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Liquid phase transmission electron 
microscopy for imaging of nanoscale 
processes in solution
Utkur Mirsaidov, Joseph P. Patterson, and Haimei Zheng, 
Guest Editors

Liquid phase (also called “liquid cell”) transmission electron microscopy (TEM) is a powerful 
platform for nanoscale imaging and characterization of physical and chemical processes 
of materials in liquids. It is a direct approach to address critical scientific questions on how 
materials form or transform in response to external stimuli, such as changes in chemical 
potential, applied electric bias, and interactions with other materials or their environment. 
Answers to these questions are essential for understanding and controlling nanoscale 
materials properties and advancing their applications. With the recent technical advances in 
TEM, such as the development of sample stages, detectors, and image processing toolkits, 
liquid phase TEM is transforming our ability to characterize materials and revolutionizing our 
understanding of many fundamental processes in materials science and other fields. In this 
article, we briefly review the current status, challenges, and opportunities in liquid phase 
TEM. More details of the development and applications of liquid cell TEM are discussed in 
the articles in this issue of MRS Bulletin.

Introduction
Solution-based processes are ubiquitous to many natural and 
industrial processes. However, the nanoscale details of solu-
tion processes are largely unknown because they are hard 
to explore using conventional characterization methods. A 
more direct approach for visualization and quantification of 
these processes is needed. Liquid phase transmission electron 
microscopy (TEM) is an imaging platform that enables visu-
alizing these processes in real time by sandwiching ultrathin 
layer of the liquid specimen between electron transparent thin 
films and isolating the specimen from the high vacuum envi-
ronment inside the microscope. Liquid phase TEM opens up 
opportunities to address long-lasting questions. How do sol-
ute atoms come together to form a solid phase?1–3 How do 
nanomaterials transform or assemble to form two-dimensional 
(2D) or three-dimensional (3D) macroscopic structures with 
unique properties?4–6 How do large macromolecular biologi-
cal complexes form from the individual subunits7 and mod-
ify their structure to achieve specific functions?8 Liquid cell 
TEM is a powerful emergent platform to explore these and 
other physical, chemical, and biological processes in liquids 
through direct time-resolved nanoscale imaging.9,10

The quest for TEM imaging of materials in solution has a 
long history, with the first liquid cell reported in 1944.11 The 
early efforts were made in imaging colloids,12 protein crystals, 
and microorganisms.13–15 However, in these early studies, the 
spatial resolution of the images was limited, and it was a sig-
nificant challenge to keep liquids within the liquid cell inside 
the high vacuum microscope, hence, the liquid cells were often 
filled with water vapor.16,17 Only recently, owing to advances 
in liquid cell fabrication, has it become possible to study a 
wide range of solution-based nanoscale processes that were 
previously out of reach, for instance, in situ imaging of elec-
trodeposition in liquid electrolytes,18 colloidal nanoparticles 
growth,19 cellular structures of whole cells in water,20 water 
nanodroplets dynamics,21 self-assembly of nanoparticles,22,23 
growth of metal–organic frameworks,24 and the assembly 
of macromolecules.25 Combining liquid phase TEM studies 
with the advanced electron microscopy techniques, such as 
atomic-resolution imaging with aberration-corrected TEM, 
fast electron detection and mapping of chemical and elec-
tronic properties with energy-dispersive x-ray analysis (EDX) 
and electron energy-loss spectroscopy (EELS) have led to 
many new breakthroughs. For example, these methods have 
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enabled resolving nucleation and early stages of nanoparticle 
growth with atomic resolution,19 structure and chemistry of 
solid-electrolyte interphases (SEIs) during the electrodeposi-
tion of lithium,26,27 and structure and bonding of liquids.28 In 
this theme issue of MRS Bulletin, we have invited experts in 
the field to provide topical reviews on recent achievements in 
liquid phase TEM and outline future directions. Since this is 
a fast-growing field, we expect more exciting new results to 
follow.

