanoparticles have unique electronic 
bandgaps and have therefore been widely used in energy 
conversion and light-emitting diodes (LEDs) [10, 11]. This 
remarkable property is induced by quantum confinement 

effect of quantum dots (QDs) and is of great importance in 
fundamental science and practical applications.

The physical and chemical properties of nanoparticles are 
determined not only by chemical compositions but also by 
particle shapes, sizes, and aggregation states [12–16]. Under 
properly prepared conditions, they can be either chemically 
processed to other materials or physically assembled into 
superstructures with defined symmetry, lattice parameter, 
and crystal habit [17–22]. Therefore, synthesizing nanopar-
ticle with precise shape control, narrow size distribution, 
and defined compositions and their further process to sec-
ondary structures are central in nanomaterials science and 
engineering. To this end, researchers have developed many 
synthetic methods to prepare nanoparticles with diverse 
sizes and shapes and to study their size- and shape-depend-
ent physical properties [23, 24]. Colloidal synthesis has been 
introduced to prepare nanoparticles using wet chemistry in 
colloidal solutions. This type of methods uses precursors in 
well-prepared solutions, followed by nucleation and growth 
of inorganic nanoparticles under the presence of capping 
ligands for kinetic and thermodynamic control [25]. One 
typical example in this regard is the synthesis of QDs in 
hot-injection process. At initial nucleation, the quick injec-
tion of metal precursors into high-temperature solutions 
leads to fast burst of small nuclei, followed by growth of the 
small nuclei into large nanocrystals with tunable sizes. Such 
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nucleation-growth mechanism was later modified to synthe-
size nanocrystals of different chemical compositions, includ-
ing metal, magnetic, and perovskite nanocrystals using col-
loidal synthesis [26–28]. Solid-state chemistry has also been 
used to synthesize nanoparticles in dry states or to chemi-
cally transform nanoparticles from one type to another, with 
either shape changes or composition changes [29]. A well-
known reaction is calcination, a high-temperature treatment 
process for nanoparticle synthesis or modification in solid 
state [30]. The combination of precise control over nanopar-
ticle formation and its further processing to more complex 
nanostructures makes nanoparticles highly accessible for dif-
ferent applications, from energy conversion to biomedical 
engineering and quantum engineering [31, 32].

In addition to chemical synthesis, characterization of 
nanoparticles is equally important but remains challenging 
in materials science. To synthesize nanoparticle with 
desirable properties, it is essential to understand nanoscale 
mass transportation, chemical transformation, and wave 
propagation in nanostructured materials. For example, 
studying the correlation between LSPR and nanoparticle 
structures requires thorough characterization of nanoparticle 
size, size distribution, and shapes [33–35]. Based on 
systematic study, many empirical and theoretical formula 
have been put forward to design nanostructures of desirable 
optical properties and to predict physical properties of 
complex nanostructures [36]. However, the small sizes and 
the dynamic nature of nanoparticles make it challenging to 
characterize the structures and capture chemical processes 
occurring involving nanoparticles. While engineers are 
pushing the imaging limits of electron microscopy down 
to atomic level, this characterization is widely performed 
in vacuum at ambient temperature, which is in totally 
different conditions compared with practical situations 
or real-time chemical reactions. The lack of in situ and 
operando characterization techniques makes it challenging 
to understand the formation mechanism of nanoparticles in 
many complex reactions and to evaluate many important 
chemical reactions involving nanoparticles as catalysts.

