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ABSTRACT: Surface ligands impact the properties and
chemistry of nanocrystals, but observing ligand binding
locations and their eﬀect on nanocrystal shape transformations
is challenging. Using graphene liquid cell electron microscopy
and the controllable, oxidative etching of gold nanocrystals, the
eﬀect of diﬀerent ligands on nanocrystal etching can be tracked
with nanometer spatial resolution. The chemical environment of
liquids irradiated with high-energy electrons is complex and
potentially harsh, yet it is possible to observe clear evidence for
diﬀerential binding properties of speciﬁc ligands to the
nanorods’ surface. Exchanging CTAB ligands for PEG-alkanethiol ligands causes the nanorods to etch at a diﬀerent, constant
rate while still maintaining their aspect ratio. Adding cysteine ligands that bind preferentially to nanorod tips induces etching
predominantly on the sides of the rods. This etching at the sides leads to Rayleigh instabilities and eventually breaks apart the
nanorod into two separate nanoparticles. The shape transformation is controlled by the interplay between atom removal and
diﬀusion of surface atoms and ligands. These in situ observations are conﬁrmed with ex situ colloidal etching reactions of gold
nanorods in solution. The ability to monitor the eﬀect of ligands on nanocrystal shape transformations will enable future in
situ studies of nanocrystals surfaces and ligand binding positions.
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protects the samples from the vacuum of the TEM column
during measurement while maintaining the high spatial
resolution of the electron microscope.25,26 Both the silicon
nitride and graphene liquid cells have yielded insights into
nanocrystal growth,27−30 attachment,26 assembly,31,32 and
movement in solution.33,34 Some of the dynamics observed
in the liquid cell have been attributed to ligands in the
system,25,35−38 which suggests liquid cell electron microscopy
may be a useful tool in studying the ligand shell.
The recent development of a controllable oxidative etching
environment in the graphene liquid cell provides a means for
quantitatively observing how ligands aﬀect the etching of
nanocrystals and, indirectly, where the ligands are binding.

olloidal nanocrystals exhibit emergent properties due
to their small size, and these characteristics have been
harnessed for a variety of optical,1 catalytic,2−5
biomedical,6−8 energetic,9,10 and other applications. For
colloidal nanoparticles, the surface is covered with organic
ligands that can direct growth and attachment, provide
stability, and impart functionality.11 Extensive work has gone
into understanding the composition of the ligand shell and
binding of the ligands to the nanoparticle surface to better tune
the surface chemistry of the nanocrystal for desired
applications.12 Mapping ligand binding positions on nanocrystals is still challenging13 as current methods of overgrowth,14,15 nuclear magnetic resonance spectroscopy,16−18
scanning tunneling microscopy,19,20 and dry transmission
electron microscopy (TEM)21−24 all have limitations, and in
situ observations of the eﬀects of ligands on in situ dynamics
are currently lacking.
In situ liquid cell electron microscopy of colloidal nanoparticles enables the observation of nanoscale phenomena in
native liquid environments. Encapsulating liquid solutions
between thin membranes such as silicon nitride and graphene
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Figure 1. Volume trajectories of etching gold nanocrystals with diﬀerent surface ligands. (A) Schematic of the graphene liquid cell with gold
nanorods, imaged by the electron beam. (B) Images from a representative trajectory of an etching gold nanorod with CTAB ligands. (C)
Images from a representative trajectory of an etching gold nanorod with PEG-alkanethiol ligands. (D) Representative volume trajectories of
etching gold nanorods with CTAB (blue) and PEG-alkanethiol (green) ligands. For each dose rate (500 e−/Å2 s in darker colors and 700 e−/
Å2 s in lighter colors), the etching rate is slower for the nanorods with PEG-alkanethiol. (E) Both CTAB (blue) and PEG-alkanethiol (green)
show a linear etching rate dependence on the dose rate, but the nanorods with PEG-alkanethiol etch more than two times slower. The
etching rate values for CTAB in (E) are from previously published work.41

RESULTS AND DISCUSSION
Etching of Nanorods with PEG-alkanethiol. Graphene
liquid cell imaging techniques allow individual nanocrystal
shape and volume trajectories to be tracked with the high
spatial resolution of the electron microscope in the colloidal
nanocrystals’ native liquid environment (Figure 1A). A
controllable etching system for aqueous gold nanocrystals
using a combination of preloaded FeCl3 and oxidative species
generated through radiolysis of water by the electron beam has
been previously developed with an understanding of the
complex chemical environment occurring during the process.39−42 Loading presynthesized gold nanocrystals for this
etching process provides a known initial three-dimensional
shape and composition of the ligand shell. The initial
encapsulated solution contains as few excess CTAB ligands
as possible, as excess CTAB ligands have been previously
correlated with undesirable iron oxide formation.41 Information such as shape and size can be extracted from the electron
microscopy videos using image analysis. With this model
system, the eﬀects of ligands on nanocrystal etching can be
investigated on the single nanoparticle level.
