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ABSTRACT: Graphene liquid cell electron microscopy has
the necessary temporal and spatial resolution to enable the in
situ observation of nanoscale dynamics in solution. However,
the chemistry of the solution in the liquid cell during imaging
is as yet poorly understood due to the generation of a complex
mixture of radiolysis products by the electron beam. In this
work, the etching trajectories of nanocrystals were used as a
probe to determine the effect of the electron beam dose rate
and preloaded etchant, FeCl;, on the chemistry of the liquid
cell. Initially, illuminating the sample at a low electron beam
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dose rate generates hydrogen bubbles, providing a reservoir of sacrificial reductant. Increasing the electron beam dose rate leads
to a constant etching rate that varies linearly with the electron beam dose rate. Comparing these results with the oxidation
potentials of the species in solution, the electron beam likely controls the total concentration of oxidative species in solution and
FeCl, likely controls the relative ratio of oxidative species, independently determining the etching rate and chemical potential of
the reaction, respectively. Correlating these liquid cell etching results with the ex situ oxidative etching of gold nanocrystals
using FeCl; provides further insight into the liquid cell chemistry while corroborating the liquid cell dynamics with ex situ
synthetic behavior. This understanding of the chemistry in the liquid cell will allow researchers to better control the liquid cell
electron microscopy environment, allowing new nanoscale materials science experiments to be conducted systematically in a

reproducible manner.

B INTRODUCTION

Nanocrystals are an important class of macromolecules that are
useful for studying fundamental size-dependent chemical and
physical properties,' > and the unique properties that
nanocrystals exhibit also open new opportunities in bio-
logical,*™® catalytic,”™” energetic,'”"" and other applications.
Observing the dynamics of nanoscale reactions in their native
liquid environment is critical to developing a complete
understanding of the mechanisms of these processes. The
development of liquid cell electron microscopy has enabled in
situ experiments on the length and time scales necessary to
capture many nanocrystal chemical transformations.'*”'°
Liquid cell electron microscopy experiments on nanocrystal
growth,17_20 etching,u_24 attachment, >’ assembly,zg_g’O
and other interactions have provided useful information for
previously unseen processes. Further advancements such as
graphene encapsulation,””*' ™ heating,** and other capabil-
ities in the liquid cell®> have made liquid cell electron
microscopy an even more powerful technique for materials
scientists.

-4 ACS Publications  © xxxx American Chemical Society

For liquid cell electron microscopy to become an integral
tool in nanomaterials development, control of the liquid
environment for reproducible and systematic experimental
design is necessary.”® The electron beam interacts strongly
with the liquid solution being investigated®”*® and, in the case
of water, generates a complex solution of highly reactive
radiolysis products.’®~**
nonaqueous liquids has been less well studied, but the electron
beam also affects these solutions as well.**~* Although the
electron beam greatly affects the composition and resulting
chemistry in the liquid cell, it is challenging to make in situ
measurements of the concentrations of the radiolysis species
during electron microscopy imaging. Simulations have been
used to predict the contents of the pockets based on the
radiolysis of water,"”*” but these simulations are more difficult
for solutions containing additional species beyond just water
itself because reaction rates between many species and the

The effect of the electron beam on
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Figure 1. Tracking the volume of gold nanocrystals during etching in the graphene liquid cell. (A) Schematic of the graphene liquid cell. Graphene
is used to encapsulate liquid and nanocrystals of interest for imaging during etching using the TEM. (B) Representative individual frames of a gold
nanorod undergoing etching. (C) Representative frames of the etching of a gold nanocube. (D) Volume trajectories of the four representative
nanorods during etching at different electron beam dose rates. (E) Volume trajectories of three representative nanocubes during etching. For both
the nanorods and nanocubes, after an initial period of no etching, the nanocrystals are etched at a constant rate until the end, when they begin to
slow down. As the electron beam dose rate increases, the etching rate also increases.

radiolysis products are not known. Instead, a careful study of
nanocrystal dynamics as a model system can be used to begin
building an understanding of the chemistry occurring in a
liquid pocket under electron beam irradiation.** Without a
better understanding of the chemistry during these in situ
experiments, the electron beam can perturb the reactions in
unknown ways, making in situ observation difficult to translate
to ex situ applications. More importantly, if carefully
understood, the radiolysis products can be used as well-
defined reagents for promoting desired chemical reactions.

