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ABSTRACT: Liquid cell electron microscopy enables the study of nanoscale transformations in solvents
with high spatial and temporal resolution, but for the technique to achieve its potential requires a new
level of control over the reactivity caused by radical generation under electron beam irradiation. An
understanding of how to control electron-solvent interactions is needed to further advance the study of
structural dynamics for complex materials at the nanoscale. We developed an approach that scavenges
radicals with redox species that form well-defined redox couples and control the electrochemical
potential in situ. This approach enables the observation of electrochemical structural dynamics at near-
atomic resolution with precise control of the liquid environment. Analysis of nanocrystal etching
trajectories indicates that this approach can be generalized to several chemical systems. The ability to
simultaneously observe heterogeneous reactions at near-atomic resolution and precisely control the

electrochemical potential enables the fundamental study of complex nanoscale dynamics with

unprecedented detail.

INTRODUCTION

Liquid cell electron microscopy (LCEM) has
enabled many discoveries related to nanoparticle
dynamics, nanocrystal growth and etching
trajectories, and three-dimensional atomic
structure.* To date, researchers have had to
adapt their experimental designs to the chemical
environment created by the generation of radical
species from electron-water interactions in liquid
cells.’®2° The addition of radical scavengers can
decrease the concentration of radical species, but
this approach has limited applicability due to the
stoichiometric consumption of the scavenger
species.’® There is a pressing need to control the
chemical environment within liquid cells under
electron irradiation to observe reactions which
can be reproduced ex situ, or to observe radical-
sensitive materials. We aimed to identity a
systematic approach to convert highly reactive
radiolysis products into species which display well
defined chemical reactivity, and ideally can be

recycled over numerous reaction cycles.
Electrochemical redox couples can provide stable
and reversible reactivity regardless of the
electrochemical potential used to drive their
oxidation or reduction. For this reason, we
hypothesized that addition of well-defined redox
species into liquid cells will result in the
scavenging of highly oxidative and reductive
species through reaction with the redox couple.?
This process will also result in the formation of
well-defined redox couples, which will act as a
“buffer” for the electrochemical environment
during LCEM experiments due to the balanced
oxidation and reduction kinetics of the redox
additive. This should allow for rational control of
the chemical environment in the liquid cell and
enable the study of electrochemical reactions
without the use of electrodes.

Electrochemical reactions have enabled
several advances in the development of energy



storage technologies,? photonic  devices,?®
nanocrystal synthesis methodologies,?* and the
electrochemical synthesis of commodity
chemicals.?® Structural dynamics that occur
during electrochemical reactions are often probed
with diffraction or spectroscopic techniques that
provide ensemble information, or with microscopy
techniques exhibiting microscale spatial
resolution,?®?° which limits mechanistic insight at
the nanoscale. Although these techniques can be
coupled with localized techniques for further
insight,*® methods to probe electrochemical
structural dynamics at nanoscale or atomic-scale
resolution remain limited. Efforts to control the
electrochemical environment during LCEM
experiments have focused on micro-fabricated
silicon nitride liquid cells with electrodes for
potential control.*> 2 These approaches have
substantially advanced the understanding of
electrochemical reactions; however, this
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approach only allows control of the potential at
the electrode/liquid interface, and highly reactive
species generated in the liquid can still affect the
reactivity observed.* 3! Chemical reactions are
typically initiated in LCEM studies through
electron-beam irradiation induced processes due
to the strong interaction between the electron
beam and the solvent.'* & !¢ These interactions
lead to the formation of radicals that undergo
reduction-oxidation reactions in the liquid phase
and at solid-liquid interfaces.> " 32 Liquid cell
studies have substantially improved our
understanding of  nanoscale phenomena;
however, the technique is often limited to
nanocrystals consisting of single elements, or
material systems with large electrochemical
potential differences, due to the limited control of
the reactions initiated by electron-water
interactions.
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Figure 1. Mechanism and demonstration of redox additive approach used to control electrochemical reactions
in graphene liquid cell electron microscopy. a) Electron beam generated radicals react with additives to form a
well-defined redox couple, which directly etch nanocrystals at well-defined potentials. b) Volume trajectories of
gold nanocrystals irradiated at 1200 e" A2 s in graphene liquid cells containing 100 mM HCIl and 10 mM V(IV),
Cr(lll), or Ce(lll). c-e) TEM image time series with 10 nm scale bars collected during irradiation of graphene
liquid cells containing 100 mM HCI and 10 mM V(IV), Cr(lll), or Ce(lll) respectively.

