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BACKGROUND: Transmission electron mi-

croscopy offers structural and compositional

informationwith atomic resolution, but its use

is restricted to thin, solid samples. Liquid sam-

ples, particularly those involving water, have

been challenging because of the need to form a

thin liquid layer that is stable within the mi-

croscope vacuum. Liquid cell electron micro-

scopy is a developing technique that allows us

to apply the powerful capabilities of the elec-

tronmicroscope to the imaging and analysis of

liquid specimens.We can examine liquid-based

processes in materials science and physics that

are traditionally inaccessible to electronmicros-

copy, and image biological structures at high

resolution without the need for freezing or

drying. The changes that occur inside batteries

during operation, the attachment of atoms

during the self-assembly of nanocrystals, and

the structures of biological materials in liquid

water are examples inwhich amicroscopic view

is providing unique insights.

ADVANCES: The difficulty of imaging water

and other liquids was recognized from the

earliest times in the development of transmis-

sion electron microscopy. Achieving a practical

solution, however, required the use of modern

microfabrication techniques to build liquid

cells with thin but strong windows. Usually

made of silicon nitride on a silicon support,

these liquid cells perform two jobs: They sepa-

rate the liquid from the microscope vacuum

while also confining it into a layer that is thin

enough for imagingwith transmitted electrons.

Additional functionality such as liquid flow,

electrodes, or heating can be incorporated in

the liquid cell. The first experiments to make

use of modern liquid cells provided infor-

mation on electrochemical deposition, nano-

materials synthesis, diffusion in liquids, and

the structure of biological

assemblies. Materials and

processes nowunder study

include corrosion, bio-

molecular structure, bubble

dynamics, radiationeffects,

and biomineralization.New

window materials such as graphene can im-

prove resolution, and elemental analysis is pos-

sible by measuring energy loss or x-ray signals.

Advances in electron optics and detectors, and

the correlation of liquid cell microscopy data

with probes such as fluorescence, have in-

creased the range of information available from

the sample. Because the equipment is not too

expensive andworks in existing electronmicro-

scopes, liquid cell microscopy programs have

developed around the world.

OUTLOOK: Liquid cell electron microscopy is

well positioned to explore new frontiers in

electrochemistry and catalysis, nanomaterial

growth, fluid physics, diffusion, radiation phys-

ics, geological and environmental processes

involving clays and aerosols, complex bioma-

terials and polymers, and biological functions

in aqueous environments. Continuing improve-

ments in equipment and technique will allow

materials and processes to be studied under

different stimuli—for example, in extreme tem-

peratures, during gas/liquid mixing, or in mag-

netic or electric fields. Correlative approaches

that combine liquid cell electron microscopy

with light microscope or synchrotron data pro-

mise a deeper study of chemical, electrochem-

ical, and photochemical reactions; analytical

electron microscopy will provide details of

composition and chemical bonding in water;

high-speed and aberration-corrected imaging

extend the scales of the phenomena that can

be examined. As liquid cellmicroscopy becomes

more capable and quantitative, it promises

the potential to extend into new areas, adopt

advanced imaging modes such as holography,

and perhaps even solve grand challenge prob-

lems such as the structure of the electrochem-

ical double layer or molecular movements

during biological processes.▪
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Schematic diagram of a liquid cell for the transmission electron microscope and its appli-

cation for imaging phenomena in materials science, life science, and physics.The liquid cell is

made from two vacuum-tight electron transparent membranes. In this diagram themembranes are

made of silicon nitride (blue) on a silicon support (gray), although other materials are possible. A

spacer layer (not shown) keeps themembranes at a controlled separation of about 100 nm to 1 mm.

The cell is filled with the liquid of interest, and the liquid may be flowed using an external pump (not

shown). The electron beam (pink) passes through the membranes and liquid to allow recording of

images, movies, or spectroscopic data for compositional analysis. Several possible experiments are

illustrated: growth of nanocrystals in solution, nucleation and growth of bubbles, imaging biological

structures such as viruses in liquid water, and imaging electrochemical processes at an electrode

(yellow) that is built into the liquid cell. The dimensions of the electron beam and the nanoscale

objects are exaggerated for clarity.
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Transmission electron microscopy offers structural and compositional information with

atomic resolution, but its use is restricted to thin, solid samples. Liquid samples,

particularly those involving water, have been challenging because of the need to form a

thin liquid layer that is stable within the microscope vacuum. Liquid cell electron

microscopy is a developing technique that allows us to apply the powerful capabilities of

the electron microscope to imaging and analysis of liquid specimens. We describe its

impact in materials science and biology.We discuss how its applications have expanded via

improvements in equipment and experimental techniques, enabling new capabilities and

stimuli for samples in liquids, and offering the potential to solve grand challenge problems.

T
ransmission electron microscopy (TEM) is

a constantly evolving characterization tech-

nique that offers atomic-level information

on the structure and chemical composition

of materials. Inmaterials design, TEM plays

a central role by helping to establish structure-

property relationships and defect structures. In

biology, it provides high-resolution information

on biological cells and their components. In phys-

ics, time-resolved imaging can probe processes

such as phase transformations and directly cor-

relate a material’s response to an applied stim-

ulus. TEM is carried out using samples that are

stable in the vacuum environment of the micro-

scope and thin enough (e.g., below 100 nm) to

give reasonable resolution in images formed by

transmitted electrons. However, these require-

ments have meant that TEM is generally incom-

patible with liquids, particularly those such as

water that have a high vapor pressure.

We describe here a development in TEM that

provides the ability to image samples that con-

tain liquids, most importantly water. The diffi-

culty of imaging liquids lies in separating the

liquid from the microscope vacuum while achiev-

ing a controlled liquid geometry that is thin

enough for reasonable image resolution. The

solution was understood early on in the devel-

opment of electron microscopy, but the goal

was achieved only when modern microfabrica-

tion techniques were used to build thin windows

of silicon nitride with a controlled submicro-

meter separation, between which the liquid

could be confined (1). This “closed” liquid cell

was rapidly developed to include electrodes and

flow capabilities and interfaced to the micro-

scope with dedicated sample holders.