Development of liquid cells for TEM
The development of liquid cells, including the sample hold-
ers, is the foundation for the growth of liquid phase electron 
microscopy. Although the basic concept of liquid cell design 
can be attributed to early work where liquids were sandwiched 
between two nitrocellulose thin films11,29 (Figure 1a), advances 
in liquid cell fabrication are largely responsible for the recent 
achievements in the field. The success of modern liquid cell 
fabrication benefits from the ability to produce durable thin 
membranes.18,19

Many liquid cells today are made using silicon nitride (SiNx) 
membranes obtained from silicon microfabrication processes. 

The key advantages of microfabricated liquid cells with SiNx 
membrane windows are that the thin (∼10–50-nm thick) SiNx 
membranes windows are robust, and they induce limited back-
ground scattering during the imaging. In addition, they can be 
reliably mass-produced because they are produced by stan-
dard wafer-scale microfabrication techniques.9,30 SiNx liquid 
cells can have multiple capabilities, such as multiline-flow, 
specimen heating, and electrochemical biasing (Figure 1b).10,17 
These capabilities allow probing chemical reactions triggered 
by the mixing of multiple reactants,24,31–33 explore nanoparti-
cle growth32,34–37 at elevated temperatures, and the nanoscale 
details of electrochemical processes related to batteries.26,38

Other types of membranes, for example, graphene or other 
2D materials, have been used for liquid cell fabrication, where 
small pockets of solutions are encapsulated between two 2D 
films.39 These ultrathin membranes significantly reduce elec-
tron scattering and improve image contrast. Especially, gra-
phene liquid cells (Figure 1c) have the benefit of reducing 
radiation damage by conducting high-energy electrons more 
effectively.40,41 Different types of 2D materials, such as boron 
nitride (BN) and MoS2, offer unique advantages when they 
are used in liquid cell window materials. For instance, a BN 

Figure 1. Liquid cells for transmission electron microscope (TEM) imaging. (a) The first liquid cell made using Pt supporting frames with 
nitrocellulose thin-film windows. (b) Microfabricated static and flow liquid cell sandwiches a thin layer (10–100 nm) of solution (light blue) 
containing either precursor solution and/or nanoparticles between two ultrathin (∼10–20 nm) SiNx membrane windows that are separated 
by a spacer. These liquid cells protect the encapsulated thin solution layer from the vacuum of the TEM. A camera underneath captures the 
dynamics of the nanoscale process occurring in the solution. (c) Static graphene liquid cell sandwiches nanodroplet pockets of precursor 
solution between the two graphene layers. Reprinted with permission from Reference 39. © 2012 Springer Nature. (d) TEM grids with 
amorphous carbon film or other types of 2D films (e.g., BN and MoS2, can be used to make a simple static liquid cell). (e) Hybrid organic/
inorganic liquid cell nanocapsule with liposome bilayers coated with a thin layer of gold.
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membrane has minimum background absorption, ideal for 
analytical studies,28 and MoS2 can be the functional membrane 
for the study of heterostructures.42 The ultrathin membrane 
liquid cells allow imaging of biological,41,43 or electron-beam 
sensitive materials with improved spatial resolution.9 It also 
important to mention that liquid cells assembled from com-
mercial TEM grids with thin amorphous carbon or even 2D 
films have also been used recently (Figure 1d).44,45  The advan-
tage of these cells made from commercial TEM grids is that 
they are easy to fabricate, and they drastically reduce the entry 
barrier for researchers to start using liquid phase TEM in their 
studies. Other developments include polymeric or hybrid 
organic–inorganic nanocapsules (Figure 1e).