The ability of graphene liquid cell etching to detect
modiﬁcations in ligand composition was tested by comparing
the etching rates of gold nanorods before and after ligand
exchange to PEG-alkanethiol. The initial gold nanorods were
synthesized with a CTAB ligand shell following previously
reported synthetic procedures.45,46 Extensive characterization
work in the literature on CTAB-coated gold nanorods has
shown that CTAB binds to the gold surface through an

Aqueous gold nanocrystals can be oxidatively etched through a
combination of preloaded FeCl3 and electron beam-induced
radiolysis species.39,40 The electron beam dose rate determines
the total concentration of highly oxidative radiolysis species,41
and the FeCl3 controls the chemical potential of the etching
process.42 This system enables observation of intermediate,
kinetic shape transformations that quenching or drying
techniques may fail to capture.40
Using graphene liquid cell TEM to monitor oxidative
etching of gold nanorods with various ligand shell
compositions, we observed the dynamic eﬀects of ligands on
nanocrystals in their native liquid environment. By exchanging
the original CTAB ligands for poly(ethylene glycol)alkanethiol (HS-(CH2)11-(EG)6-OCH2-COOH) ligands, we
show that ligands inﬂuence the etching dynamics throughout
the entire process. Anisotropic dissolution of gold nanocrystals
with cysteine ligands bound preferentially to the tips15,43,44
reveals the local eﬀect of the ligands and the potential ability to
map indirectly the diﬀerential ligand binding position
propensities. The shape transformation of cysteine-capped
nanorods is controlled by the competition between atom
removal and diﬀusion of surface atoms and ligands. Finally, the
in situ TEM observations are corroborated with ensemble
studies of the etching reactions in a ﬂask. Utilizing graphene
liquid cell electron microscopy to observe the eﬀects of ligands
on nanocrystal dynamics provides a tool for understanding the
surface chemistry of nanocrystals and the eﬀect of ligands on
shape transformations.
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Figure 2. Etching in the graphene liquid cell reveals location-speciﬁc ligand binding. (A) Cysteine preferentially binds to the tips of the gold
nanorod. (B) Representative images from cysteine-capped gold nanorod etching in a graphene liquid cell. (C) Outlines of a gold nanorod
etching with cysteine (red) and without cysteine (blue). Darker outlines correspond to earlier times. Cysteine slows etching at the tips. (D)
The aspect ratio of the nanorods during the etching process. The aspect ratio stays relatively constant for nanorods without cysteine (blue)
while increasing sharply when cysteine ligands are present (red). (E) Etching rate of the major and minor axis. Without cysteine, the etching
rate is three times faster at the tips, while cysteine adjusts the etching rate to be two times faster at the sides.

reductant.41 The time for the induction period is only
dependent on the electron beam dose rate and not the ligands
on the nanocrystal, providing further support that the
induction period is related to the chemistry in the solution
and not the nature of the nanocrystals. After the induction
period, both PEG-alkanethiol-coated (green) and CTABcoated (blue) nanorods have a constant etching rate with
faster etching at higher electron beam dose rates (Figure 1D).