The first experiments to make use of these

modern liquid cell designs addressed questions

in electrochemical deposition, nanomaterials

synthesis, diffusion in liquids, and the structure

of biological assemblies. The results, reviewed

in (1), demonstrated the ability of the liquid cell

to probe areas that had traditionally been in-

accessible to electron microscopy, and in doing

so to achieve useful and unique information. The

scope of liquid cell electron microscopy has in-

creased rapidly (2, 3). Materials and processes

now under study include corrosion, biomolecu-

lar structure and dynamics, bubble motion, ra-

diation effects, and biomineralization. Beyond

straightforward imaging modes, it is possible to

carry out elemental analysis through energy loss

or x-ray signals. Advances in electron optics and

detectors are now being applied to reduce the

electron dose needed and improve the resolution

of the images. Finally, correlative techniques, in

which electron microscopy signals are combined

with other probes such as fluorescence micros-

copy or synchrotrons, are starting to examine the

relationship between function and structural,

chemical, and electronic properties. Because pro-

cesses and structures in liquids are important over

such a broad set of scientific and technological

areas, the ability to apply the powerful capabil-

ities of TEM to liquid samples promises exciting

possibilities for solving grand challenges in mate-

rials science, self-assembly, electrochemistry, geo-

logy, biology, physics of fluids, and other fields.

The rapidly developing liquid cell

microscopy technique

The early pioneers of transmission electron mi-

croscopy were interested in imaging water for

both materials science and biological applica-

tions and made remarkable progress, given the

challenges of observing even solid samples with

the microscopes of the time (4, 5). Two tech-

niques were developed for getting water into the

electron microscope while still maintaining a

good enough vacuum to operate the electron

source. Both are in use today. One approach (6)

is to use differential pumping to enable a high

enough pressure at the sample region to allow

water droplets to condense. This “open cell”

approach became highly successful in environ-

mental scanning electron microscopy (ESEM)

(7, 8). The TEM community appeared less inter-

ested in open cells for water, perhaps because the

droplet geometry was not controlled and the

maximum pressure was limited. However, liquid

droplets in open cells have recently regained

popularity in TEM (9) for electrochemistry in-

volving low vapor pressure ionic liquids, driven

by a need to understand materials transforma-

tions during Li-ion battery operation (10, 11).

The second approach is closed-cell electron

microscopy (12, 13) (Fig. 1A). Enclosing water

between two electron transparent windows cir-

cumvented the limited maximum pressure of

the open cell (5), but the resolution was reduced

by the thick windows used—nitrocellulose (col-

lodion) was the best material available—and it

was difficult to control the window separation.

The recent surge of interest in liquid cell micros-

copy can be attributed to the relative ease of

building closed liquid cells using modern mi-

crofabrication techniques. The initial liquid cells

were homemade, somewhat unreliable, and sealed

the liquid hermetically with glue (14), but closed

liquid cells and the associated TEM equipment are

now simpler to use and available commercially.

Almost all microfabricated liquid cells use

silicon nitride as the window material. To fab-

ricate windows that are electron transparent

yet can withstand the 1-atm pressure difference

between the cell interior and the microscope

vacuum, a thin film of silicon nitride is deposited

onto a silicon wafer and the silicon is etched

from the back to form windows with dimen-

sions around 100 mm. The wafer is diced into

chips, each containing a window; two such chips

are placed face to face, with a spacer material

between. This confines the liquid within a thin

layer, forming the basic overall design for most

closed liquid cells.

To complete the liquid cell (1), the chips may

be glued, wafer-bonded, or squeezed by clamp-

ing in the holder using small o-rings. The spacer

may be a solid layer with a channel, or spherical

particles. The liquid may be inserted through an

entry port etched into one chip (14–18) or flowed

in through the gap between the chips (19). Elec-

trodes can be patterned lithographically inside

the closed cell and controlled by an external

potentiostat (14). In each design, the electrode

materials and geometry can be customized for

the particular applications (14, 16, 18, 20–22). A

heating element (23) or cooling capability (24)

can be integrated, and the silicon nitride sur-

faces can be patterned or chemically modified

to enable reactions with species in solution

(25–28). Careful assembly procedures and clean-

ing are necessary (29). The sample holder is a

key part of the liquid cell experiment, and its

function extends beyond simply holding the cell

securely. It carries the electrical connections be-

tween electrode or heater elements and their

external controllers. In many designs, it also
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provides the vacuum seal by clamping the chips

and supplies the liquid through inlet and outlet

tubes driven by a syringe pump. Flow enables

exciting possibilities of replenishing or changing

the solution chemistry while imaging (15, 19, 30).

One of the key ongoing developments in

closed liquid cell microscopy is the use of a wider

range of TEM capabilities. Initially, liquid cell

data was recorded using conventional bright-field

TEM or high-angle annular dark-field (HAADF)

scanning TEM (STEM) imagingmodes. Themain

decision was whether to record single images,

often appropriate for imaging biological struc-

tures, or movies of dynamic materials processes,

at 30 images per second or whatever the dose

rate permits. Awider range ofmicroscopymodes

is now common, including dark-field and high-

resolution TEM and aberration-corrected imag-

ing (31, 32). Analytical microscopy, both electron

energy-loss spectroscopy (EELS) (32, 33) and

x-ray energy dispersive spectroscopy (XEDS) (34),

is also being applied in liquid cell experiments.

There are two main limitations of liquid cell

electron microscopy, image resolution and elec-

tron beam effects. Low image resolution is an ob-

vious problem in many liquid cell experiments.

Resolution is lost through multiple scattering

of the electrons in both the liquid layer and the

window material. The liquid layer is usually

thicker thandesired, especially toward the center

of the window, because the windows bulge out-

ward due to the pressure difference between the

interior of the cell and the microscope vacuum.