Application areas of liquid phase TEM
The ability to resolve key scientific questions in various areas of 
research is the main catalyst for the rapid growth of liquid phase 
TEM. Here, we highlight three areas of application. First, the 
most prominent application of liquid phase electron microscopy 
is the study of colloidal nanoparticle nucleation and growth, 
which has attracted significant interest among chemists as well 
as materials scientists. The article by Chen et al.46 in this issue 
of MRS Bulletin discusses some of the important advances in 
this topic. Second, liquid phase TEM has been applied to reveal 
nanoscale electrochemical processes through the development 
of electrochemical liquid cells, for example, the electrodepo-
sition of metals, and solid-electrolyte interphases related to 
batteries. This opens up opportunities to impact this impor-
tant area of applied research. Unocic et al.47 review some of 
the notable developments and outlines future directions in this 
area of research in their article in the issue. Third, it has been a 
great challenge to use liquid phase TEM to study soft materials 
or biological macromolecular complexes due to electron beam 
damage and low contrast in imaging low-Z materials. The arti-
cles by Parent et al.48 and Peckys et al.49 survey some significant 
advances in these areas of application.

The key challenges in liquid phase TEM imaging arise 
from electron-beam artefacts and damage to the system of 
study. To minimize electron-beam effects, low electron flux 
and dose imaging can be the most effective route, which 
requires sensitive detectors. Recent advances in new CMOS-
based direct electron detectors now enable us to record at 
milliseconds times resolution or higher,50,51 and at lower elec-
tron fluxes, owing to their higher sensitivity,52 which signifi-
cantly reduces the effect of the beam on the observed process. 
Electron-beam effects can be complex, and there have been 
efforts in uncovering the mechanisms of electron-beam dam-
age. More details can be found in the article by Woehl et al.53 
in this issue.

Finally, the analytical ability for advanced characterization 
of nanoscale chemistry, structure, and molecular bonding is 
critical for solution-based processes. The article in this issue 
by Ercius et al.54 describes some recent studies that have lever-
aged EELS and other advanced methods such as four-dimen-
sional (4D)-STEM, tomography.

In the following, we highlight some recent achievements in 
some of these topical areas and provide our view of the chal-
lenges and opportunities in liquid phase TEM.

In situ TEM for nucleation, growth, and  
self-assembly of nanoparticles
In nature, hierarchical structures form from individual build-
ing blocks of different length scales (Figure 2a). Atoms and 
molecules come together to form crystalline or amorphous 
nuclei from which materials grow.1,55 Similarly, individual 
nanoparticles and biomolecular complexes can assemble into 
functional materials with new properties, devices, and cellular 
complexes.56 For instance, biological molecules assemble into 
macromolecular complexes such as viruses or cellular organ-
elles.57,58 The details of many of these solution-based processes 
have eluded us for years because conventional methods used 
for studying these processes are often blind to transient stages 
driving the assembly of these building blocks; conventional 
spectroscopic methods cannot track the growth and assem-
bly trajectories of individual nanomaterials. In situ liquid cell 
TEM provides an ideal platform to reveal the elusive details of 
processes occurring at these blindspots.10

One of the hallmark applications of in situ liquid cell TEM 
is its role in expanding our understanding of crystal nucle-
ation and growth.3,19,24,31,59–61 Direct imaging of these processes 
has revealed the sequence of steps involved in the crystalliza-
tion of solids from solution and highlighted the fact that there 
is more than one pathway for crystals to nucleate and grow. 
These pathways include classical pathways where the nucleus 
of a critical size that can sustain growth forms from a solu-
tion in a single step,59 or multistep pathways where the precur-
sor solution phase-separates into solute-rich and solute-poor 
regions, followed by condensation of the solute-rich region 
into an amorphous prenucleation cluster which then crystal-
lizes into a nanocrystal.3,31 Visualization of these crystalliza-
tion processes have also revealed the important role of the 
solvent in all these processes.