At similar electron beam dose rates, however, the PEGalkanethiol-coated nanorods etch slower. The etching rates of
PEG-alkanethiol-coated nanorods show a linear dependence
on the electron beam dose rate like CTAB-coated nanorods,41
but PEG-alkanethiol-coated rods consistently etch at less than
half the rate of the CTAB-coated nanorods (Figure 1E). The
slower etching indicates that the PEG-alkanethiol ligand is
protecting the nanorods from oxidative etching in the graphene
liquid cell.
The reproducible and measurable diﬀerence in etching rates
between gold nanorods with PEG-alkanethiol and CTAB
indicates that ligands are still active during graphene liquid cell
reactions. The eﬀects of ligands persist throughout the entire
etching process, and no convergence in etching behavior
between CTAB-coated and thiol-capped nanocrystals was
observed. This suggests the interaction between the ligands
and the nanoparticle surface is maintained throughout the
etching process, with ligands able to diﬀuse along the surface
while the nanocrystal shrinks in size. Although it is not
necessarily intuitive that ligands would survive the beamgenerated radical species, there is a literature precedent for
ligands aﬀecting nanocrystal dynamics in liquid cell electron
microscopy experiments.27,36−38,58 The change in ligand
composition in this experiment does not aﬀect the induction
period, suggesting the surface ligands are not aﬀecting that
chemical aspect of the liquid cell environment. To further
probe whether the ligands aﬀect etching locally on the
nanocrystal, ligands with preferential binding to speciﬁc
locations on the nanocrystal were investigated.

electrostatic interaction between the ammonium headgroup
and the gold surface, with the tail forming an interdigitated
bilayer.47,48 To induce a quantitative diﬀerence in etching rate,
the CTAB ligands were replaced by (HS-(CH2)11-(EG)6OCH2-COOH) ligands. The ligand-exchange procedure
followed previously reported protocols for this PEGalkanethiol ligand and is similar to methods used to exchange
CTAB ligands to thiolated DNA ligands on gold nanocrystals,
using a large excess of PEG-alkanethiol ligand to ensure
uniform exchange to coat the entire nanorod surface.49
Thiolated polymer ligands have been extensively studied for
biological applications and nanoparticle assembly,50−52 and
poly(ethylene glycol) ligands have been shown to protect the
nanocrystals from degradation.53,54 In this study, PEGalkanethiol ligands with only six repeating ethylene glycol
units were used to avoid the formation of a full polymer shell
that would have completely prevented any etching of the
nanocrystals. The ligand exchange from CTAB to PEGalkanethiol ligands was characterized by elemental analysis
following previous literature procedures55−57 (see Supporting
Information). Tracking the etching rates and shape trajectory
of the gold nanorods with CTAB and PEG-alkanethiol can
provide information about how ligands behave in the highly
reactive graphene liquid cell environment.
When etched under similar conditions, the gold nanorods
with PEG-alkanethiol ligands etch at less than half the rate of
gold nanorods with CTAB. Qualitatively, upon undergoing
oxidative etching at the same electron beam dose rate and
initial size, the gold nanorods follow a relatively similar shape
trajectory, but complete etching of the PEG-alkanethiol-coated
nanorods takes roughly twice as long as the CTAB-coated
nanorods (Figure 1B,C). Using image analysis techniques, the
volume trajectories can be tracked and compared for similarly
sized nanorods with CTAB and PEG-alkanethiol ligands
(Figure 1D). Initially, all of the nanorods experience an
induction period with no etching, and this is consistent with
previous reports of hydrogen bubbles acting as a sacriﬁcial
10241
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Figure 3. Observing the fragmentation of a gold nanorod into two smaller spheres during the etching process. (A) Representative images
from the etching cysteine-capped nanorod that undergoes fragmentation. (B) Outlines from the etching cysteine-capped nanorod. Etching
proceeds preferentially at the center of the rod, and the nanorod eventually breaks into two smaller nanoparticles at the center. These
smaller nanoparticles transform to spherical shapes while continuing to etch. (C) The volume trajectory of the etching nanorod. The purple
trajectory represents the nanorod before fragmentation, and the red and blue trajectories represent the volume of the two nanoparticles after
fragmentation. The gray dotted line represents the fragmentation event. (D) At the fragmentation event, the etching rates slow down by
more than an order of magnitude, due to the cysteine on the tips. (E) Images immediately before and after the breaking event. Scale bar is 40
nm, and frames are 0.4 s apart.