To control the deflection, one can fabricate long

thin windows or narrow channels (17); join the

windows with posts (16); or use thicker, stiffer

membranes with small thin regions for imaging

(35). Reducing window separation improves res-

olution, but we can not decrease the liquid

thickness arbitrarily and still expect the liquid

cell experiment to be a faithful representation of

a “real” phenomenon (9). For example, Brownian

motionmay differ in ultrathin liquid layers as we

discuss below. In electrochemical growth, where

diffusion gradients control the kinetics of pro-

cesses such as deposition, thin liquid layers, may

produce results that are different from bulk,

making it necessary to calculate the effects of the

limited volume (36).

On the other hand, reducing the window thick-

ness improves image quality without affecting the

physics of the process under study. The thinnest

window material is graphene. High-resolution

images can be obtained through liquid droplets

that are placed on a supported graphene mem-

brane, then encapsulated by a secondmembrane

placed on top (37). By using graphene to cover

channels in a thicker material, more complex

graphene liquid cell designs can be developed (38).

The second major limitation of liquid cell

microscopy is the effect of the electron beam.

At the energies used in electron microscopy,

the beam causes radiolysis of liquids, including

water (Fig. 1, B and C). For the conditions ap-

propriate to TEM, calculations show that within

seconds, radiolysis products reach equilibrium

concentrations in the irradiated region (39, 40)

(Fig. 1B). These concentrations depend on dose

rate, illuminated area, liquid thickness, and total

liquid volume, and can affect the structure or

process under study. Radiolytically produced

hydrogen gas can exceed its solubility limit and

form bubbles (39) (Fig. 1C), which alter the liq-

uid geometry. Hydrogen ions can change the

solution pH (40). The highly reactive hydrated

(or solvated) electron can drive beam-induced

growth of metallic nanoparticles by reducing

metallic cations in aqueous salt solutions (41),

allowing possibilities for beam writing (39, 42).

In combination, radiolytic species can have com-

plex effects (40).

Much work needs to be done to understand

electron-beam effects in solutions with multiple

dissolved species, as well as in nonaqueous so-

lutions such as ionic liquids. However, existing

knowledge of radiation physics can be a guide,

and it has already been shown that electron-beam

effects can be mitigated with scavenging strat-

egies (43). As microscopists become increasingly

familiar with beam effects in liquids, the low-dose

techniques developed for biological cryo-electron

microscopy are becoming standard, and the be-

nefits of high-sensitivity detectors in reducing

the dose required per image are being exploited.

Liquid cell microscopy for materials

science, life science, and beyond

Modern microfabricated liquid cells were first

used for electrochemical experiments, record-

ing movies of metal deposition onto electrode

surfaces and correlating the images with elec-

trochemical parameters, voltage and current

(14, 36, 44, 45). The synthesis of nanoparticles

in solution was a second key materials area.

The electron beam both triggers growth and

allows imaging of the growing andmoving nano-

crystals (41, 46). In the biological arena, it was

quickly realized that, remarkably, few nanometer-

size Au labels on biological structures could be

resolved even through several micrometers of

water (47). Here, we describe highlights of re-

cent results in these areas and in new fields such

as biomineralization, the imaging of unlabeled

biostructures, bubble dynamics, corrosion, and

phase transformations.

Electrochemistry

The importance of liquid cell microscopy to

electrochemistry is that liquid cell experiments

enable us to relate the structural and composition-

al changes that take place to the electrochemical
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Fig. 1.The liquid cell microscopy technique. (A) Schematic diagram of the liquid cell and its application
for imaging phenomena in materials science, life science, and physics. The dimensions of the electron
beam and the nanoscale objects are exaggerated for clarity. (B) The predicted concentration due to
radiolysis, C, normalized by the steady-state concentration CSS of H2 (right) and hydrated electrons eh
(left) in and around an irradiated area of radius 1 mm (gray stripe) as a function of distance from the beam
center at various times in seconds. (C) Image series showing heterogeneous nucleation, growth, de-
tachment, and migration of radiolytic hydrogen bubbles formed during TEM imaging at 300 keV, beam
current < 1 nA and beam radius ∼2 mm. Relative times are shown in seconds. [(B) and (C) adapted with
permission from (39) Copyright 2014, American Chemical Society]
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signature. Other techniques do not probe electro-

chemical processes with the same combination

of temporal and spatial resolution (9, 14, 22).

The outcome can be a detailed test of growth

mechanisms and information on the phenomena

controlling key processes such as corrosion or

battery cycling.

Understanding growth instabilities

Refining electrochemical growth models is an

exciting opportunity for liquid cell microscopy.

Initial experiments followed electrodeposition

of individual copper nuclei on gold electrodes

(14, 36, 44, 45). On further deposition, a poly-

crystalline film grows over the electrode and

then grows beyond it. Understanding the physics

governing the morphology of the growth front

is essential for controlling the structure and

composition of deposited materials. Dynamic

observations are helpful becausemodels of solid-

liquid interface stability are generally limited

to steady-state conditions. Recently, growth in-

stabilities and dendrite formation have been

imaged in systems relevant to battery develop-

ment (18, 20, 40, 48–50). Quantitative measure-

ments of the evolution of the growth front allow us

to understand and control growth front stability

through additives or pulse deposition (51). Power

laws can be obtained for the development of

roughness, and local measures such as growth

rate at each point on the dendrite are accessible

(48). Because diffusion fields play such a key role

in electrochemical growth, a key advance has

been the demonstration that, under certain cir-

cumstances, it is possible to image the distribu-

tion of ions in solution through their scattering

of transmitted electrons (20).

Reactions in battery anodes, cathodes,

and electrolytes

Interfacial electrochemical reactions control the

transport of charge and mass in batteries and

energy conversion systems. Liquid cell micros-

copy enables direct imaging of key phenomena

during battery operation. The technique has

already produced promising results relevant to

Li-ion batteries, for both the key electrode mate-

rials and the electrolyte. Adaptation of existing

techniques for a wider range of materials—for

example, air-sensitive electrolytes—and improved

experimental design for quantitative, sensitive

(nanoampere) electrochemicalmeasurement (50, 52)

are important for these experiments, as is a de-

tailed understanding of the effect of the electron

beam on electrochemical measurements.