Here we demonstrate that redox additives
that scavenge radicals and form redox couples in
situ under irradiation can be used to control the
electrochemical environment during LCEM studies
of the dissolution of nanocrystals consisting of Pd,
Au, or Pt (Fig. S1). Since these materials are
known to etch at different potentials, they act as
a chemical probe of the electrochemical

environment within liquid cells.3 Based on their
known electrochemical potentials, we
hypothesize that addition of V(IV) will result in a
V(IV)/V(V) couple that will only etch Pd
nanocrystals; Cr(lll)/Cr(VI) should result in Pd
and Au nanocrystal etching; the Ce(lll)/Ce(IV)
couple should enable etching studies of Pd, Au,
and Pt.3® Further details on the choice of redox



additives, experimental conditions, radiolysis
modeling, and detailed nanocrystal etching
trajectory analysis are provided in the Supporting
information.

EXPERIMENTAL SECTION

Pd, Au, and Pt nanocrystals were synthesized
with aqueous colloidal techniques from metal
chloride precursors, as described in the
Supporting information. Graphene-coated gold
TEM grids were prepared with a previously
reported procedure.®** Copper foil with 3-5 layers
of CVD grown graphene (ACS Material) was
washed in acetone three times at 50 °C for five
minutes in order to remove residual polymer from
the graphene surfaces. The graphene coated
copper foil was allowed to air dry for one hour,
and subsequently flattened with two glass
microscope slides. Several gold TEM grids (300
Mesh Quantifoil, Holey Carbon, 1.3 pm hole
diameter with 1.3 um separation, Structure
Probe, Inc.) were placed with the carbon-side
down on the graphene-coated copper foil. Several
ML of Isopropanol were added to the copper foil
surface and allowed to dry for 2 hours to improve
the physical adhesion between the graphene and
gold TEM grids. The copper foil was floated in a
solution of sodium persulfate (100 mg per mL)
with the graphene side facing upward for at least
10 hours in order to etch the copper substrate.
The graphene-coated gold TEM grids were
retrieved from the sodium persulfate solution and
washed with water three times and allowed to dry
prior to use.

Graphene liquid cells were prepared by
encapsulating a solution containing nanocrystals
between two graphene-coated gold TEM grids.
The solutions were prepared by adding 10 uL of a
concentrated nanocrystal solution to 200 pL of a
solution containing 100 mM HCI and 10 mM of
MgCl; or a redox species. For solutions containing
Mag(ll), Ce(lll), or Cr(lll), solutions with 100 mM HCI
were prepared prior to each experiment with
Eu(lll) acetate, MgCl,, CeCls, or CrCls,
respectively. A V(IV) solution was prepared by
preparing a saturated solution of V;0, in 2.0 M
HCl and diluting with 100 mM HCI until a 10 mM
V(IV) solution was obtained. The concentration of

V(IV) was calibrated with a 10 mM VOSO, and 100
mM HCI solution using UV-Vis spectroscopy.
Approximately 0.2 pyL of the solution containing
nanocrystals, 100 mM HCI, and 10 mM MqgCl, or
redox species was deposited with a micropipette
onto the graphene-coated side of a gold TEM grid
held by self-closing tweezers. A second graphene-
coated TEM grid was cut in half with a blade. One
half-grid was placed over the droplet on top of
the first TEM grid. The droplet was allowed to dry
for at least 10 minutes to form liquid pockets
between the graphene-coated TEM grids.

Transmission electron microscope images
were collected with an FEI Tecnai T20 S-Twin TEM
operating at 200 kV with a LaBe filament. All
videos were collected within 3 hours of forming
the graphene liquid cells. Image time series were
collected with a Gatan Rio 16 IS camera at
2048x2048 or 4096x4096 pixels at a nominal
magnification of 97kx, resulting in a pixel
resolution of 1.387 or 0.694 A/pixel, respectively.
The exposure time for each experiment was
either 0.1 seconds or 0.2 seconds, resulting in a
framerate of 10 fps or 5 fps, respectively. The
electron beam dose was calibrated with a custom
script as previously reported.*? The electron beam
dose rate was 1200 e A2 s for all experiments
unless otherwise indicated. The electron beam
was spread to a low dose while searching for a
sample to prevent electron-beam induced

reactions prior to imaging.