Etching of Cysteine-Capped Gold Nanorods. Cysteine
has previously been shown to preferentially bind to the tips of
gold nanorods,54 so etching of cysteine-capped nanorods
should induce asymmetric shape trajectories due to local
ligand-dependent etching rates. Evidence for selective binding
of cysteine to the tips of gold nanorods includes previous
overgrowth studies15 and end-to-end assembly of gold
nanorods in the presence of cysteine ligands.43,44 Nanorods
with CTAB coverage have been shown to have lower ligand
density at the tips,24 and the lower ligand coverage at the tips
of CTAB-coated nanorods enables cysteine to bind through
their thiol functional group preferentially on the tips.43 After
addition of cysteine, the gold nanorods likely have CTAB on
the sides and cysteine ligands on the tips, as characterized by
elemental analysis (see Supporting Information). For this
work, cysteine-capped nanorods refer to nanorods with low
amounts of cysteine that cover the tips but not the sides of the
nanorod. Based on PEG-alkanethiol results from above that
showed a change in etching rate after ligand exchange, the
preferential binding of cysteine to the gold nanorod tips would
be expected to modulate the etching rate locally at the nanorod
tips, leading to anisotropic shaped trajectories.
When etched under similar graphene liquid cell conditions,
gold nanorods with low amounts of cysteine etched

preferentially on the sides, leading to thinner nanorods or
dumbbell shapes (Figure 2B). The full etching trajectory was
diﬃcult to capture because the cysteine-capped nanorods
etched much slower due to lack of etching at the tips, requiring
a higher electron beam dose rate for timely etching. Higher
electron beam dose rates have previously been shown to
increase the oxidative etching rate without changing the shape
trajectory.41 The higher dose rate, however, did seem to cause
faster drying of the liquid cell, possibly due to greater damage
on the graphene. The outlines for each frame of a
representative etching video for a cysteine-capped nanorod
(red) and CTAB-only nanorod (blue) show signiﬁcant
diﬀerences in shape trajectory (Figure 2C). The darker
outlines are the earlier times, and the smallest volume outlines
for the CTAB-only and cysteine-capped nanorods are at the
same percentage of the initial nanorod volume. The aspect
ratio provides a quantitative metric for tracking the ratio of
major axis length to width at the center of the nanorod (Figure
2D). While the aspect ratio stays relatively constant for
nanorods with only CTAB, the aspect ratio of cysteine-capped
nanorods increases sharply during etching. The etching rates of
the major axis and minor axis also show that cysteine has
altered the shape trajectory (Figure 2E). For the CTAB-only
nanorod (blue), the tips etch roughly three times faster than
10242
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larger nanorod allows for oxidative species from a larger region
of the liquid cell pocket to interact with the nanorod. Once the
nanorod has split, the etching rate slows down by over an order
of magnitude, potentially due to reorganization of the cysteine
on the two high curvature spherical nanoparticles (Figure 3D).
Etching of cysteine-capped nanorods allows in situ observation
and study of the breaking process for nanoscale gold rods.
The fragmentation of the thin cysteine-capped nanorod into
two spheres happens rapidly (yellow to red outlines in Figure
3B). The exact moment of fragmentation is diﬃcult to capture
with the frame rate and spatial resolution of the TEM used in
this experiment, but the nanorod becomes visibly skinnier at
the center before fragmenting into two teardrop nanoparticles
(Figure 3E). Based on the constant side etching rate of 2.6
nm/s, the width of the nanorod should only decrease by 1 nm/
frame. Interestingly, the width of the nanorod in the last frame
before the breaking event is 3 nm, which is larger than the
expected 1 nm. The jump from a width of 3 nm to separation
is likely due to a combination of surface diﬀusion and increased
etching rate from undercoordinated gold atoms on the high
curvature surface. This fragmentation of a crystalline gold
nanorod can be compared to breaking at a grain boundary
(Figure S11). In a diﬀerent TEM video, initially separated gold
nanorods can be observed moving toward each other,
attaching, and then continuing to etch. Eventually, the
attachment point becomes thin, and the two nanorods break
apart again. The breaking behavior at the grain boundary
appears qualitatively similar to single nanocrystal breaking at
this spatial resolution and frame rate, but future research could
investigate diﬀerences in the breaking mechanisms.