The etching of premade metal nanocrystals* ™ is an ideal
system for determining how to control the chemical contents
of a liquid cell due to the large amount of information that can
be extracted. Previous work has shown how a combination of
preloaded FeCl; and the beam-induced oxidative radiolysis
products can be used to oxidatively etch gold nanocrystals in
the graphene liquid cell.”*>® Using preformed nanocrystals
allows the 3D shape of the nanocrystal to be followed during
the etching process and parameters such as the volume, shape,
and facets to be determined. Tracking of the etching process
has already revealed intermediate shapes during etching at high
driving forces™ and the ability to control the facets of these
intermediate shapes using the chemical potential of the
etchant.”* In this work, careful analysis of etching trajectories
will be used to unravel the chemistry behind how the electron
beam and etchant species interact to remove atoms from the
nanocrystals.

Following the volume of more than 150 etching particles at
varying electron beam dose rates and FeCl; concentrations
reveals the relationship between these two variables and how
that controls the etching process. First, hydrogen bubbles are
generated while searching for nanoparticles at low dose rates,
and these bubbles act as a reservoir of sacrificial reductant that
prevents premature etching. Upon raising the electron beam
dose rate to the desired etching dose rate, this reservoir of
hydrogen bubbles is consumed, and only then does the etching
of the nanocrystal commence at a constant rate determined by
the electron beam dose rate. The hydrogen bubbles provide a
clock for the start of the oxidative etching. The interplay
between preloaded FeCl; and the electron beam dose rate
provide two independent methods for tuning the chemical
potential and etching rate, respectively. It is hypothesized that
the electron beam dose rate sets the combined steady-state
concentration of all of the oxidative species in solution and that
FeCl; modulates the relative ratio of those oxidative species.
Finally, ex situ work has been done to correlate the in situ
TEM experiments with conditions and reactants traditionally
used during nanocrystal syntheses. Through an understanding
of how to use the electron beam and reactants to control the
chemistry of oxidative etching in the liquid cell, future
experiments will be able to be systematically performed and
more easily translated to bulk colloidal syntheses.
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B METHODS

Nanocrystal Synthesis. Synthesis followed previous literature
precedent.>*** All water used was filtered with a Millipore water filter.

Gold Nanorods. HAuCl, (10 mM, 125 uL, Sigma-Aldrich) was
mixed with S mL of 100 mM hexadecyltrimethylammonium bromide
(CTAB, TCI) before adding 300 xL of 10 mM ice-cold NaBH,
(Sigma-Aldrich). After stirring for 1 min, the solution was aged for 30
min. This solution (24 uL) was injected into 20 mL of 100 mM
CTAB, 1 mL of 10 mM HAuCl,, 0.18 mL of 10 mM AgNO; (Sigma-
Aldrich), and 0.114 mL of 100 mM ascorbic acid (Sigma-Aldrich).
This nanorod solution was centrifuged two times for 15 min at 8000
rpm.

Gold Nanocubes. After redispersing the gold nanorods in 50 mM
CTAB, the optical density, OD, of the LSPR was brought to 2.
Between 0.087 and 0.105 pL of 1 mM HAuCl,, depending on the size
of the rods, was added for each milliliter of nanorod solution and was
stirred gently for 4 h at 40 °C. The solution of spherical seeds was
centrifuged two times for 30 min at 11 000 rpm and brought to an
OD of 1 with 100 mM cetylpyridinium chloride (CPC, TCI).
Between 350 and 400 uL of spherical seeds, depending on the desired
size, was injected into a solution of S mL of 100 mM CPC, 500 uL of
100 mM KBr, 100 uL of 10 mM HAuCl,, and 150 yL of 100 mM
ascorbic acid.

Gold Rhombic Dodecahedra. Between S0 and 100 uL of
spherical seeds, depending on the desired size, was injected into a
solution of S mL of 100 mM CPC (TCI), 250 uL of 1 M HCI (Fisher
Chemical), 13 uL of 10 mM AgNOj, 250 uL of 10 mM HAuCl,, and
30 uL of 100 mM ascorbic acid.