RESULTS AND DISCUSSION

We observed the etching dynamics of single
nanocrystals with graphene LCEM to understand
the effect of redox additives on the
electrochemical environment (Fig. 1, Supporting
Movies 1 to 3). While our discussion initially
focuses on the etching dynamics of gold, all nine
redox additive and nanocrystal combinations
were investigated. The addition of Cr(lll) or Ce(lll)
results in complete etching of gold nanocrystals
within a short time span, while the addition of
V(IV) results in no substantial etching of gold
nanocrystals. These results are consistent with
electrochemical predictions from the
thermodynamics and kinetics of gold dissolution
(Fig. 1, Fig. S2).
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Figure 2. Summary of etching trajectories observed with V(IV), Cr(lll), or Ce(lll) redox additives. a-c) Statistics
for etch rates of Pd, Au, and Pt nanocrystals in solutions containing 10 mM V(IV), Cr(lll), or Ce(lll) and 100 mM
HCI. d-f) TEM image time series with 10 nm scale bars of Pd nanocrystals in graphene liquid cells containing
V(IV), Cr(lll), or Ce(lll). g-i) TEM image time series with 10 nm scale bars of Pt nanocrystals in graphene liquid
cells containing V(IV), Cr(lll), or Ce(lll). j) Electrochemical series of reactions studied or enabled by this study:
electrochemical reactions including metal corrosion, nanocrystal etching, electrocatalysis, energy storage, and
electrodeposition can be studied with the redox additives studied herein.

V(IV), Cr(lll), and Ce(lll) species were chosen
because they form well-defined redox couples
with their oxidized counterparts (Table S1), have
electrochemical potentials that are relevant for
several electrochemical reactions, and are known
to undergo reduction-oxidation reactions with
radiolysis species (Table S2).2! We hypothesize
that redox additives such as Ce(lll) will be
oxidized by electron-beam generated hydroxyl
radicals to form Ce(IV). The Ce(lV) formed in situ
will in turn be reduced by atomic hydrogen and
solvated electrons back to Ce(lll). Similar reaction
pathways have been observed for V, Cr, and Ce
species in water radiolysis studies (Table S2). We
expect that this chemical cycle will lead to
steady-state concentrations of Ce(lll) and Ce(lV)
that are in the same order of magnitude, which
would establish an electrochemical potential
within £ 50 mV of the standard electrochemical
potential according to the Nernst equation. The
redox couple formed in situ can react with
materials in liquid cells via surface reactions. The
V, Cr, and Ce redox couples span a potential
range of 1.000 V to 1.466 V vs. the standard
hydrogen electrode (SHE) (Table S1).
Nanocrystals consisting of Pd, Au, or Pt dissolve in

chloride containing solutions to form aqueous
chloride complexes at well-defined
thermodynamic electrochemical potentials (Table
S1). However, observable dissolution also
requires kinetic barriers to be overcome, which
necessitates a potential above the
thermodynamic dissolution potential. Cyclic
voltammetry of metal electrodes in 100 mM HCI
was used to determine that Pd, Au, and Pt require
at least 0.72 V, 1.13 V, and 1.38 V vs. SHE,
respectively, to dissolve at a rate of 0.05 nm s
(Fig. S2). Thermodynamic analysis indicates that
Pd, Au, and Pt nanocrystals will spontaneously
dissolve when exposed to most redox couples
studied herein (Table S3). However, analysis
including the kinetic barriers associated with
metal dissolution indicates that Au nanocrystals
will be stable in V(V) containing solutions and Pt
nanocrystals will be stable in V(V) and Cr(VI)
containing solutions (Fig. S2, Table S4). Figure 1
shows the etching trajectories of truncated gold
nanocubes in the presence of 10 mM V(IV), Cr(lll),
or Ce(lll) and 100 mM HCI. The addition of V(IV)
results in no substantial etching of gold
nanocrystals for most experiments (Fig. 1B, 1C).
Vanadium has multiple stable oxidation states,



but it is expected that reactions with radicals will
lead to the partial formation of V(V) due to the
oxidizing environment within graphene liquid
cells (Table S2) 32. The V(IV)/V(V) redox couple
has a standard potential of 1.00 V vs. SHE, which
is not sufficient to overcome kinetic barriers for
gold dissolution.