This fragmentation phenomenon is an example of a Raleigh
instability. Thin wires are inherently less stable, owing to the
simple geometric argument that a cylinder has more surface
than two spheres of the same volume. This instability leads to
diﬀusion of atoms, as the nanostructure rearranges to a lower
energy conﬁguration. More than 100 years ago, an analytical
model for this rearrangement was applied to liquid
systems,59,60 and this analysis was extended to solid systems
more than 50 years ago.61,62 Raleigh instabilities in thin
nanowires have become an active area of research in the
microelectronics industry, and there are many examples using
heating or charging to break down nanowires and nanoparticles.63−66 As the cysteine-capped nanorods thin in the
graphene liquid cell, it becomes energetically favorable for the
rod to split into two smaller spheres. As the pinch-oﬀ time goes
as the fourth power of the wire radius,61,62 the breaking event
happens rapidly. The convolution of oxidative etching and
diﬀusion of surface atoms on the etching cysteine-capped
nanorods makes it diﬃcult to apply analytical models for
Rayleigh instabilities.67 The oxidative etching of the gold
nanorods is a case of a Rayleigh instability where surface atom
diﬀusion and removal are competitive and both contribute to
the resulting shape transformation.
Evidence for the surface energy inﬂuence on the
restructuring also comes from observations after the cysteinecapped nanorods fragment. The two resulting nanoparticles
reshape into spheres while continuing to be etched. The
breaking event leaves the nanoparticles as teardrop shapes, but
the nanoparticles rapidly reshape to spheres to minimize
surface energy (Figure 4A). The pathway to spheres involves
preferential etching of atoms at positions of higher curvature,
but surface diﬀusion may also contribute to the reshaping
(Figure 4B). As the major axis of the nanoparticle is rapidly

the sides to maintain the aspect ratio of three, but the cysteinecapped nanorod etches about 2 times faster on the sides than
the tips. The faster etching rate at the CTAB-coated nanorod
tips is likely due to lower CTAB ligand density at the tips.24 A
higher electron beam dose rate was used for the cysteinecapped, CTAB-sides nanorods to induce faster etching, so the
side etching rate was higher for cysteine-capped than the
CTAB-coated nanorods. Interestingly, despite the higher
electron beam dose rate, the cysteine-capped nanorods still
had a tip etching rate that was three times slower. The
anisotropic etching behavior for the cysteine-capped nanorods
is consistent and reproducible (Figures S2 and S3). Since the
site-speciﬁc ligand binding of cysteine induces diﬀerences in
the etching shape transformation, the eﬀect of ligands on
etching in the graphene liquid cell has a local component.
If a greater amount of cysteine is added to the gold nanorod
solution, presumably all preferential tip binding sites are
saturated and cysteine will bind to the sides of the nanorod.
The etching trajectory in the graphene liquid cell reﬂects this
change in cysteine ligand coverage of the gold nanorod surface
with slower etching on both the sides and tips (Figure S4).
The shape trajectory with full cysteine coverage is very similar
to nanorods with only CTAB or PEG-alkanethiol, but the
aspect ratio goes down with full cysteine coverage due to
etching rates at the sides being seven times slower than the
etching rate at the tips. For CTAB-coated nanorods, the ratio
of tip to side etching rates is usually equal to the aspect ratio.