Graphene Liquid Cell Fabrication. Graphene liquid cells were
fabricated following a reported procedure.®® Graphene (3—5 layers,
ACS materials) was transferred onto holey amorphous carbon, gold
quantifoil TEM grids (SPI Supplies, 300 mesh, R1.2/1.3), and these
grids were used to encapsulate a solution of 104 mM FeCl; (Sigma-
Aldrich) in 22 mM HCl (Fisher Chemical), 100 mM  tris-
(hydroxymethyl)aminomethane hydrochloride, Tris-HCl, (Fisher
Biotech), and the nanocrystals of interest. The volumes of FeCl;/
HCI and Tris-HCl were modulated to yield the desired final FeCly
concentration. All videos were taken between 30 min and 3 h after
encapsulation.

TEM Imaging Conditions. All TEM imaging was performed on a
FEI Tecnai T20 S-Twin TEM operating at 200 kV with a LaBg
filament. A time series of TEM images was collected with a Gatan
Orius SC200 camera using a custom digital micrograph script with a
full 2048 X 2048 readout with a binning of 2 pixels in each direction
at a nominal magnification of 71KX, resulting in a pixel resolution of
1.5 A/pixel. The exposure time was 0.5 s with a readout time of 0.8 s,
yielding a frame rate of 0.77 fps. For the TEM electron beam dose
rate calibration script (further details in S1), a conversion value of 6.7
was used to convert CCD counts to electrons. There may be a
systematic inaccuracy based on this conversion value; however, all of
the data is self-consistent, and the conclusions drawn are based on
trends in the data and thus are independent of the exact conversion
value.

B RESULTS AND DISCUSSION

In these liquid cell transmission electron microscopy (TEM)
experiments, premade gold nanocrystals are added to an
aqueous solution of FeCl; and Tris-HCI, and the solution is
encapsulated between graphene sheets for imaging in the
TEM.> The concentrations of FeCl, are low enough that the
gold nanocrystals do not begin to be etched until electron
beam irradiation reaches a sufficiently high dose rate. Through
a combination of the preloaded FeCl; and beam-induced
radiolysis species, the nanocrystals undergo oxidative etching
and the nanocrystals’ etching trajectories can be observed
(Figure 1A). In this high-driving-force etching regime, gold
nanorods (Figure 1B) maintain their aspect ratio while gold
cubes (Figure 1C) and rhombic dodecahedra encompassed by

{100} and {110} facets take on an intermediate tetrahexahe-
dral shape with {hkO} facets.””** Because the shape and
orientation of the preformed gold nanocrystals is known, the
3D shape of the nanocrystals can be inferred from the 2D
pictures of the nanocrystal in each frame of the etching movie
(Figure S3). The 3D shape of the nanocrystals during each
step in the etching trajectory provides information about the
kinetics of this reaction and the underlying chemistry that is
occurring in the complex environment of the graphene liquid
cell.

Regardless of the initial shape of the gold nanocrystal being
etched, the volume trajectories are remarkably similar. Upon
irradiation of both the gold nanorods (Figure 1D) and gold
nanocubes (Figure 1E) at the desired etching electron beam
dose rate, there is initially an induction period with no volume
change before etching of the nanocrystals at a constant rate.
When the nanocrystals become small, the etching rate slows
down. This similar type of trajectory can also be observed for
the oxidative etching of rhombic dodecahedra (Figure S4).
Using a home-written Digital Micrograph script to calibrate
and control the condenser system of the TEM, the electron
dose rate was reproducibly modulated to investigate the effect
of the dose rate on the etching rate. (See the Supporting
Information for the script outline.) As the dose rate increases
for nanocrystals in pockets of otherwise identical experimental
conditions, the etching rate also becomes faster in a linear
proportion. The increase in the electron dose rate is believed
to cause an increase in the concentration of oxidative beam-
generated species that are etching the nanocrystals.”® By
etching numerous nanocrystals while adjusting the dose rate
and FeCl; concentration, the chemistry of the liquid cell
environment can be better understood to explain the
occurrence of the induction period, the constant etching
rate, and the decrease in etching rate at small nanocrystal sizes.