Quantitative models were developed to
understand the observed etching trajectories (see
Supporting information). The etching trajectories
can be modeled by the time-dependent
generation of an oxidant species in the liquid
phase, and a surface-limited reaction between
the oxidant species and the nanocrystal at the
solid-liquid interface. The model results in two
parameters that can be fit to an etching
trajectory: the etch rate of the nanocrystal (nm s
1), and the generation rate of the oxidant (s).
Figure 1b indicates that the gold etching
trajectories observed with V(IV), Cr(lll), and Ce(lll)
additives could be accurately described by this
model.

A homogeneous chemical reaction network
model that simulates the effect of electron-water
interactions and Ce(lll) additives was developed
to understand the influence of redox additives on
the electrochemical environment of graphene
liguid cells under electron irradiation.’®* The
interactions between the Ce(lll)/Ce(lV) redox
couple and radiolysis species are well understood
from pulse radiolysis experiments (Table S2).%*
Simulations indicate that radical species reach a
steady-state concentration in less than 103 s, and
that the addition of Ce(lll) results in a decrease in
the steady-state concentration of radical species
due to scavenging (Fig. S4). The radical-
scavenging effect of Ce(lll) additives can be
complemented by radical scavenging with CI,
which leads to the formation of Cl;, Cl,,, and Cls
(Fig. S4). We simulated the effect of electron
beam dose and initial Ce(lll) concentration for
10,201 dose-concentration conditions without
chloride ions present (Fig. S5) and with 100 mM
chloride present (Fig. S6). In all cases an increase
in the electron beam dose results in an increase
of radicals. However, the addition of Ce(lll)
continuously decreases the steady-state
concentration of atomic hydrogen and hydroxyl
radicals at a fixed dose. At 100 mM Ce(lll) without
chloride present the concentration of hydroxyl
radicals decreases by 83.6 - 99.5% due to
scavenging for electron beam doses between 1
and 1,000 e A2 s, The concentration of Ce(IV)
exhibits a dose-insensitive region at electron
doses between 1 and 10 e A? s, and at electron
doses above 100 e A? s for Ce concentrations
below 50 mM (Fig. S5). For simulations containing
100 mM chloride, the effect of radical scavenging
by Ce is less pronounced due to scavenging by
chloride, which results in the net production of Cls
(Fig. S6). Scavenging of radicals by chloride
results in a lower steady-state concentration of
Ce(lV) (Fig. S6). However, chloride scavenging

also results a wider region of dose insensitivity for
the steady-state Ce(lV) concentration, which
extends from 1 - 1,000 e A2 s! for Ce(IV)
concentrations from 1 to 100 mM (Fig. S6). The
results of this quantitative chemical network
model are consistent with the assumptions made
to derive the model used to understand the
etching trajectories of the nanocrystals. These
results indicate that redox additives can act as a
“buffer” to set the electrochemical potential
through redox chemistry during LCEM
experiments, similar to the use of acid-base
buffers to set the pH through acid-base chemistry.
An accurate model of electron-water interactions
with V(IV) or Cr(lll) redox species would be more
complex due to the multiple reaction pathways of
these species (Table S2), however, the Ce
radiolysis model indicates the general reaction
pathways that enable redox additives to control
the electrochemical environment during LCEM
experiments.

Further analysis of etching trajectories for Pd,
Au, and Pt nanocrystals in V(IV), Cr(lll), or Ce(lll)
containing liquid cells indicates that for all
nanocrystal and redox additive combinations the
etching behavior is consistent with the
electrochemical potential of the redox couple
(Fig. 2). The absolute value of the etch rate for all
conditions studied depends on several variables
such as the homogeneous reaction rates of the
redox couples and the reaction kinetics at the
nanocrystal surface. This prevents detailed
comparisons of the absolute etch rates observed
between different redox couple-nanocrystal
combinations, however, the absence of etching in
particular cases is indicative of potential control
within graphene liquid cells. The control of
electrochemical reactions with V(IV), Cr(lll), and
Ce(lll) species enables the nanoscale structural
dynamics of several electrochemical reactions to
be studied at precisely controlled electrochemical
potentials, including the corrosion of structural
and electrical metals, the synthesis or dissolution
of multi-metallic nanocrystals, the
electrochemical synthesis of commodity
chemicals, the energy storage reactions of
battery materials, and the deposition of materials
(Fig. 2j).