Because in situ liquid cell TEM enables tracking the evolu-
tion of individual nanocrystals in a solution, it is also instru-
mental in establishing the details of post-nucleation growth. 
As an example, some of these studies directly showed that 
along with the expected growth by monomer addition, the 
growth of nanocrystals is also aided by the Ostwald ripen-
ing process62 (i.e., larger more stable nanoparticles grow 
at the expense of smaller ones that dissolve in the solu-
tion, and direct coalescence of multiple nanocrystals).19,63–65 
While some of these growth processes can be expected from 
theory and microscopic studies, in situ liquid cell TEM has 
been “instrumental” in extending these observations to the 
nanoscale. Because processes at the nanoscale often diverge 
from our micro- and macroscopic understanding, liquid cell 
TEM studies often lead to the discovery of unexpected growth 
pathways. For example, Yang et al. recently identified that the 
growth of 2D metal oxide sheets occurs through nucleation of 
intermediate nanoparticles which transform into nanosheets, 
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which then continue their growth into a larger sheet through 
coalescence (Figure 2b).4

The next growth stage in the formation of hierarchical 
structures that follows the nucleation and growth of nanocrys-
tals is the organization of these crystals into assemblies. Here, 
a liquid cell TEM approach plays a critical role in identify-
ing how these nanocrystals interact and assemble in a solution 

and how the solvent mediates these interactions.22,23 The col-
loidal interactions in solution are commonly described by the 
Derjaguin–Landau–Verwey–Overbeek theory, which accounts 
for electrostatic and van der Waals interactions.66,67 This model, 
however, does not adequately capture the interaction between 
the nanocrystals, because it ignores the discrete nature of the 
solvent molecules, hydrophobic interactions, the effect of 

Figure 2. (a) Hierarchical organization of structures from atoms to crystalline nanoparticles via nucleation and growth and to nanoparticle 
assemblies via interaction of nanoparticles in a solution, all of which can be directly visualized using liquid cell transmission electron 
microscopy (TEM). (b) Schematic (left) and sequential TEM images (right) showing the formation of a 2D cobalt nickel oxide nanosheet 
from a molecular precursor solution with the pathway of 3D nanoparticle growth followed by 3D-to-2D transformations. Reprinted with 
permission from Reference 4. © 2019 Springer Nature. (c) Top: Time-series images of two Au nanoparticles interacting in water. Middle: 
Distribution of pairwise separation distances for Au nanoparticle pairs and corresponding Boltzmann distribution fit (red curve). Bottom: 
Pairwise interaction energy (open black circles) obtained from the distributions above and corresponding fits displaying the interaction 
energy (blue curve) and force (green curve). Reprinted with permission from Reference 69. © 2016 American Chemical Society.
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the varying interaction strength between the different crystal 
planes and the role of the ligands capping these nanocrystals 
surfaces; all of which play an important role in how nanopar-
ticles interact with each other in a solution.66,67 Furthermore, 
since many of these interactions between the nanoparticles are 
nonadditive, it makes predicting the route and the outcome 
of the assembly process challenging.67 Liquid cell TEM stud-
ies not only reveal how nanoparticles interact to form assem-
blies but also enable quantifying and distinguishing between 
different interactions by accounting for electrostatic interac-
tions, hydration shells surrounding the nanoparticles, ligands, 
molecular linkers between the nanoparticles, and many others 
(Figure 2c).44,68–74

Finally, because there is a qualitative similarity between 
how nanoparticles and how atoms interact in a solution, 
insights from the nanoparticle self-organization, which are 
easier to track due to their sizes being larger than the size of 
individual atoms, can help to better understand how atoms 
crystallize into matter.5

Biological and soft materials
The application of liquid phase TEM to soft-matter science 
and biological materials poses some unique challenges.25 In 
general, the structures and dynamic events of interest are 
inherently sensitive to small changes in the free-energy land-
scape.75,76 Performing liquid phase TEM experiments will shift 
the free-energy landscape of the sample through the introduc-
tion of surfaces (the liquid cell windows) and the application 
of the electron beam.77–79 In addition to these inherent effects, 
soft-matter chemistry often involves controlled manipulation 
of the free-energy landscape to create the structure of interest, 
and it can be extremely challenging to recreate these condi-
tions inside the liquid cell.