To provide enough data for a meaningful study of the
kinetics of this etching process, more than 150 individual
etching trajectories were collected and analyzed. Not every
nanocrystal was successfully etched to completion because of a
couple of identifiable failure modes, and these trajectories were
not used in the analysis (Figure S7). Roughly 8% of graphene
liquid cell pockets dried out during the etching of a
nanocrystal, leading to a rapid decrease in the etching rate
until the particle stopped etching, often accompanied by a lack
of bubbles. Etching that slowed or stopped provided a
quantifiable metric for determining when an etching trajectory
was no longer providing useful data; however, on the basis of
the contrast of the liquid in the pocket, most pockets did not
lose liquid during the imaging process (Figure S8). The other
factor that occasionally disrupted the etching trajectories was
the precipitation of iron oxyhydroxide around the etching
nanocrystal. Small particles that formed in solution and did not
seem to affect the etching were determined to be FeO(OH)
from HRTEM.***” (Figure $9) In some videos, a more
perturbative, halolike feature emerges around the nanocrystal,
and from HRTEM, it was determined to be Fe-
(OH),(H,0),,5°°* (Figure S10). When this iron oxy-
hydroxide grows on or close to the surface of the etching
nanocrystal, the precipitate limits the etchant species from
getting to the nanocrystal surface and causes a slower, but still
constant, etching rate (Figure S12). This slowed etching rate,
which occurred in roughly 20% of the trajectories, seems to be
diffusion-limited because the etchant species has to travel
through a penumbra of precipitated iron oxyhydroxide, and
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these slow trajectories were also not used in the analysis of the
effect of FeCl; concentration and electron beam dose rate on
the kinetics of etching. The formation of these iron
oxyhydroxides is unsurprising because of the presence of the
hydroxide radical and other highly oxidative species in the
liquid cell pockets. This precipitation did not affect a
significant number of etching trajectories and seemed to be
suppressed when the initial nanocrystal solution had less
residual surfactant. Although this precipitation was undesirable,
it did show the advantage of using a thin encapsulation
material such as graphene to be able to see the lattice fringes of
solid species in solution.

The beginning of the etching trajectories has an induction
period with no observable removal of atoms from the
nanocrystals, and this delay is a useful feature that enables
the entire etching trajectory to be viewed while also revealing
important insights into the chemistry of the liquid pockets.
The process of imaging the nanocrystals first involves searching
for and focusing on nanocrystals in liquid pockets. This
searching process is performed at relatively low electron beam
dose rates (around 20 to 40 e”/A” s) to prevent etching before
video collection has started. After a nanocrystal is properly in
focus, the video collection is started while simultaneously
increasing the electron beam dose rate to between 300 and
1300 e”/A* s through an automated microscope control and
data collection script. This is considered to be time zero for the
etching trajectories. At time zero, nanobubbles are observed in
solution, congregated around the nanocrystals. As the electron
beam illumination continues, the bubbles shrink with no
observable etching of the nanocrystals (Figure 2A). After all of
the bubbles have been consumed, atoms abruptly begin being
removed from the gold nanocrystals. These nanobubbles that
appear to be protecting the nanocrystals are rapidly generated
while illuminating the liquid pocket at low electron beam dose
rates (Figure 2B). This protection of the nanocrystals is
extremely useful because it prevents etching of the nanocrystals
before the imaging has started, providing a reproducible
starting point for each trajectory.

A combination of oxidation chemistry and the literature on
liquid cell electron microscopy experiments can be used to
explain the chemistry involved in the nanobubbles acting as a
sacrificial reductant preventing the gold nanocrystals from
initially etching. For now, these sorts of indirect methods are
needed to determine how the added FeCl; and Tris-HCl cause
the observed behavior because an exact measurement of the
concentrations of chemical species in solution is not within our
current experimental capabilities. Radiolysis of the water
solution in the liquid cell rapidly produces a steady-state
amount of hydrogen gas,'**”*>**** and because the sacrificial
nanobubbles in these etching experiments appear only upon
beam illumination, it is reasonable to identify these nano-
bubbles as hydrogen gas. The bubbles are not likely to be
thermally generated because the temperature rise in the liquid
cell is predicted to be only a few °C, which would not be
enough to boil the water.””" Upon increasing the electron
beam dose rate by an order of magnitude, it is hypothesized
that more oxidative radical species are generated, and these
additional oxidative species first consume the bubbles before
etching the gold nanocrystal. Using kinetic models of the
radiolysis products in water under the TEM conditions in this
experiment,*® the concentration difference between oxidative
species such as hydrogen peroxide and hydroxide radical and
reductive species such as the hydrated electron and hydrogen
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Figure 2. Hydrogen bubbles generated at low dose rates cause an
initial induction period. (A) Representative images showing hydrogen
bubbles around the nanocrystals. While searching for nanocrystals in
the pockets at low electron dose rates, hydrogen bubbles are
generated. After increasing the dose rate for etching, hydrogen
bubbles are consumed first before etching of the nanocrystals can
begin. (B) Images showing the generation of bubbles when the liquid
is irradiated at a low dose rate of 40 e”/A%. (C) Oxidation potentials
of the beam-generated species, preloaded species, and gold species in
volts under standard conditions.*’ ™"