This snapshot review addresses recent advances in 
nanoparticle synthesis, in situ nanoparticle characterization, 
and operando techniques for nanoparticle catalytic reactions. 
Progress in nanoparticle preparation, including colloidal 
synthesis and solid-state methods, will be firstly discussed 
in this review. A few important synthetic approaches will 
be introduced for preparing metal, oxide, and metal-halide 
perovskite nanoparticles and heterostructures. Key reaction 
parameters will be elucidated on nanoparticle formation with 
controlled sizes, size distribution, shapes, compositions, and 
heterogeneity. The second part will be focused on advanced 
new in  situ transmission electron microscopy (TEM) 
techniques for visualizing interfacial processes and surface 
instability of nanoparticles as well as nanocrystal nucleation 

events using high-speed or artificial intelligence-assisted 
TEM. New understanding on these important processes in 
nanoparticle synthesis will be discussed to elucidate how 
the emerging characterization techniques resolve existing 
puzzles during nanoparticle formation. As one of the 
most important applications, catalysis will be used as an 
example in the last part to overview combined operando 
techniques such as X-ray diffraction, TEM, and scanning 
probe techniques for understanding the roles and evolution 
of nanoparticle systems in catalyzing important chemical 
reactions. This review will be concluded with a summary of 
challenges in nanoparticle engineering and a perspective will 
be provided for its further advance to the next generation.

Recent advances in nanoparticle synthesis

Colloidal synthesis in solutions has been extensively used 
for preparing and transforming nanoparticles through chem-
ical reactions. After a few decades’ development, a large 
number of different types of nanoparticles have been suc-
cessfully made in colloidal solutions, including inorganic 
and organic nanoparticles with diverse shapes, sizes, com-
positions, and structures. Among these established nanoma-
terials, nanoframes or nanocages are challenging to make 
because of their highly porous and complex structures. The 
preparation requires multiple chemical steps for structural 
and compositional control, typically including synthesis of 
solid nanoparticles followed by chemical etching. In addi-
tion, biological materials such as DNA, RNA, peptides, and 
proteins can be assembled into superstructures, including 
nanocages, using the specific interactions between program-
mable biological materials [37–43]. In an interesting system, 
the peptide high-order structures could guide nanocrystal 
formation and anisotropic assembly into different hierarchi-
cal structures depending on molecular concentration [42]. 
At low concentration, Pt{100}-specific peptide has ST-turn 
configuration, leading to formation of cubic Pt nanocrys-
tals. At high concentration, the peptide spontaneously 
transforms to a β-sheet, which drives the assembly of the Pt 
nanocubes into linear superstructures. Assembling nanof-
rames or nanocages is possible using DNA strands with pre-
designed DNA sequences and stepwise assembly strategies 
[37]. The strategy to construct polyhedral nanocages is to 
firstly assemble DNA single strands into sticky-ended, three-
point-arm motifs, and then construct polyhedral nanocages 
through sticky-end association. Synthesizing inorganic cages 
requires alternative structural control to form the nanocages 
or nanoframes. One typical approach is to use chemical etch-
ing or structural reconstruction of nanocrystals [44–46]. For 
amorphous inorganic nanoframes, like silica cages, a tem-
plate-directed self-assembly method was introduced to real-
ize structural control over small nanoparticles (Fig. 1) [47]. 
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The templates are surfactant micelles, and silica precursor 
is introduced into the solution, forming 2-nm silica cluster 
through hydrolysis reaction. The negatively charged silica 
clusters are assembled on the positively charged micelles 
through electrostatic interactions into template-directed 
nanostructures. Nanocages with similar cage-like structures 
are also prepared by replacing silica with other inorganic 
materials, including Au, Ag, and vanadium oxide, making it 
a generalizable approach to nanocages of different chemical 
compositions.

While nanocages manifest structural complexity, het-
erostructures are complex nanomaterials that contain two 
or more separated composition domains. The simplest 
heterostructure consists of two domains separated by one 
defined interface, known as heterojunctions, across which 
the chemical compositions of the heterostructures change. 
To this end, semiconductor heterostructures are of particu-
lar interest due to the heterojunction-associated proper-
ties, in which the semiconductor domain (like perovskite 
nanocrystals) is bound with domains of another materials 
[48, 49]. A few typical examples of the secondary mate-
rials include metals [50], metal chalcogenide [51], metal 
dichalcogenide [52], metal oxides [53], and perovskite of 
different compositions [54]. Many of these heterostructures 
are synthesized through hetero-nucleation-growth method 
or epitaxy growth, with the use of primary component as 
seeds, followed by growth of the secondary components 
on the primary nanoparticles. For example, halide perovs-
kite-lead chalcohalide nanocrystal heterostructures were 
reported in an epitaxial growth using  CsPbBr3 nanoclus-
ters as “seeds” to initiate growth of the lead chalcohalide 
(Fig. 2) [55]. The halide perovskite nanoparticles share an 
epitaxial interface and lead lattices of certain facets with the 