Adding cysteine to the ligand shell likely changes the energetics
and sterics of the nanocrystal surface, leading to a modulation
of removal probabilities for tip or side atoms and a diﬀerent
ratio of etching rates. Due to the extremely slow etching of the
full cysteine coverage gold nanorods, the electron beam dose
rate was increased by 2−3 times compared to the dose rates
used to etch nanorods with CTAB or PEG-alkanethiol. The
linear ﬁt for etching rate as a function of dose rate for full
cysteine coverage nanorods had a slope of 0.03 (nm3/s)/(e−/
Å2/s), far less than the slopes for nanorods with CTAB-only
(0.52 (nm3/s)/(e−/Å2/s)) and PEG-alkanethiol (0.22 (nm3/
s)/(e−/Å2/s)) (Figure S5). Graphene liquid cell etching shows
isotropic and anisotropic etching for full cysteine coverage and
cysteine-capped nanorods, respectively, indicating that graphene liquid cell etching could be used to infer preferential
binding maps for ligand coverage and to examine ligand
diﬀusion on nanocrystals.
The preferential etching at the sides of the cysteine-capped
nanorods suggests there should be a point where the nanorod
breaks apart at the center. Etching longer, higher aspect ratio
cysteine-capped nanorods leads to fragmentation when the
width becomes small, leading to two smaller nanoparticles
(Figure 3A). The fragmentation event itself is challenging to
observe because it occurs quickly, but the behavior is
reproducible (Figures S6−S8). The transformation process
can be separated into the initial etching from the sides of the
nanorod, the fragmentation event, and etching of the
remaining nanoparticles (Figure 3B). The oxidative etching
from the sides behaves similarly to the other cysteine-capped
nanorod etchings, with a constant volumetric etching rate
(Figure 3C) and faster etching at the sides than the tips of the
nanorod (Figure S9). This diﬀerence in site-speciﬁc etching
rates leads to a rapid increase in the aspect ratio (Figure S10).
The volumetric etching rate for this gold nanorod is higher
than the previous cysteine-capped nanorods due to a higher
electron beam dose rate and larger initial nanorod size. The
10243
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becomes spherical, the etching rate decreases by more than an
order of magnitude compared to the volumetric rate during
side etching of the nanorod, from 9000 to 500 nm3/s. Cysteine
from the tips of the original nanorods may be reorganizing to
cover the smaller, highly curved nanosphere. Then, the entire
nanosphere etches at the slow rate previously observed for the
tips of the cysteine-capped nanorods. The ability to observe
the eﬀects of ligand and atom diﬀusion using dynamic
graphene liquid cell electron microscopy experiments will aid
in understanding and quantifying these nanoscale phenomena.
Ex Situ Etching of Ligand-Exchanged Gold Nanorods.
Correlating in situ electron microscopy experiments with
typical colloidal syntheses and reactions in a ﬂask is important
for validating the observed phenomena. Previous work has
shown that the plasmon resonances of gold nanoparticles can
be followed by UV−vis spectroscopy to compare etching
dynamics induced by the electron beam in the graphene liquid
cell with colloidal oxidative etching reactions using FeCl3.41
For gold nanorods, the energy of the longitudinal surface
plasmon resonance (LSPR) is determined by the aspect ratio
of the nanorod.69 Thus, observing the extinction spectra of a
solution of cysteine-capped gold nanorods during etching
provides insight into the average trajectory and the
reproducibility of the shape transformations seen in the
graphene liquid cell.
The etching of ligand-exchanged gold nanorods can be
induced without the electron beam using a solution of FeCl3
and CTAB. Previous work has shown that etching gold
nanorods with CTAB ligands leads to blue-shifted or constant
LSPRs, depending on the FeCl3 concentration.41,69,70 For gold
nanorods with PEG-alkanethiol ligands, the etching occurs
slower than CTAB-coated nanorods at the same etching
conditions, similar to the graphene liquid cell results (Figure
S14). The LSPR of cysteine-capped nanorods red shifts and
decreases in intensity, indicating an increase in aspect ratio as
etching occurs preferentially at the sides (Figure 5A). The
etching reaction was stopped by rapidly diluting the solution,
and the resulting sample was precipitated by centrifugation to
perform TEM imaging and quantitative analysis on the
intermediate etching structures. The LSPR shifts roughly 150
nm from the initial gold nanorods to the etched structures
(Figure 5B). The ﬁnal extinction spectrum has a lower
intensity likely because some nanorods were etched to nothing
or to small spheres that were lost during the centrifugation
process. Dry TEM images show signiﬁcant etching at the sides
of the cysteine-capped nanorods (Figures 5C and S12).