radical increases as the electron dose rate increases®’ (Figure
S13). Looking at the reduction potentials of the relevant
species in solution, the beam-generated oxidative species of the
OH radical, H,0,, and HO, radical have the strongest affinity
for an electron®' ™ (Figure 2C). Among the gold nanocryst-
als, iron ions, and hydrogen bubbles in solution, the hydrogen
bubbles are most readily oxidized. In this way, the hydrogen
bubbles that are generated at low electron beam dose rates
could act as a sacrificial species that can be oxidized before the
nanocrystals undergo oxidative etching.
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The nanobubbles also provide insight into the physical
structure of the liquid cell pocket. The observation of more
bubbles at low dose rates is a little unexpected because of
reports in the literature of more bubble generation at higher
electron beam dose rates,”” but the difference in preloaded
species and the oxidative nature of this liquid environment are
likely responsible for this difference. Once the hydrogen
bubbles begin forming at low electron dose rates, they rapidly
coalesce into larger, steady bubbles (Figure S14). The bubbles
congregate around the large cubic nanocrystals, indicating that
cubic nanocrystals may be causing the liquid pockets to bulge
outward. The smaller nanorods have less congregation of
bubbles around them, which also suggests that the height of
the liquid pockets is closer in size to the 50—60 nm cubes. It is
important to note that nanocubes are uniformly etched at a
constant rate, so the graphene likely is not tightly wrapping the
gold nanocubes. Wrapping the particles tightly would involve
pushing out the last few nanometers of liquid between the
particle and the graphene, and previous work has shown that
squeezing out these small layers of water between two surfaces
is very difficult.””*® After the hydrogen bubbles are consumed
by the oxidative species in solution, other bubbles can
sometimes be seen coming from outside the viewing area
toward the nanoparticle before eventually being consumed.
The bubbles never go over the nanocubes but rather rotate
around them in a remarkedly consistent pattern, further
indicating that the height of the pockets is not significantly
larger than the nanocubes’ size (Figure S15). It is unexpected
to see the movement of bubbles toward the center of the
electron beam illumination, especially with the visible diffusion
of gold ions away from the etching nanocrystal. Possibly, the
bulge in the pocket caused by the particle is drawing the
bubbles in toward the center. Although there are numerous
studies of nanoscale bubbles using liquid cell electron
microscopy,””****~7" future studies could potentially use this
setup to investigate how nanoscale bubbles move in a current
or when a driving force is applied. Unlike previous nanoma-
terials studies where beam-generated bubbles were an
undesirable nuisance,'®*®”” these etching experiments use
the beam-generated hydrogen bubbles as a sacrificial reductant
timer for better data collection.