In electrode materials, dramatic structural

and chemical changes take place during cycling.

Incorporation of Li changes the volume of some

anode materials by hundreds of percent. This

volume change can be imaged—for example, in

Si in the form of a nanowire attached to a liquid

cell electrode (53). The lithiation kinetics in this

fully surrounded nanowire differ from those in

nanowires that are in contact with electrolyte

only at one end (9, 10), illustrating the role of dif-

fusion through the electrolyte. Chemical changes

in electrode materials during cycling are also

accessible. The progress of lithium transport

across individual particles in a LiFePO4 cathode

material, resolved using EELS (33), is shown in

Fig. 2A.

Battery electrolytes also undergo key changes

during cycling: They break down and form a

solid electrolyte interphase (SEI) composed of

inorganic and organic electrolyte by-products.

Understanding the formation of this layer could

help improve Li-ion battery safety and cycle life.

The structural morphology and evolution of the

SEI has recently been observed (54) on highly

oriented pyrolitic graphite, cut and joined onto a

liquid cell electrode. The use of a three-electrode

cell allowed correlation between the onset po-

tential for the electrolyte solvent reduction and

the SEI nucleation and growth.

Future battery progress relies on how well

one can simulate a “real” battery—in other words,

incorporate arbitrary anode and cathode mate-

rials in an appropriate geometry, include a ref-

erence electrode for quantitative measurements,

and surround it all with liquid electrolyte. The

development of ways to place nanoparticles,

blocks, or strips of materials onto liquid cell elec-

trodes is key (33, 52, 53), as is the availability of

electrode materials such as glassy carbon (33).

Electron-beam effects can be strong in battery

experiments and may even indicate parame-

ters of electrolyte stability (55).

Corrosion and related phenomena

The ability to relate nanoscale microstructural

features of corrosion, such as pit formation,

with macroscopic, electrochemical parameters is

an important motivation for using liquid cell

microscopy in understanding corrosion processes.

Localized corrosion occurs through breakdown

of the protective oxide film on stainless steel and

aluminum or titanium alloys, due to aggressive

species such as Cl
–
. Liquid cell movies can show

the initiation of pitting when metals such as Cu

and Al are exposed to salt solutions, with or

without an applied potential (56, 57). This allows

measurement of the kinetics and dependence of

corrosion morphology on solution concentra-

tion. Corrosion mechanisms are often investi-

gated by measuring a Tafel plot—i.e., the current

due to dissolution of the material versus the

applied voltage. Such data can be obtained using

a liquid cell that contains a thin metal film de-

posited over the window, with a second elec-

trode nearby (57). A wider range of materials

can be examined using an approach similar to

that described above for batteries: cutting out a

lamella of the material of interest and welding it
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Fig. 2. Liquid processes

in nanostructured mate-

rials. (A) The progress of
lithium transport across
individual particles as
voltage is varied during
cycling of a LiFePO4

particle-based cathode
material deposited by
slurry printing onto a
glassy carbon working
electrode. Voltage versus
time is shown, and 5-eV
energy-filtered maps show
delithiated FePO4 as bright
regions. [Reprinted with
permission from (33).
Copyright 2014, American
Chemical Society] (B)
Galvanic replacement of an
Ag particle by Pd in 50-mM
aqueous PdCl2 solution
imaged in dark-field STEM
at 6 e−Å−2 s−1; frame time,
8.4 s; electron dose per
image, 52 e−Å−2. Images
are shown at 8.4, 16.8,
25.2, and 50.4 seconds.
[Reprinted by permission
from (43). Copyright 2014,
Macmillan Publishers Ltd.]
(C) The formation of a
hollow void in an oxidized Bi nanoparticle via the Kirkendall effect, dominated by nonuniform diffusion of
bismuth. Relative times are shown in seconds. [Reprinted with permission from (74). Copyright 2013,
American Chemical Society.] (D) High-resolution view in a graphene liquid cell of the sintering of two
particles (smaller one arrowed), conversion of the grain boundary into a planar twin boundary, and
evolution toward a hexagonal shape consistent with the Wulff construction. [Reprinted with permission
of AAAS from (37)]
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to the liquid cell electrode (58). If beam effects

can be understood (56), the liquid cell technique

can provide a unique link between electrochem-

ical parameters and structural change.

Nanoparticle nucleation, growth,

and coalescence

Liquid cell TEM has been used successfully to

study colloidal nanoparticle formation, and from

the earliest observations it was clear that high

spatial and temporal resolution provide oppor-

tunities for understanding growth mechanisms,

diffusion, and coalescence. The scope of nano-

particle experiments has been augmented by im-

provements in resolution and by the introduction

of heating, which has allowed a greater range of

synthesis techniques to be addressed.

Growth and etching mechanisms

Metal nanoparticles nucleate and grow when

metal ions in solution are reduced by radiolytic

hydrated electrons. This beam-induced growth

is relevant to real life because irradiation is often

used to form particles with a narrow size distri-

bution and without using surfactants. Liquid

cell movies allow quantitative measurements of

individual particles as they grow, providing a

direct view of the mechanisms at work (Fig. 2).

Initial experiments (41) showed previously un-

recognized growth pathways for Pd nanoparticles,

and were able to distinguish the mechanisms of

monomer attachment and coalescence. Beam-

induced growth has since been observed in other

systems (37, 59–61), including multicomponent

materials such as core-shell (62) and alloy (63)

particles. Measurements as a function of dose

rate (64) show the circumstances under which

diffusion or attachment control growth. To obtain

the highest-quality data from these growth ex-

periments, it is important to improve the time

resolution using fast detectors and to track as

many particles as possible. Thus, a key advance

is data compression and the development of

automated video-analysis techniques (67) that

can identify simultaneously operating growth

mechanisms (64). As well as visualizing the for-

mation of compact nanoparticles, beam-induced

growth experiments also show how templates

can alter nanoparticle nucleation (66), how beam-

induced growth can form extended structures

like dendrites (67, 68), and how patterned de-

posits can bemade by rastering the beam (39, 42).