Control of the electrochemical environment in
graphene liquid cells was further verified by
observing the etching trajectories of nanocrystal
mixtures (Fig. 3, Supporting Movies 4 and 5). Pd,
Au, and Pt nanocrystals were synthesized with
different shape and size distributions, allowing
the elemental identification of individual
nanocrystals from their initial size and shape (Fig.
S1). Analysis of the kinetic potential associated
with metal dissolution indicates that selective Pd
nanocrystal dissolution should be observed for
Pd-Au mixtures in V(IV) containing liquid cells,
and selective Au nanocrystal dissolution should
be observed for Au-Pt mixtures in Cr(lll)
containing liquid cells (Table S4). Graphene liquid



cells were prepared with V(IV) and Pd-Au
nanocrystal mixtures from Pd and Au nanocrystal
samples exhibiting a size distribution of 17.7 =
2.8 nm and 22.4 + 2.0 nm, respectively (Fig. S1).
The etch rate of Pd in Pd-Au nanocrystal mixtures
was 0.09 nm s, while Au did not etch (Fig. 3b).
Graphene liquid cells were prepared with Cr(lll)
and Au-Pt mixtures from Au and Pt nanocrystal
samples exhibiting a size distribution of 22.4 =+
2.0 nm and 8.6 = 1.3 nm, respectively (Fig. S1).

The etch rate of Au in this environment was 0.24
nm s?, while Pt did not etch (Fig. 3e). The etch
rates of Pd and Au nanocrystals in Pd-Au or Au-Pt
mixtures are consistent with the etch rates
observed for individual nanocrystals (Fig. 2-3).
The results indicate that V(IV) and Cr(lll) redox
additives can be used to precisely control the
electrochemical environment within graphene
liquid cells and enable the selective oxidation of
certain materials in complex material mixtures.
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Figure 3. Selective etching of nanocrystal mixtures with redox additives. a) Schematic of reaction mechanism
that leads to selective etching of Pd in Pd-Au nanocrystal mixtures for graphene liquid cells containing V(IV). b)
Volume trajectory of a Pd and Au nanocrystal pair irradiated at 1200 e* A2 s in a graphene liquid cell
containing 10 mM V(IV) and 100 mM HCI. c¢) TEM image time series with 10 nm scale bars of a Pd and Au
nanocrystal pair in a V(IV) containing graphene liquid cell. d) Schematic of reaction mechanism that leads to
selective etching of Au in Au-Pt nanocrystal mixtures for graphene liquid cells containing Cr(lll). e) Volume
trajectory of a pair of Au and Pt nanocrystals irradiated at 1200 e A? s in a graphene liquid cell containing 10
mM Cr(lll) and 100 mM HCI. f) TEM image time series with 10 nm scale bars of a pair of Au and Pt nanocrystals

in a Cr(lll) containing graphene liquid cell.

Hollow nanoparticles are an important class of
structures with applications in catalysis, energy
storage, medicine, and plasmonics.®3% Hollow
structures can be formed by selectively etching
the core of a core@shell nanocrystal with a redox
species, which allows precise control of the
resulting nanocage.*® LCEM can be used to
directly observe the formation of hollow
structures, however, precise control of the
electrochemical potential is required to
selectively etch cores in certain structures, such
as Pd@Au nanocrystals.!! We etch Pd in Pd@Au

core-shell nanocubes in V(IV) containing
graphene liquid cells to understand the formation
of Au nanocages and to highlight the

electrochemical control enabled by the redox
additive approach (Fig. 4, Supporting Movie 6).
V(V) has an intermediate potential between Pd
and Au, thus we would expect that only the Pd
would etch, leaving a hollow gold shell in solution.
Palladium nanocubes were coated with a gold

shell that was 3.7 = 0.5 nm thick (Fig. 4a, Fig.
S7). The shell growth resulted in defects at the
nanocrystal edges, which allowed the liquid to
directly contact the underlying Pd nanocube (Fig.
4). The nanocrystal was observed to etch at the
nanocrystal edges preferentially. Pd nanocrystals
in V(IV) containing solutions substantially etched
along the (100) crystallographic orientation (Fig.
2d). The Pd@Au nanocrystals did not etch along
the (100) crystallographic orientation, indicating
that regions uniformly coated with Au were stable
(Fig. 4c). The nanocrystal length along the (110)
orientation decreased from 44.7 nm to 32.3 nm
over 40 seconds, corresponding to a length
decrease of 12.4 nm, and a stable nanocrystal
length of 31.8 nm was observed after 60 seconds
(Fig. 4c). Pd nanocrystals exhibited an etch rate
of 0.06 - 0.10 nm s* for the first and third
quartiles, which corresponds to a decrease in
length along the (110) orientation by 6.8 - 11.3
nm over 40 seconds (Fig. 2). The length decrease