For example, mixing two solutions or the application of heat 
are perhaps the two simplest and most common ways to shift 
the energy landscape when performing soft-matter chemistry 
in the laboratory (here referred to as in-flask experiments). 
While these experiments can be performed inside the liquid cell 
(here referred to as in situ experiments),25,31,33,36,37,80,81 precise 
control of the mixing process inside the cell remains challeng-
ing, and the specimen heating can significantly alter electron-
beam–sample interactions. Consequently, in liquid phase TEM 
experiments of soft and biological matter, it is certain that the 
free-energy landscape will be different for in situ and in-flask 
experiments. Therefore, it is reasonable to ask which features of 
in situ observations are representative of the in-flask structure 
and dynamics. Providing a definitive method for answering this 
question is a challenge that must be overcome for liquid phase 
TEM to find its place in the areas of soft and biological sci-
ences. While this has not been fully realized, there have been 
significant efforts made, yielding impressive insights into the 
structure and dynamics of soft and biological matter.25,82

The self-assembly of block copolymers is an important 
process in soft-matter science as it can generate complex 
functional structures that find application in medicine and 

catalysis.83,84 Despite being studied for decades, there have 
been great challenges in understanding the role that phase sep-
aration,80 particles fusion85 and fission,86 and encapsulation87 
play in the formation of complex structures.88,89 Liquid phase 
TEM has provided great insights into these processes through 
direct observations and quantitative analysis of the events in 
solution (Figure 3).80,85–87

Importantly, these observations were supported by comple-
mentary methods that help to address the question of “which 
features are representative,” but also provide additional infor-
mation to interpret the observed dynamics. Molecular dynam-
ics simulations,85,87 provide molecular-level details, which are 
not possible to obtain for soft matter, Gibbs free-energy calcu-
lations,80 provide information on the thermodynamic driving 
forces, and x-ray scattering experiments,86 provide informa-
tion that is statistically robust. The goal with these combined 
experiments is to extract mechanistic insights that are consis-
tent with both data sets and thereby provide robust conclu-
sions. In addition to these examples, the articles in this issue 
discuss how liquid phase TEM can be used to bridge knowl-
edge gaps in many other soft and biological materials systems.

Nanoscale electrochemistry
Liquid phase TEM has emerged as a key technique to under-
stand the nature of solid–liquid interfaces, especially the elec-
trochemical phenomena at electrode–electrolyte interfaces. 
Electrochemical liquid cells with microelectrodes deposited 
onto SiNx membrane windows have been utilized to study 
nanoscale electrochemical processes. The direct observations 
of electrochemical reactions have also been combined with 
simultaneous structural/chemical analysis. Thereby, the mech-
anisms of a wide range of electrochemical processes have 
been unveiled. For example, the study of electrodeposition of 
metals, such as Cu, Ni, Au, Pb, and Pd, have provided insights 
into the fundamental nucleation and growth due to nanoscale 
electrochemistry.18,90–95 The electrochemical liquid cell TEM 
has also made it possible to quantitatively interpret electroca-
talysis96,97 and materials degradation98,99 by applying an elec-
tric potential to electrodes or using an open-circuit potential. 
Many studies contribute to the understanding of electrochemi-
cal degradation of materials.32,35,100–122

The development of electrochemical cell TEM offers 
significant advantages for the study of electrochemical pro-
cesses related to batteries, especially by using the commer-
cial liquid electrolytes used in lithium-ion batteries,27,123–131 
Li/Na metal plating and stripping,26,38,132–136 and solid-elec-
trolyte interphase (SEI) formation26,137–140 at the nanoscale. 
These studies provide insights into the reaction mechanisms 
of next-generation rechargeable batteries. For example, a 
recent study showed a remarkable leap in the capability of 
liquid phase TEM in revealing spatially resolved SEI chem-
istry on lithium nanograin deposits (Figure 4).24 It has been 
a great challenge to study SEI and lithium growth due to the 
experimental difficulties originating from the vulnerability 
to air or moisture exposure in post-processing. This work 
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reported the in situ observation of the suppression of lithium 
dendritic growth arising from a cationic polymer coating 
(Figure 4a). By correlating the lithium growth and the SEI 
chemistry (Figure  4b–d),26 the mechanisms of lithium den-
drite suppression through modification SEI chemistry have 
been uncovered.