formed lead chalcohalide nanoparticles through an epitaxial 
growth pathway. The chemical compositions of the perovs-
kite nanocrystals could be changed through ion exchange 
reactions, leading to a wealth of perovskite heterostructures 
of tunable components. Associated with the heterostructures 
are the component-dependent electronic structure changes 
of individual components, which represents a reliable way 
to engineer wave functions of nanocrystals and is not acces-
sible in single-component materials. The resulting energy 
level alignment at the heterojunction enhances the splitting 
and trapping of photogenerated excitons: the photoexcited 
holes localized in the chalcohalide domain and the excited 
electrons partially delocalized in the entire nanostructures, 

Fig. 1  Schematic illustration of projections from the reconstruction and cryo-EM images of a 3D dodecahedral cage. The scale bar is 10 nm. 
Reproduced with permission from [47]

Fig. 2  Schematic illustration of the synthesis of the 
 CsPbBr3-Pb4S3Br2 heterostructures. STEM images of the 
 CsPbBr3-Pb4S3Br2 nanoparticles at two different magnifications. 
Reproduced with permission from [55]



1070 Z. Li 

1 3

leading to significant suppression of photoluminescence of 
the heterostructures.

Compared with colloidal synthesis, some types of gas-
state synthesis like flame synthesis are capable of large-scale 
production of nanoparticles with potential control over par-
ticle structures. They can also produce heterostructures with 
large specific surface areas and abundant active sites, with 
supported metal catalysts being a typical example. Due to 
these advantages, gas-phase methods have been investi-
gated and used for synthesizing nanostructured materials at 
elevated temperatures, including carbon blacks by pyrolysis 
of plant oils, fumed oxides, and metals [56, 57]. Therefore, 
they are broadly used in production and functionalization 
of consumer products, such as tires, paints, commercial 
photocatalysts, pharmaceutics, and microelectronics. Even 
though gas-phase synthesis as one aerosol technique is 
gas-to-particle or droplet-to-particle formation process, its 
working mechanism and reaction pathway are complicated 
because of the presence of simultaneous chemical and physi-
cal processes depending on reaction temperature and relative 
position to flames [58]. As shown in Fig. 3, a few impor-
tant processes are outlined in the flame synthesis, includ-
ing nucleation, surface growth, aggregation, coagulation, 
and agglomeration in the downstream of the synthesis [56]. 
Such reaction sequences produce fractal-like agglomerates 
of nanostructures of similar chemical compositions. During 
gas-to-particle transformation, a precursor gas or vapor is 
used as reactants and nucleation occurs in the gas phase, 
forming nanoparticles during surface growth. In the droplet-
to-particle transformation, the initial nucleation occurs in a 
droplet containing all reactants, followed by formation of 
nanostructures through precipitation within the droplet into 
compact or porous nanostructures [59]. After nucleation 
as reaction proceeds, the reactants are moving away from 
the flame, leading to temperature decreases in the content. 
Inter-particle interactions are becoming obvious, leading to 
aggregation of dispersed nanoparticles and coagulation with 
coalescence. This sequence of events creates either solid 
or sinter-bonded nanostructures depending on coalescence.