Liquid cell microscopy can also image corrosive

dissolution of nanoparticles (69, 70). The bal-

ance between oxidizing and reducing species

produced by radiolysis can lead to situations in

which the beam intensity controls particle

stability (40, 71).

Growth during heating

With the development of heating capabilities,

reactions can be driven by temperature rather

than the electron beam, to probe other meth-

ods of nanoparticle synthesis and structural

modification. Examples include hydrothermal

precipitation of ZnO, achieved using a thermal

reservoir outside the microscope (72), and nucle-

ation of particles by laser heating (73). Complex

phenomena can be visualized, such as Kirkendall

voids formed by oxidizing Bi nanoparticles at

elevated temperature (74) (Fig. 2C) and oscil-

latory growth of Bi nanoparticles exchanging

material on heating (75).

Factors determining particle shape

As liquid cell resolution improves through the

use of aberration correction and high-speed im-

aging (31) or graphene windows (37), it becomes

possible to determine the nature and evolution

of nanoparticle facets (31, 60) (Fig. 2D). Such ex-

periments show how surfactants control which

facets form (60) and how they may alter facet

growth rates, even breaking the surface energy

minimization rule so that growth does not follow

the Wulff plot (31).

Dynamics of coalescence

As particles coalesce in solution into larger as-

semblies, liquid cell microscopy provides a re-

markable view of the processes at work. Observing

the dynamic motions and rotations of particles

as they approach provides direct information on

interparticle forces (59, 76, 77). Coalescence ap-

pears to take place on preferred planes (37). Par-

ticles may approach multiple times until they

rotate into registry and snap together (77). Defect

formation during coalescence can be imaged

(Fig. 2D), as can structural rearrangements after

coalescence. When multiple particles assemble,

superlattices or diffusion-limited aggregates may

form, and aggregation parameters (62, 78) and

orientational order parameters of superlattices

(79) can be measured. A common theme, of im-

portance to synthesis and biomineralization, is

the rich variety of growth pathways possible; it

becomes clear that the final shape of a particle

assembly alone provides only limited informa-

tion on its formation mechanism.

Phase transformations in liquids

Electron microscopy has a distinguished history

in exploring phase transformations and reactions

in solids (2). The recent development of heating

and cooling in liquid cells allows temperature,

the key thermodynamic parameter, to be con-

trolled, and therefore a range of transformations

to be accessed.

Heating water nucleates bubbles, and their

nucleation, growth, and stability can bemeasured

and comparedwith thermodynamicmodels (23).

Localized heating is achieved via Joule strips

made of Pt lines, and the temperature gradients

can in principle be modeled. Heating via an ex-

ternal reservoir results in more uniform temper-

ature; laser heating (73), through a fiberoptic or

port on the column, enables rapid temperature

changes. Given the variety of heating methods,

experiments canbe optimized for the phenomenon

under study, suggesting rich future possibilities.

Cooling allows ice to form from liquid water

(provided beam-induced heating is minimized).

Solidification of saline solutions containing Au

nanoparticles (24)—using a cold finger in contact

with the liquid cell—has provided insights into

the competition between hexagonal and cubic

ice nucleation and growth as a function of tem-

perature, as well as particle rejection and occlu-

sion as the ice advances (Fig. 3A). These types of

experiments yield information that is comple-

mentary to what can be obtained from cold-stage

experiments in ESEM and TEM in which water

(80) (Fig. 3B) or ice (81) condense from vapor.

The physics of fluids at the nanoscale

Fluid physics is another area where our under-

standing can benefit from observations at nano-

meter length scales and especially at improved

temporal resolution. Liquid cell microscopy can

show how water moves at small length scales,

how nanoscale bubbles move in water, and how

nanoscale objects move within thin water films.

It is easy (often unavoidable) to form bub-

bles by radiolysis of the water in a liquid cell

(39, 40, 82). As a large bubble forms, water

recedes across the silicon nitride windows and

leaves a thin wetting layer. Voids form in this

layer, and their growth or shrinkage depends on

size (83). Ultrathin droplets form, as do more

complex structures that are thought to be caused

by droplet charging (84). The droplets move

with a stick-slip appearance, demonstrating the

importance of interfacial interactions to nano-

scale fluidity (84). Small bubbles in comparably

thick liquid films drift up thickness gradients,

and this motion can be modeled by consid-

ering the effects of trijunction forces (85).

The nucleation and motion of small droplets

and the movement of bubbles in confined vol-

umes is important in a range of fields, includ-

ing catalysis, cavitation and lubrication, degassing

of fluids, and boiling. Recent experiments have

therefore examined liquid dynamics in other con-

strained geometries. Cylinders can bemade from

carbon nanotubes (86) or by using a graphene

stack that curls into scrolls around the liquid

(87). This provides the opportunity to observe

bubble dynamics, condensation, and other pro-

cesses in restricted volumes and offers the use-

ful option of imaging parallel to the liquid/solid

interface (Fig. 3B).

Particle motion in response to liquid motion

(46) is readily observed from liquid cell experi-

ments. Brownian motion can also be quantified.

Nanoparticles in thin layers move much more

slowly than expected for a bulk liquid (78, 88–90);

the discrepancy can be 7 to 9 orders of magni-

tude. Such highly damped diffusive movement is

helpful for recording images, but it is unexpected

based on calculations of water in pores (91). If this

damping arises from interactions between parti-

cle and substrate, it may be worth exploring other

window materials (37).

Environmental and

biological mineralization

The mechanisms that control key biological

and environmental processes, such as mineral

formation, are not well understood, partly due

to the difficulty of making observations with ap-

propriate resolution during growth. Liquid cell

microscopy provides information on aggregation
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processes, an example being the geological mate-

rial iron oxyhydroxide (77). Key biomineraliza-

tion questions can be examined, such as the effect

of organic materials on nucleation pathways

(92–95). Figure 3C (95) illustrates how, by bind-

ing calcium, organic additives bias calcium car-

bonate nucleation toward the amorphous phase

rather than a crystalline phase. These experi-

ments illustrate an innovative design in which

CO2 was diffused through one inlet of a dual-

inlet liquid cell holder into a calcium-bearing

solution to gradually raise supersaturation. This

type of approach may be useful in other materials

systems.