After the bubbles are consumed, etching of the nanocrystals
rapidly reaches a steady rate of atom removal, and the effect of
the electron beam dose rate and FeCl; concentration on the
etching rate provides valuable insight into the chemistry of the
liquid pocket. For each graphene liquid cell loaded with a
known initial FeCl; concentration, multiple nanocrystals can
be etched over a range of electron beam dose rates using the
automated, home-written TEM script. In Figure 3A,B, etching
rates at different dose rates are shown for nanorods and
nanocubes, respectively. The colors represent different initial
FeCl; concentrations, and each data point for the nanorods
represents the average of multiple etching trials under those
conditions. (See Figure S17 for a plot of rod etching rates
including uncertainty bars.) The data for the nanocubes has
more scatter because it was more difficult to acquire multiple
trajectories for each dose rate for averaging. The etching rate
varies linearly with the electron beam dose rate for both the
nanorods and nanocubes, indicating that the oxidative species
generated by the electron beam are the limiting reagents in this
reaction. The cubes have a steeper slope for the linear fits
because the far larger size of the cubes allows the cubes to
interact with a greater number of oxidative species over a larger
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Figure 3. Etching rate dependence on the electron beam dose rate.
(A) The etching rate of gold nanorods scales linearly with the dose
rate, but the initial FeCl; concentration has a negligible effect on the
etching rate. Each data point is the average of multiple nanocrystal
etchings at that dose rate and FeCl; concentration. (B) Etching rate of
gold nanocubes as a function of dose rate and initial FeCl;
concentration. The data has more scatter because fewer trajectories
were able to be attained at each dose rate, but the etching rate still
scales relatively linearly with the dose rate. (C) Model for how the
electron beam dose rate determines the etching rate and how the
FeCl; concentration controls the chemical potential of etching.
Looking at the nanocube on an atomic level, the edges are made up of
six- and seven-coordinate atoms. It is proposed that only the electron-
beam-generated oxidative species can remove these atoms, and the
concentration of these oxidative species in solution is determined by
the beam dose rate. FeCl; controls the ratios of these oxidative
species, determining the potential of the oxidative environment.

area of the liquid pocket. Conversely, there is no measurable
change in the etching rate as the initial FeCl; concentration is
varied, at least within our current measurement precision.
Although the range of FeCl; concentrations is not large,
previous work has shown that the potential of the liquid cell
environment and the subsequent facets that are formed on the
intermediate shapes are noticeably different over this range of
initial FeCl; concentrations.”* Because the FeCl; concentration
controls only the chemical potential and the electron beam
dose rate controls only the rate of etching (Figure S18), the
potential and etching rate can be independently controlled to
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provide researchers systematic control over etching reactions
in the graphene liquid cell.

The independent nature of the control over the etching rate
and chemical potential yields insight into the chemical
reactions occurring in these etching studies. Because the
beam-generated oxidative species are far more oxidative than
the Fe(IlI) ions (Figure 2C), it seems most probable that
beam-generated species such as hydroxide radicals and
hydrogen peroxide are actively oxidizing the gold atoms on
the surface of the nanocrystal. Because the electron beam dose
rate should control the concentration of beam-generated
species in solution, the hypothesis that beam-generated species
are actively etching the nanocrystal is consistent with the
observation that increasing the beam dose rate increases the
etching rate. Although the electron beam controls the total
quantity of etching species in solution, the etching species do
not all have the same etching strength. For example, the
hydroxide radical is far more oxidative than hydrogen peroxide.
Because FeCl; has previously been shown to control the
oxidative potential of the environment, we propose that instead
of directly removing gold atoms, the FeCl; modulates the ratio
between the oxidative species generated by the electron beam.
The more FeCl, that is added to the liquid cell, the greater the
ratio of the stronger oxidative species such as the hydroxide
radical to the slightly weaker oxidative species such as
hydrogen peroxide. This model allows the electron beam
dose rate to control the rate of atom removal by controlling the
total concentration of etching species in solution and allows
the FeCl; concentration to modulate the potential by deciding
the ratio between individual beam-generated species.

The chemistry of the liquid cell is a complex mixture of
interrelated chemical reactions and equilibria that lead to a
steady state, so it is difficult to definitively claim that one
reaction or pathway allows FeCl; to modulate the radical
concentrations. Ideally, we would measure the concentrations
of the radical species in the liquid cell pocket under different
reaction conditions, but we currently do not have the
experimental capabilities in our TEM to do those experiments.
However, we consider here an example of a simple hypothesis
that appears to be plausible. The ability of iron ions to react
with hydrogen peroxide to yield the hydroxide radical is not
unprecedented in the literature. The initial Fe(III) ions likely
react quickly with the hydrated electrons, yielding Fe(II)
ions.”” These Fe(II) ions could react with hydrogen peroxide
through the well-studied Fenton reaction to yield Fe(III),
OH—, and the hydroxide radical.”*~’® This process would be
cyclic, both removing reductive aqueous electrons from
solution and converting hydrogen peroxide to the more
oxidative hydroxide radical without changing the total number
of oxidative species in solution (Figure 3C). This pathway
could be but one piece of a larger assortment of chemical
processes that lead to a steady state of species in the liquid cell,
but the hypothesis that FeCl; can modulate the ratios of
oxidative species is well within literature precedent, es%pecially
in an acidic environment such as our liquid solution.”””””®