In situ TEM characterization

Compared with controlled synthesis of nanoparticles, char-
acterization could be even more challenging due to the small 
size and dynamic nature of the nanostructured materials. 
Electron microscopy (EM), advanced optical microscopy, 
and some scanning probe techniques can image the struc-
tures and compositions of nanoparticles in atomic resolution. 
The combination of advanced imaging systems with data 
processing further extends the possibilities of these char-
acterization methods, facilitating the understanding and 
development of nanoparticle formation and applications. 

Electron tomography and cryo-EM are exciting progresses 
in this regard for characterizing nanoparticles with complex 
and transformable structures [60–62]. However, character-
izing transient and dynamic chemical processes faces addi-
tional challenges due to the vacuum conditions of electron 
microscopes. In situ TEM techniques are then developed 
to overcome these challenges and provide insightful under-
standing on phase transitions and chemical transformations 
of nanoparticles. Nucleation of nanocrystals, for example, is 
a typical transient process and generally involves mechanism 
of a spontaneous transition from disordered to crystalline 
states [63, 64]. However, understanding such a dynamic 
event is mainly theoretical. In classical nucleation theory, 
many solid crystalline materials nucleate through direct 
assembly of monomers by density fluctuations over the 
surface and volume free-energy barriers [65, 66]. In many 
molecular and nanoparticle crystallization, nonclassical 
nucleation is dominant and contains two-step nucleation 
mechanism, in which metastable intermediate clusters form 
and transform to more stable crystal phases to avoid high 
energy barrier of direct crystallization [67, 68]. This mecha-
nism is typical and frequently observed in the crystallization 
of nanoparticles, small molecules, and biological molecules 
like proteins [69–72]. In experiments, the presence of dis-
ordered intermediates has been observed in solution-phase 
atomic crystallization, either on surfaces or in nanoparticles 

Fig. 3  Schematic illustration of the synthesis of catalytic materials in 
flames. Reproduced with permission from [56]



1071A snapshot review of nanostructure synthesis and operando characterization  

1 3

[73–76]. Considering the presence of multiple intermediate 
status with similar local energy minimum in single nuclea-
tion event, dynamic reconstruction is highly expected during 
deposition and rearrangement of reduced atoms in the early 
stages of crystallization. To solve the nucleation issues in 
crystallization, advanced TEM equipped with a scintillator-
coupled camera featuring an electrostatic subframing system 
was developed to improve temporal resolution in imaging 
dynamic processes occurring on nanoparticles. A hetero-
geneous nucleation and growth of Au nanoparticles was 
used as a model system to study time-dependent nucleation 
process in nanoscale [67]. Interestingly, reversible disorder-
order transitions were reported on the hetero-nucleation of 
Au nanoparticles on graphene, rather than a single phase 
transition (Fig. 4). Such structural fluctuation is a result 
of size-dependent thermodynamic stability of the ordered 
and disordered states. This high-speed atomic-resolution 
TEM imaging enables in situ observation of transient and 
dynamic events of nanoparticles and provides a powerful 
tool to understand chemical reactions and physical transi-
tions occurring in nanoparticle systems.

In addition to the quick nucleation in nanoscale, in situ 
TEM is also capable of characterizing atomic-resolution 
structural evolution and chemical reactions occurring on 
nanoparticle surfaces [77]. These transformations are impor-
tant because many particles’ formation and catalytic reac-
tions involve complex ions, atoms, and molecules diffusion 
and migration at the surfaces of nanoparticles. This sequence 