Optimization of the electron-beam flux is crucial to limit 
its effects on electrochemical reactions while maintaining 
the spatial/temporal resolution. The excellent spatial/tempo-
ral resolution of TEM has not been fully utilized in the cur-
rent electrochemical liquid cell TEM. In the future, low-dose 
imaging and other advanced TEM techniques, including 
4D-STEM techniques or imaging with fast electron detectors, 
are necessary for breakthroughs. In addition, innovative cell 
designs will open opportunities for broadening the applica-
tions of electrochemical liquid cell TEM.

Conclusions and future opportunities
In situ liquid cell TEM is a powerful metrology tool that can 
catalyze many future discoveries in both materials and life sci-
ences. Although significant achievements have already been 
made, there remain many challenges for liquid cell TEM that 
need to be addressed. For example, minimizing the effects 
of the electron beam on the imaged processes is one of the 
important ones.50,79,141 While beam effects can be drastically 
reduced by taking advantage of new direct electron detectors, 
there is an inherent tradeoff between electron flux, spatial 
and temporal resolutions because the images get increas-
ingly noisy and less interpretable with decreasing electron 
flux on the camera.50 Alleviating these challenges will require 
the development of adaptive image processing tools that can 
be trained using noisy image data sets of known structures 
to identify unknown structures and recognize the subtle 

Figure 3. Liquid phase transmission electron microscope imaging of block-copolymer assembly. (a) Phase separation during vesicle 
formation. Reprinted with permission from Reference 80. © 2019 Springer Nature. (b) Micelle fusion. Reprinted with permission from 
Reference 85. © 2017 American Chemical Society. (c) Micelle fission. Reprinted with permission from Reference 86. © 2020 American 
Chemical Society. (d) Nanoparticle encapsulation. Reproduced from Reference 87. © 2019 Royal Society of Chemistry.
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structural transformations in low signal-to-noise ratio image 
sequences acquired for any given solution-based process.

The discovery of new routes through which materials 
form from a precursor solution is crucial for inspiring new 
synthesis methods. Such discoveries require high-resolution 
and time-resolved imaging. Achieving these resolutions 
comes at the cost of increased electron fluxes and doses 
used for imaging. In many instances, the electron beam 
can be advantageous in stimulating the different stages of 
the growth reactions and thus provide atomistic insights 
about the growth mechanisms. However, it is also possible 
that the intense beam may cause the growth trajectories to 
deviate from the typical pathways that might otherwise take 
place during normal bench-top synthesis, and thus provide 
a skewed mechanistic insight, not representative of the pro-
cess. Using sensitive detectors and optimizing imaging con-
ditions to reduce the beam effect, along with some careful 
validation of the observed processes with complementary 
approaches, will be important.

When trying to understand the future role that liquid phase 
TEM can play, it is helpful to consider the role of cryo-electron 
microscopy (cryo-EM), which also provides high-resolution 
images of materials in solution.142,143 When comparing liquid 
cell TEM and cryo-EM, it is important to note that there have 
been significant efforts in the development of cryo-EM dating 
back to the 1980s,144,145 compared to liquid cell TEM where 
the significant developments occurred two decades later.9,10 
Although the liquid phase TEM community has and will con-
tinue to benefit greatly from some of the cryo-EM develop-
ments (e.g., detector technology),146 there are some inherent 
differences that require new innovations.

Looking forward, we anticipate that innovations in instru-
mentation and computational approaches will transform 
in situ liquid cell TEM into a widely used high-throughput 

method. These high-throughput studies are critical not only 
for confirming the statistical significance of the observations 
but also identifying often-missed rare events and pathways, 
which can lead to significantly different outcomes. Overall, 
we expect liquid cell electron microscopy to play a significant 
role in accelerating materials and process discovery with great 
impact on science and technology.
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