Although all of the etching nanocrystals have a constant
etching rate for the majority of their etching trajectory, the
etching rate often slows down as the nanocrystals become
small. This deviation can be clearly seen when overlaying the
measured volume of the etching cubes (Figure 4A) and
nanorods (Figure 4B) on the linear fits to the constant etching
region. For the majority of the etching trajectory, the measured
volumes lie directly on the linear best fit; however, each
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Figure 4. Slowing of the etching rate at the end of the trajectories.
(A) Volume of etching gold nanocubes on top of the linear fits.
Arrows show where the volumes begin to deviate from the linear fits.
(B) Volumes of etching gold nanorods on top of linear fits. Arrows
show where the volumes begin to deviate from the linear fits. (C)
Estimated number of edge sites for each frame in the etching cube
videos. Circles are the constant etching rate region, and cubes are the
slowed etching region. Arrows show the crossover point. (D) Surface
area of etching gold nanorods, with circles being the linear etching
region and squares being the slowed etching region. Arrows show the
crossover point.

volume trajectory begins deviating from the linear fit at the
points labeled by the arrows. Because this deviation
consistently happens at the end of the etching trajectory
independently of the total etching time, it is unlikely that this
declining etching rate is caused by a drying pocket or other
defects in the liquid cell. A more reasonable hypothesis is that
this slowing of the etching rate as the particles become small
corresponds to a change in the limiting reactant from the
number of beam-induced oxidative species in solution to the
number of edge sites on the nanocrystals. Because only the
surface atoms can be etched, the rate at which atoms can be
removed when the nanocrystal is small could be limited by the
number of exposed atoms. The number of edge atoms on the
cube, which because of their small number of bonds are the
most likely atoms to be etched, can be estimated using the
volumes and facets from each frame of the etching video
(Figure 4C). Initially, the number of edge sites increases as the
nanocrystal transforms from a {100} cube to an {hkO}
tetrahexahedral shape, but eventually the decrease in size
leads to a decrease in the number of edge sites. The point
where the volume deviates from the linear fit is marked with
arrows. For the nanorods, the number of edge sites cannot be
estimated because the facets on the nanorod are not fully
known, but the surface area of the rods is a reasonable proxy
for the number of removable surface atoms on the nanocrystal
(Figure 4D). The surface area decreases during the etching,
and the deviation point in the volume trajectories is shown
with an arrow. Investigating how the deviation point changes
with the electron beam dose rate and with the FeCl,
concentration could provide more information about these
etching reactions, but more trajectories with obvious crossover
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points are needed to provide clearer conclusions about the
effects of these parameters (Figure S19). The change in the
limiting reactant seems like a reasonable hypothesis for the
observed behavior and could be an interesting area to explore
further with in situ electron microscopy.

These liquid cell TEM experiments provide a wealth of
information on the mechanisms of oxidative etching of gold
nanocrystals, but ultimately, these in situ experiments are
useful only if the information learned can be correlated and
applied to ex situ syntheses. Because the longitudinal surface
plasmon resonance (LSPR) of gold nanorods depends strongly
on the nanorod aspect ratio (ratio between the length and
width of the nanorod) and the absorption cross section at a
given LSPR wavelength is determined by the size of the
nanorod, the size and shape of the gold nanorods can be
followed by taking extinction spectra during the oxidative
etching process.”” Although this is a bulk technique that can no
longer follow subtle shape or facet changes during the etching
process, the extinction spectra provide a tool for comparing the
experimental conditions in the liquid cell with traditional
colloidal synthesis conditions. In addition, these correlative
studies show that the processes seen in the liquid cell are not
simply byproducts of liquid cell electron microscopy.