Biomineralization can also be investigated

in whole (single-cell) organisms. Magnetotactic

bacteria construct magnetosomes, chains of mag-

netite crystals. Correlative liquid cell STEM and

fluorescence microscopy (Fig. 4A) explore mag-

netosome structure in the natural cellular envi-

ronment (96). These images are static, but dynamic

information could in principle be obtained if

the dose can be kept low. The success of liquid

cell microscopy in imaging systems containing

both soft macromolecular matrices and hard

mineral constituents suggests that the technique

will be applicable to many key biomineralization

processes.

Liquid cell microscopy for life science

Microscopy has been a driver for discovery in

life science. Fluorescence microscopy can image

specific proteins at up to 10-nm resolution if

superresolution techniques are used and can

image protein dynamics and interactions in fixed

or living cells. Electron microscopy can offer

higher resolution on material that is encased

in amorphous ice at cryogenic temperature or

on dried or embedded material at room temper-

ature. Correlative light and electron microscopy

uses the strengths of both techniques to provide

detailed structural and functional information.

Unfortunately, the resolution benefits of electron

microscopy are associated with the challenge of

preserving the material during conventional sam-

ple preparation. Dehydration or freezing changes

the structure and, of course, removes the pos-

sibility of making dynamic observations or im-

aging living cells. The pioneering demonstrations

that labeled biological structures can be resolved

through micrometers of water using STEM

(47, 97), and that biological processes can be

stimulated in situ by injecting nutrients (30),

showed that liquid cell microscopy can provide

high-resolution information while circumvent-

ing some of the sample preparation issues. Liquid

cell TEM is therefore positioned well as a com-

plement to conventional light and electron mi-

croscopy methods to address the complexity of

biological materials.

Whole cells and live cells

The ability to image nanoparticle labels through

thick liquid enables the study of cell structure

and function. Cells can be grown on an electron

transparent membrane chip, incubated for dif-

ferent times or under varied conditions with la-

bels that tag specific proteins or are taken up by

the cells, and then enclosed by adding the top

chip. Liquid cell microscopy can visualize the

tagged structures or measure particle uptake

(47, 48, 98) (Fig. 4B). Correlative experiments

involving fluorescence microscopy (99) provide

additional information on cell structure and

viability. Correlative light and liquid cell micros-

copy has been used to measure the spatial dis-

tribution of a growth factor that is expressed in

tumor cells (100), finding a nonuniform distri-

bution over the cell membrane that may be

relevant to metastasis and drug response. An

important step forward for such studies is the

statistical information obtained by measuring

relatively large numbers of cells in a short time,

enabled through optimization of experimental

procedures (101). The interactions of cell edges

with nanoparticles can also be imaged (102).

Studies of this type may have relevance to safety

and dose evaluation for nanoparticle-based drug-

delivery vehicles.

If the enclosure has suitable size and surface

condition, and if nutrients are supplied, unfixed

cultured cells can be kept alive in a liquid cell

chamber at room temperature with liquid flow

for several hours (97, 103). But is it possible for

cells to remain alive while images are recorded?

Although unfixed cells can be imaged, it appears

that they are not viable after even one image is

recorded (103), even with liquid flow to provide

nutrients and perhaps remove radiolysis products

and heat during imaging. The dose delivered in

one image is typically above the lethal dose.

There is much ongoing interest in establishing

whether tolerable doses exist for in vivo liquid

cell microscopy (96, 103); it may be possible to

study certain biochemical processes, as it ap-

pears that the speed of cell death depends on

the region of the cell that is imaged.

Tracking motion in labeled

biological systems

It is possible to visualize certain biological func-

tions by tracking the movements of the labels

attached to them. An interesting example (30) is

the movement of the myosin head in response

to adenosine triphosphate (ATP). These experi-

ments involve synthetic myosin muscle fila-

ments, labeled with Au particles and placed on

one surface of a large liquid cell chamber filled

with saturated air. ATP is injected through a

capillary, diffusing to the sample through the

surface liquid layer and stimulating a several-

nanometer filament movement. Labels can also

be attached to smaller biomolecules such as DNA.

The motion of pairs of gold nanoparticles teth-

ered by a single piece of double-stranded DNA

gives information on DNA configuration under

the electron beam (104).

Imaging unlabeled biostructures, soft

materials, and dynamical phenomena

Under favorable conditions, biomolecules and

macromolecular assemblies can be imaged with-

out the use of nanoparticle labels and at rela-

tively low dose. Favorable imaging conditions

include the lowest possible liquid and window

thickness and a strategy for minimizing motion

blur during image acquisition. One approach is

to closely encase the material with graphene,

SCIENCE sciencemag.org 18 DECEMBER 2015 • VOL 350 ISSUE 6267 aaa9886-5

Fig. 3. Phase transformations. (A) Ice crystallizing
from saline solution at 245 and 260 K (upper and
lower images) showing the competition between
different solid phases, identified bydiffraction. [From
(24). Copyright Microscopy Society of America,
2014] (B) A nanodroplet within a graphene nano-
channel scroll imaged after the times shown. The
hemispherical cap-shaped droplet condenses and
grows on the wall. [Reproduced from (87) with
permission from The Royal Society of Chemistry]
(C) Amorphous CaCO3 nucleation (dark points)
within an organicmatrix containing Ca-polystyrene
sulphonate globules (larger patches). Nucleation
sites are within the organic matrix, with an amor-
phous structure seen in diffraction data (inset).
[Reprinted by permission from (95), Macmillan
Publishers Ltd, copyright 2015]
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minimizing the membrane thickness and the

volume of surrounding liquid (105, 106). An-

other approach is to use patterned silicon ni-

tride substrates with microwells that control

the liquid thickness (25, 26) and additionally to

tether biostructures by functionalizing the sub-

strate (26–28).