observed for Pd@Au nanocrystals is within the
fourth quartile observed for individual Pd
nanocrystals. Similar experiments were
conducted with Pd@Au core-shell nanocubes
synthesized with different amounts of gold, and
these studies indicate that thinner gold shells
lead to complete nanocrystal dissolution and
thicker gold shells protect the nanocrystal from
etching, while nanocrystals with a gold shell
thickness of 3.7 = 0.5 nm exhibit stable shell
dimensions after 60 s (Fig. S8). The results
indicate that for Pd@Au nanocrystals with an
intermediate Au thickness the Pd core was
preferentially etched. Previous studies have
investigated the etching dynamics of Pd@Au
nanocrystals with an Fe(lll) chemical additive,
which allows preferential etching of Pd in Pd@Au
nanocrystals.'* However, the Fe(lll) additive
results in complete dissolution of both Pd and Au

0.196 nm% ——

over time.* In this work V(IV) additives create a
milder chemical environment compared to Fe(lll)
as indicated by the stability of 3.7 nm Au shells
(Fig. 4a), compared to the complete dissolution of
21 - 38 nm Au shells observed previously with
Fe(lll).®* Pd@Au nanocrystals coated with a
uniform Au shell did not etch in graphene liquid
cells containing V(IV) (Fig. S8b), further indicating
that V(IV) results in a milder environment
compared to Fe(lll). The etching observed along
the (110) orientation is attributed to decreased
stability of Au due to the presence of structural
defects near nanocrystals edges (Fig 4a).
Additionally, the stability of hollow nanostructures
can be affected by mechanical properties in
addition to chemical properties.®® It is expected
that precise control of these structural defects
would lead to improved control of hollow

nanostructure formation.

Figure 4. Selective Pd etching of Pd@Au nanocrystal with a V redox additive. a) High-resolution TEM image of
a Pd@Au core-shell nanoparticle and corresponding elemental map with 2 nm scale bars. b) Schematic of
selective Pd dissolution of Pd@Au nanocrystals: oxidized vanadium species can be reduced at the gold
surface, allowing electron transfer to the Pd core and subsequent dissolution of Pd at sites exposed to the
liquid phase. c) Nanocrystal length along the (100) and (110) crystal orientations of a Pd@Au core-shell
nanocrystal dissolving in a V(IV) containing liquid cell irradiated at 1200 e A2 s*. d) TEM image series with 10
nm scale bars of a Pd@Au core-shell nanocrystal dissolving in a V(IV) containing liquid cell.

CONCLUSION

Our results indicate a general approach to
obtain electrochemical control during LCEM
experiments. Reduced species react with radical
species generated during irradiation, and lead to
the formation of well-defined redox couples that
control the electrochemical environment within
liquid cells. This approach was implemented with

nine redox species/nanocrystal combinations,
with all cases exhibiting etching behavior
consistent with electrochemical principles. It is
expected that this approach can be generalized
to additional redox couples that enable the study
of cathodic reactions such as nanocrystal growth
or enable the control of reactivity in other liquid
environments. Criteria to identify additional redox
couples include the ability to dissolve and form



stable oxidized and reduced species, and the
ability to reversibly form both oxidation states
through reactions with radical species generated
in-situ. This approach could also enable the study
of sensitive materials by scavenging radicals to
obtain an electrochemical environment that does
not interact directly with the sample, and can be
complemented with advanced liquid cell
geometries or techniques.®3° For example,
certain biological structures contain nucleosides
that oxidize at potentials ranging from 1.29 - 1.70
V vs. NHE.*® These structures could be studied
with improved stability under LCEM conditions
with redox additives such as V(IV) that establish
an electrochemical potential below this range to
prevent nucleoside oxidation. Additionally,
photocatalytic semiconductors that exhibit a
narrow potential range between operation and
stability could be studied in situ with appropriate
redox additives.*! The ability to precisely control
electron beam-solvent interactions during
imaging will allow LCEM to become an invaluable
technique to study nanoscale structural dynamics
at near-atomic resolution.3!
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