Reproducing the oxidative etching seen in the graphene
liquid cell required control of the ex situ etching kinetics.
Previous work oxidatively etching gold nanorods has shown
the ability to etch nanorods from the tips, thereby decreasing
the aspect ratio and leading to a blue shift in the LSPR during
the etching process.””* Because the etching proceeds by
removing only the lowest coordinated atoms from the tips of
the nanorod, this method of etching will be called the low-
driving-force regime (Figure SA). For nanorod etching
experiments in the graphene liquid cell, the rods did not just
etch from the tips but rather the aspect ratio stayed relatively
constant until the end of the trajectory (Figure S20). This
high-driving-force etching showed a decrease in both the
length and width during the etching process.”” To control the
ex situ etching between the high-driving-force and low-driving-
force regimes, the concentration of the FeCl; oxidative etchant
was modulated. By taking the same nanorod sample and
increasing the FeCl; concentration an order of magnitude from
0.135 to 1 M, the gold rods were controllably etched in the
low-driving-force and high-driving-force regimes, respectively
(Figure SB,C)

With the ability to reproduce in a colloidal solution the
reactions seen in the graphene liquid cell, comparisons can be
made between the two environments. In the liquid cell, it is
proposed that FeCl; does not directly oxidize the nanorods as
a result of the much greater oxidizing power of the beam-
induced species, and this is consistent with the observation that
a solution with 40 mM FeCl; and the same contents as a liquid
cell takes hours for noticeable etching (Figure S22). High-
driving-force etching of the nanorods using simply FeCl;
requires a concentration 25 times greater than what was
used in the liquid cell. In addition, the in situ observation that
changing the FeCl; concentration over the range of 29 to 42
mM showed no measurable change in the etching rate is
consistent with ex situ measurements of the etching rate that
confirm that the etching rate change would have been below
the measurement threshold (Figure S23). This high-driving-
force etching provides an avenue for making energetically
unfavorable shapes, and ultimately the goal would be to use
this technique to synthesize large numbers of these shapes
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Figure 5. Ex situ low-driving-force and high-driving-force oxidative
etching of gold nanorods. (A) Schematic of low-driving-force etching
from the tips of the nanorod and high-driving-force etching
maintaining the aspect ratio. (B) Extinction spectra while etching in
a low-driving-force regime. The inset shows the LSPR blue shifting
during etching. (C) Extinction spectra while etching in a high-driving-
force regime. The inset shows the LSPR staying relatively constant.

using colloidal chemistry. Unfortunately, stopping the etching
reaction and locking in the shape has proven difficult as the
nanocrystals rearrange from their kinetic shape. This rearrange-
ment is consistent with liquid cell TEM observations of
nanocubes that stop etching to a {hk0} tetrahexahedron due to
a drying of the pocket and relax back to a nanocube with
lower-energy facets (Figure S24). This rearrangement is
further evidence for the need to view nanocrystal reactions
in situ rather than by quenching the reaction at different times
and then looking at the sample. Potentially, by adding tighter-
binding ligands after the high-driving-force etching or
quenching them at low temperatures to stop surface diffusion,
the oxidative etching mechanisms seen in the liquid cell will be
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harnessed to control the nonequilibrium facets on colloidal
gold nanocrystals.

Understanding, and ultimately controlling, the chemistry
during liquid cell electron microscopy experiments is vital to
making the results applicable for purposes outside of the
electron microscope. The electron beam and radiolysis species
generated by the electron beam are an undeniable factor in
liquid cell electron microscopy experiments that must be
accounted for, but this presumed limitation can be mitigated or
turned into an advantage as researchers continue to better
understand the chemistry taking place. Through the reprodu-
cible oxidative etching of gold nanocrystals, a deeper
understanding of the liquid cell environment was gained, and
the ability to independently control the etching rate and
chemical potential was achieved. The exact chemistry of each
liquid cell electron microscopy experiment may be slightly
different depending on the additives, solvent, and encapsula-
tion technique, but using the electron beam dose rate to
control the unfolding sequence of events during the
observation of a sample should be transferable. In addition,
the idea of using activation processes such as the
Fenton reaction to modulate the chemical species in the liquid
cell should provide a foundation for developing other liquid
systems to study a variety of other nanoscale reactions and
dynamics. Correlated ex situ experiments are also critical in
liquid cell electron microscopy development for both under-
standing the chemistry and providing evidence that results in
the liquid cell are not simply a product of the liquid cell
environment. For liquid cell electron microscopy to truly make
a tangible difference in the materials science community, the
insights need to lead to improved synthesis methods or other
advances outside the electron microscope, and the continued
understanding of the chemistry in the graphene liquid cell will
make the technique even more widely applicable in the future.
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