Such improvements can result in high-quality

imaging of biomaterials and soft materials in

the liquid state. High-contrast materials, such

as the magnetosomes mentioned above (96),

ferritin molecules (107) (Fig. 4C), and micelles

containing heavy metals (108), are readily im-

aged to show their overall structure. Analytical

techniques can provide composition and bond-

ing, as has been shown for ferritin using EELS

(107), and dynamics can be studied, as has been

shown for Pt-containing micelles (108). How-

ever, even low-atomic-numbermaterials are visi-

ble using liquid cell microscopy. Liposomes and

polymers have been imaged (109, 110) to provide

shape and size in water, a useful comparison

with cryoelectron microscopy results. In addi-

tion, more complex biostructures can be imaged.

For example, the acrosomal process, a membrane

that extends from sperm heads, has an appear-

ance in the liquid cell that is consistent with that

in cryoelectron microscopy (28). Protein crystals

have been imaged at 2.7-nm resolution with a

cumulative electron dose of 3500 electrons per

nm
2
(28). The combination of TEM and fluores-

cence microscopy has been used to determine

the spatial distributions and interactions of sub-

cellular organelles, such as the cytoskeleton and

its contact with adjacent cells (111). Finally, Fig.

4C shows a viral pathogen imaged at ~3-nm

resolution in the process of transcribing RNA (27).

With image processing, these data are sensitive to

rearrangements in the internal structure of the

virus during RNA synthesis. Tests for viability are

important in evaluating experiments involving

dynamic biochemical processes (27).

Because liquid cell electron microscopy is a

new technique, it is important to validate all

of its results by comparison with cryoelectron

microscopy and to establish radiation damage

criteria. However, these recent advances provide

encouragement that liquid cell microscopy might

complement cryoelectron microscopy, fluores-

cence, and diffraction techniques in providing

static and dynamic imaging of biological sys-

tems in water, fulfilling the critical need to de-

velop real-time, high-resolution imaging tools

for life sciences.

Future prospects

Geological materials such as clays

The hydration of clay minerals is important for

soil properties, in developing building materials,

and in mining activities. Microsopy of clay min-

erals in a controlled environment that includes

liquid water should provide new information on

the pathways by which the key structural trans-

formations occur. Early research in this area

(5, 112) on the hydration of Portland cement

was hampered by the lack of a reliable method

for handling water in situ. Modern liquid cells

have a greater chance of producing quantitative

results in, for example, imaging the behavior of

the swelling clays (montmorillonites or benton-

ites) in fluids of different compositions. Hydration

behavior in confined volumes is well suited for

liquid cell experiments and could provide infor-

mation relevant to oil sand extraction. Many mi-

nerals with hydrated and anhydrous varieties

have commercial value, and others cause prob-

lems when they change state. There appears to

be no shortage of interesting questions in this area.

Extreme temperature and pressure

geological processes

Conventional liquid cells can withstand pres-

sures of only a few atmospheres (20). How far we

can push this upper pressure limit depends on

the mechanical properties of the windows. In-

organic fluids confined in liquid cells at high

pressures can perhaps provide nanoscale in-

sights into geological processes such as hydro-

thermal reactions relevant to crystal growth,

nanostructure synthesis, fuel production, or vol-

canic activity. The nature of many hydrothermal

chemical reactions is difficult to assess, and nano-

scale in situ observations could provide new in-

sights. At low temperatures, the structure and

stability of methane clathrates could be a useful

field of study.

Atmospheric aerosols

Environmental TEM provides valuable informa-

tion for understanding the behavior and pro-

perties of atmospheric particles (113). However,

its use is limited at high relative humidities, in

particular the extreme of complete saturation.

The full ability to control the water environ-

ment is relevant to cloud formation, where sat-

uration and supersaturation values are high.

We could imagine, for example, subjecting var-

ious types of common atmospheric particles to

water and liquids with different salinities and
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Fig. 4. Biological structures and processes. (A) Superimposed fluorescence and STEM images of two
viable cells of Magnetospirillum magneticum. The magnetosome chains appear in purple. Scale bar,
1mm. [From (96). Reprinted by permission fromMacmillan Publishers Ltd., copyright 2014] (B) Livewhole
COS7 cells during nanoparticle take-up, imaged 24 hours after their incubation with serum-protein coated
30-nm Au nanoparticles. The particles were found in a dense, three-dimensional cluster of vesicles. The
inset represents a processed image of the indicated region, with individual particles visible within the
vesicles. [Reprinted from (97)] (C) Compositional maps for N, Fe, and O obtained for ferritin molecules in
water sandwiched between graphene sheets with 1-nm resolution. A composite map (see color chart) and
a HAADF image are also shown. The raw data are filtered to improve signal to noise. The protein shell of
ferritin is clearly resolved and the iron valence identified as 3+. [Reprinted with permission from (107)]
(D) Double-layered particles, the structures intowhich rotavirus transforms on invadinga host cell, imaged
while actively transcribing mRNA. The particles are tethered to SiN microchips, and ATP was added to
enable transcription. Single-stranded mRNA is seen around several viral capsids (1 to 4 and inset). [From
(27), Copyright Royal Society of Chemistry, 2015]
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observe phase changes during cooling at con-

trolled rates.

Biominerals

The recent results described above suggest fur-

ther applications in a wider range of mineral

systems and environments, including those in-

volving organic components. Multiple mineral

phases and reaction pathways are a common

characteristic, and comparing different systems

would allow an understanding of the principles

that determine which pathway will be followed

and how nucleation can be directed with control

over phase, orientation, and location.

Physics of fluids

A grand challenge for understanding interfacial

fluids has been the difficulty of imaging liquid/

solid interfaces with good time and space reso-

lution (114). Given the improvements in liquid

cell microscopy resolution and detector sensitiv-

ity, we anticipate that studies over the next few

years should illuminate features of the liquid/

solid interface such as ordering, the hydration

layer, and the double layer, and provide direct ob-

servations of phase transitions. Diffusion through

liquids is important in catalysis, battery opera-

tion, biomaterials, and tribology. With the devel-

opment of low-temperature imaging, it could be

exciting to examine liquids such as nitrogen or

even helium, and solvents such as liquid ammonia.