of events determines the nanoparticle shapes through kinetic 
control or catalytic reactivity of nanoparticles, making it 
critically important to characterize these chemical trans-
formations for nanomaterials engineering [78, 79]. One 
of the great challenges in this regard is to balance between 
spatial and temporal resolution in electron microscopes to 
capture transient processes in atomic resolution. That is, to 
understand structural evolution with improved time resolu-
tion, short exposure time is necessary to capture images in 
a relatively fast fashion but unfortunately reduces the qual-
ity of the images with low single-to-noise ratio. Therefore, 
developing techniques to mitigate the noises with improved 
image quality and high temporal resolution is becoming 
important. In addition to the development of hardware to 
solve the problem [80], artificial intelligence (AI) is intro-
duced as a software toolset to improve image quality [81]. 
AI sets a potential pathway forward because of its power in 
image recognition and processing, which can be applied on 
electron microscopy images for denoising purposes. Super-
vised convolutional neural networks have been introduced 
to denoise TEM images for nanoparticles, which improves 
image resolution of initial TEM data [82, 83]. Taking cata-
lytic nanoparticles as example, Pt nanoparticles decorated 
on  CeO2 structures were introduced and imaged under an 
environmental TEM at varying temperatures and pressures 
[81, 84]. Figure 5a shows two initial TEM images of a small 
Pt nanoparticle acquired at a time interval of 0.2 s in a CO 
atmosphere at room temperature. In this raw data set, the 

Fig. 4  In situ characterization of crystal nucleation on graphene via 
high-speed atomic-resolution TEM. Atomic models of the nanocrys-
tals are shown beneath each frame on the left side. The areas high-
lighted in red and light-green represent Au lattices and gold(I) cya-

nide domains, respectively. Blue circles outline nanoclusters in a 
disordered state, and purple circles indicate undefinable states, in 
which the classification occurs. Reproduced with permission from 
[67]
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presence of noises and low contrast make it difficult to ana-
lyze the structures and determine the location of nanoparti-
cles in the dynamic process. After the images are regener-
ated by an unsupervised deep video denoising algorithm, the 
atomic structures of the nanoparticles and the location can 
be easily determined in Fig. 5b, which significantly improves 
the quality of the TEM images and provide precise infor-
mation to understand the dynamic processes occurring on 
nanoparticle surfaces in a single-atom fashion.

Operando techniques: a new era of materials 
science

Combining environmental TEM with other in situ character-
ization provide more powerful tools for understanding chem-
ical processes, such as catalytic reactions, under operating 
conditions. These operando techniques have been developed 
recently for revealing dynamic structural and compositional 
changes of nanoparticles during catalysis, which advances 
our understanding of complex structural and phase transi-
tions of nanoparticles under chemical and electrochemical 
conditions. Single nanoparticle X-ray imaging is developed 
to map dynamics of structural and strain changes of catalysts 
and represents as a promising way to decode active sites 
of nanoparticles in catalyzing important chemical reactions 
[85]. Among these X-ray techniques, coherent X-ray dif-
fraction imaging has been developed as a reliable method 
to characterize structures of nanoparticles in nanometer 

resolution. More importantly, it allows construction of three-
dimensional crystalline electron density and strain field of 
single nanoparticle in various reaction conditions, includ-
ing some operating conditions [85–87]. In the case of PtRh 
alloy-based catalysts, the coherent X-ray diffraction was 
used to reconstruct the three-dimensional nanoparticle shape 
through reconstruction of electron density, and strain field 
of single alloy nanoparticle under different gas conditions 
(Fig. 6a). This operando X-ray technique produces precise 
facet types and orientations of the nanoparticles and the 
change of facets upon chemical reactions. Moreover, the sur-
face strain evolution and nanoparticle composition changes 
during the catalytic reaction can also be in situ investigated 
simultaneously, making it possible to correlate these struc-
tural and compositional evolution to process of chemical 
reactions. As shown in Fig. 6b, it was found that under Ar 
flow conditions, only < 111 > facets exhibited an outward 
relaxation. Switching reaction conditions from reducing to 
CO oxidation leads to a reduction of the surface strain state. 
These facet-dependent structural and compositional hetero-
geneities are expected to elucidate catalytic reaction path-
ways, reactivity, and selectivity in many important catalytic 
reactions [85]. Combining a few operando characterization 
may provide multi-dimensional information on nanoparticle 
formation and transformation. In terms of electroreduction 
of  CO2 into multi-carbon products, this combined technique 
is expected to provide insightful understanding of reaction 
mechanism of Cu nanoparticles in catalyzing the chemical 
transformation [88]. An operando electrochemical scanning 
transmission electron microscopy (STEM) was developed 
in this work to track dynamic shape and structural evolution 
of Cu nanocrystals and to analyze active sites of Cu nano-
particles. This technique consists of STEM cells contain-
ing a liquid pocket with a three-electrode configuration. Cu 
nanoparticles are deposited on carbon working electrode, 
coupled with Pt counter and Pt pseudoreference electrode, 
which allows measuring nanoscale morphology changes and 
crystallinity evolution of the Cu nanoparticles under cata-
lytic conditions. At working potential, particle movement 
was initially observed, followed by nanoparticle aggregation 
and coalescence. After airflow, Cu nanoparticles were rap-
idly oxidized to form  Cu2O nanoparticles with cubic shapes 
(Fig. 7). This correlated operando STEM study reveals that 
Cu nanoparticles are rich in grain boundary in catalytic 
conditions and support high-density active undercoordi-
nated sites for enhancing selectivity of chemical reactions. 
This work further demonstrates that combining operando 
structural analysis with electron, X-ray probes and single-
molecule spectroscopy will be promising to investigate 
dynamic and transient chemical reactions and evolutions of 
nanoparticles in reaction conditions. Fig. 5  Visualizing interfacial processes and surface instabilities in 