Quantitative image analysis conﬁrms a decrease in the size of
the gold nanoparticles and an increase in aspect ratio (Figure
S13). Ex situ etching experiments of nanorods with greater
amounts of cysteine suggest corroboration of the extremely
slow etching seen during in situ observations, but aggregation
renders the analysis inconclusive (Figures S18 and S19).
Reproducing the side etching of cysteine-capped gold nanorods and the slower etching of PEG-alkanethiol and cysteinecovered gold nanorods in a ﬂask conﬁrms that the observed
graphene liquid cell dynamics are not artifacts of the
environment or experimental technique.
Chemistry of Liquid Cell Environment. Although liquid
cell TEM provides no direct information about the ligands and
their stability in the radiolytic environment, the extensive
literature on interactions of molecules and radiolysis products
suggests potential ligand stability. A deﬁnitive understanding of
ligand chemistry in the radiolytic liquid cell environment will

Figure 4. Nanoparticle transformation to a sphere after the
fragmentation event. (A) Images from the nanoparticle after the
fragmentation event in Figure 3 as it transforms to a sphere while
continuing to etch. (B) Outlines from images in (A). Colors match
Figure 3B. (C) Length of the major (purple) and minor (red) axis
after the breaking event. The major axis decreases rapidly until the
nanoparticle forms a spherical shape. (D) Expansion on the minor
axis length. The minor axis increases slightly around 10 s as the
nanoparticle reshapes itself into a sphere. This is notable because
the nanoparticle is still etching, indicating the rearrangement of
gold atoms on the surface happens on a time scale that is
competitive with the etching rate.

decreasing in length (Figure 4C), there are a few frames where
the minor axis seems to increase slightly, but it is diﬃcult to
deﬁnitively conclude that surface diﬀusion caused the minor
axis to increase due to the small increase and ﬂuctuations in
contrast of the TEM images. Previously reported measurements of gold atom diﬀusion on a gold electrode with no
electric bias in an acidic solution containing chlorine ions
estimated a surface diﬀusion constant of 25 nm2/s, or for
comparison, 10 nm2/frame in this liquid cell experiment.68 The
system in the graphene liquid cell is substantially more
complicated with ligands, etching, and ill-deﬁned surface
structure, but the reported surface diﬀusion constant of gold
atoms suggests that for these small nanoparticles, surface
diﬀusion could be competitive with atom removal in
controlling the shape transformation. After the nanoparticle
10244
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tigating the reactivity of CTAB with aqueous solutions of
isolated radiolysis products have shown a low reactivity with
hydrated electrons but higher reactivity with the hydroxyl
radical and hydrogen radical.73 The hydroxyl radical removes a
hydrogen from the alkyl chain, resulting in an alkyl radical.74
For the liquid cell studies in this work, polymerization would
be expected to cause a decrease in etching rate, as the polymer
protects the nanoparticle from the liquid environment. Since a
constant etching rate is observed throughout etching, it is
possible that subsequent reactions of the alkyl radical with
hydrogen radical and H+ may be limiting the concentration of
alkyl radicals present at any time. Conducting the liquid cell
experiments at a low pH provides excess H+ ions, potentially
healing CTAB ligands damaged by the hydroxyl radical.
For cysteine, the fastest reactions with radiolysis species
happen at the thiol group. Hydrated electrons can rapidly react
with the thiol, yielding a negatively charged hydrogen sulﬁde
ion and a HO2CCH(NH2)CH2 radical.75,76 In the oxidative
environment used in this work, the hydrated electron
concentration is suppressed,41 making this cysteine reduction
pathway unlikely. A more likely pathway would be the
oxidative hydroxyl radical preferentially attacking the thiol
and removing a hydrogen to yield a HO2CCH(NH2)CH2S
radical.75,76 This study, however, found that cysteine decreased
the local etching rate in a constant manner throughout the
etching trajectory, so the cysteine is either robust to the
hydroxyl radical under the liquid cell conditions or altered in a
way that does not change the cysteine ligand’s eﬀect on
etching. The thiol headgroup of cysteine is bound to the gold
surface, so it may be harder for the hydroxyl radical to break
that strong gold−sulfur interaction to react with the headgroup
to form a cysteine radical. Even if hydroxyl radical was able to
react with the bound cysteine to form a radical, creation of the
cysteine radical leads to disulﬁde formation in the presence of
oxygen (see Supporting Information for reaction pathway).