Electrochemistry in more complex systems

There has been little study of materials other

than metals, of codeposition and electroless

deposition, or of temperature-dependent electro-

chemistry. Take, for example, the electrochem-

ically deposited polymers: Polypyrrole is an

extensively studied conducting polymer, whose

most efficient synthesis method is electropoly-

merization (115). Temperature-dependent elec-

trochemistry, including low-temperature Li-ion

battery function, is a critical area. It is possible

that molten salt electrochemical reactions rele-

vant to Al refining or the process of stress corro-

sion cracking could be performed in extreme

environments of water and high temperature

and pressure.

The electrochemical double layer

A grand challenge for microscopy is to image di-

rectly the electrochemical double layer and mea-

sure its behavior during electrochemical processes.

Its length scale of a few nanometers makes this

difficult, but experiments may involve combina-

tions of holography and liquid cell microscopy to

probe the double layer at an atomically flat

electrode surface.

Magnetic materials

The holography/liquid cell combination pro-

vides other fascinating opportunities. One can

imagine in situ observation during liquid phase

deposition of magnetic materials, simultaneous-

ly measuring their developing microstructure

and magnetic fields. Magnetic thin films such

as the NiFe layers used in magnetic read heads

are formed by electroless deposition at moder-

ate temperatures, and understanding film evo-

lution could potentially improve our control of

nucleation and domain development. Other areas

of application include the interactions of mag-

netic particles in liquids and the behavior of the

surfactant-coated particles within ferrofluids

while being magnetized.

Catalysis

Electron microscopy has provided detailed in-

sights into catalysis from gases (116, 117) but is

relatively less explored for reactions that form

liquids (118) or that are catalyzed by liquids

(119). As liquid geometry and flow become better

controlled, we can now envisage liquid cell mi-

croscopy of catalyst reactions involving water.

Water splitting can be achieved by catalysts driv-

en electrochemically or with light fed through a

fiber optic, as already demonstrated in gas-phase

catalysis (117), and this will likely be a key ap-

plication area for liquid cell microscopy.

High-speed phenomena

The ability to record liquid cell data at high frame

rates expands the range of phenomena that can

be addressed and also improves image resolution

by reducingmotion-induced blur. For even faster

processes, though, the technique of dynamic TEM

(DTEM) can be adapted for the liquid cell (82). A

laser hits the sample, supplying heat or optical

stimulation, and also triggers a pulse of electrons

(delayed by a specified time) that form an image.

The time resolution, determined by the length of

the pulse, is 1 ms to 1 ns. Microanalysis is possible

via energy-filtered TEM through an in-column

filter. So far, laser-induced nucleation and growth

has been examined at ~10-nm spatial resolution

(73), andDTEM is likely to have broad application

for rapid liquid-mediated reactions.

Imaging whole biological cells

Imaging cells in their native liquid state is al-

ready an exciting prospect, offering the possi-

bility of high-resolution information without

freezing or drying. It is not yet clear whether

live cells can ever be imaged. We need a better

understanding of dose effects, through correl-

ative experiments that determine the extent to

which biological functions are preserved during

imaging. Indeed, irradiation effects on cells (with

taken-up nanoparticles, for example) could pro-

vide insights into cancer therapies. Because

various parts of a cell show different dose to-

lerances, it may be useful to develop systems

with optimized liquid geometry to allow dose-

tolerant regions to be imaged with good resolu-

tion andminimized dose. To distinguish different

components within a cell, the use of mixtures of

labels could be explored in liquid cell TEM, as is

done for fluorescence microscopy.

The structures of biomaterials and proteins

The current progress in liquid cell microscopy of

unlabeled biomaterials, combinedwith greater use

of techniques already developed for cryo-EM—

such as low-dose imaging, dose fractionation

techniques, and image analysis techniques—

suggests that in the future the technique could

provide insights into the structure of materials

such as block copolymers, protein domains,

macromolecule-mediated nanoparticle assem-

bly, and even food materials. The liquid envi-

ronment may provide a benefit, compared with

cryoelectron microscopy, if it can be shown to

help move away radiolysis products while pre-

serving structure. In addition, temperature con-

trol will prove useful in understanding interactions

and processes in these types of materials.

Imaging biological dynamics

Movies of processes such as the dynamics of

large proteins, changes in membrane geometry,

or the assembly of microfilaments would pro-

vide fundamental and practical insights. Pros-

pects for real-time imaging ultimately come down

to the dose required per image. Increasing the

material contrast reduces the dose required;

achieving higher contrast (without using labels

or defocus techniques) may require exploring

the use of phase plates (120) or electron holog-

raphy (121). Temperature-dependent imaging

of biological structures and processes could

allow optimum temperatures to be chosen for

measurements of dynamics and exploration of

biological processes under extreme environments.

The processes may be triggered by introducing

chemicals into the solution flow [as demonstrated

in (30)] or by laser pumping (as in DTEM) by

heating or direct light stimulation. Because bi-

ological systems also respond to electromagnetic

fields, the use of externally applied fields, with

results measured using holography, could be po-

tentially transformative, if issues of dose and the

holographic reference beam could be resolved.

This could possibly produce charge maps of pro-

teins and show the self-assembly and folding of

proteins or the field-induced interactions be-

tween individual biomolecules and binding sites.

Although some of the above speculations appear

far from reality, the recent pace of progress en-

courages us to expect a strong impact of liquid

cell microscopy for understanding biological struc-

tures and processes.

The examples described above, covering both

current research and future ideas, suggest that

liquid cell electron microscopy is well positioned

to explore new frontiers in nanomaterial growth,

fluid physics, radiation physics, corrosion and

electrochemical processes, geological and envi-

ronmental processes, and biomaterial structure

and function. Based on continuing improvements

in equipment and experimental capabilities, we

anticipate that observations made using liquid

cell microscopy can address key materials chal-

lenges and provide an exciting view of liquid-

phase materials and processes.
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