nanoparticle systems through in situ TEM and artificial intelligence. 
TEM images a before and b after denoising using an unsupervised 
deep video algorithm. Reproduced with permission from [81]
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Fig. 6  Operando single alloy 
nanoparticle X-ray imaging dur-
ing a catalytic reaction. a Top 
(left panels) and side view (right 
panels) of the reconstructed 
nanoparticle and b strain field 
mapping at the nanoparticle 
surface under different gas 
conditions. Reproduced with 
permission from [85]

Fig. 7  Operando studies reveal active Cu nanograins for electroca-
talysis. Conventional ex situ characterization methods provide limited 
information to the study of nanocatalysts during the catalytic reac-
tions. The emerging operando methods reveal that Cu nanoparticles 

undergo structural transformation during which the surface oxide is 
reduced, ligands are disordered, and a progressive coalescence/aggre-
gation leads to the formation of active metallic Cu nanograins. Repro-
duced with permission from [88]
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Conclusion

In summary, this snapshot review summarizes recent 
progress in nanoparticle synthesis, in situ characterization, 
and emerging operando techniques for studying nanoscale 
mass transportation and chemical transformation. The 
development of new wet-chemistry and solid-state methods 
provides many exciting approaches to nanoparticles with 
controlled structures, precision compositions, and designer 
properties. The working principles in nanoparticle 
formation and their shape and composition control 
are elucidated in this review to explain how to prepare 
nanoparticles with designated structures and properties. 
In characterizing chemical and physical process of 
nanoparticles, some advanced TEM techniques have been 
introduced in this snapshot review to represent recent 
progresses in nanoparticle characterization including 
high-speed, atomic-resolution TEM and AI-assisted 
TEM imaging, making it possible to probe nucleation and 
dynamic interfacial evolution of nanoparticles in working 
conditions. The improved EM with assistance of AI 
significantly improve the spatial and temporal resolution 
of the nanoparticles, providing new understanding of 
nanoparticle nucleation and transformation that are not 
attainable based on traditional characterization techniques. 
In the last part, combined operando techniques have been 
developed to systematically study the catalytic reaction 
mechanism, dynamics, and pathways using nanoparticles 
as catalysts. Such correlated operando methods open the 
door to studying catalytic intermediates and structural 
evolution of nanoparticles in their working conditions. 
Compared with traditional methods, these emerging 
operando  techniques provide multi-dimensional, 
correlated data simultaneously for elucidating chemical 
transformation and structural evolution of nanoparticles in 
real-time fashion. Based on the promise of these cutting-
edge techniques and methods, it is reasonable to expect 
more operando methods to unravel the unknown fields of 
nanomaterials and nanoscience.
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