The disulﬁde also preferentially binds to gold nanorod tips,14
so the local eﬀect of the ligand on etching may be maintained.
Although we have no direct evidence of the reactions of
cysteine with radiolysis species, the counterintuitive ability of
cysteine to consistently inﬂuence the nanoparticle dynamics in
the liquid cell can be rationalized by the reaction mechanisms
of cysteine and radiolysis species.
The gold nanocrystals with PEG-alkanethiol ligands also
exhibit a constant etching rate during etching, and literature on
PEG in radiolytic environments can provide reasons behind
the ligands’ persistence. The alkane part of the PEGalkanethiol ligand likely behaves similarly to the carbon
backbone of CTAB, with the same rationale for stability
being applicable. For the PEG portion of the ligand, hydrogen
atoms at the α position are most vulnerable, resulting in a
radical species.77 If no oxygen is present in solution, PEG
radicals can react with adjacent radicals to form a polymer.78
The liquid cell solutions in this study were made in ambient
conditions with oxygen, and no polymerization was observed
by image contrast or decreased etching rates in the TEM.
When oxygen is present, the PEG radical can react with oxygen
to induce cleaving.79 If a measurable amount of cleaving of the
PEG units occurred during the etching experiments, a
reasonable hypothesis would be an increase in etching rate
due to the shorter chain. An interesting follow-up to this study
could investigate the eﬀect of similar ligands of diﬀering
lengths on etching rate. Cleavage of the entire PEG portion of
the ligand would have left an alkyl chain that was shorter than

Figure 5. Correlative ex situ etching of cysteine-capped gold
nanorods. (A) The etching of cysteine-capped gold nanorods can
be followed by their plasmon resonances due to the changing
aspect ratio of the nanorod. The red shift in the LSPR indicates an
increasing aspect ratio as the nanorod etches from the sides. (B)
Extinction spectra of the initial gold nanorods and cysteine-capped
gold nanorods after quenching of etching. (C) Representative
TEM images of cysteine-capped gold nanorods before and after
etching. Signiﬁcant etching into the sides of the nanorods indicates
protection of the nanorod tips by cysteine.

have to await improved analytical capabilities and reaction
network simulations. It is expected that ligands would react
with the radiolysis species, but it is clear from the data that the
ligands, or any resulting ligands after reactions, maintain the
diﬀerential etching rate. All components of the ligand including
the counterion likely inﬂuence the etching, but we do not
expect any of the components to be directly etching the gold
nanocrystals. Future mechanistic work investigating the
inﬂuence of each component of the ligands including the
halides, carbon backbone, and headgroup on the reaction
chemistry would provide an even deeper understanding of this
process. Literature on the reactions of radiolysis species with
CTAB, cysteine, and PEG-alkanethiols can, however, provide a
starting point for understanding the chemistry of the ligands in
the liquid cell.
While the exact chemistry of CTAB in a radiolytic
environment is not fully understood, a variety of radiolytic
aqueous nanoparticle syntheses utilize CTAB as a ligand for
colloidal stability and shape control.71,72 Experiments inves10245
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CTAB, and this does not seem consistent with the
experimentally slower etching observed for PEG alkanethiol.
A potential explanation for the observed stability of PEGalkanethiol ligands is the much greater concentration of
hydrogen (in the form of H2, H+, and H radical) than oxygen
in liquid cell TEM experiments.80 Previous work has shown
that PEG in low pH solutions experiences less polymerization
under irradiation,81 which could be due to the high hydrogen
concentration suppressing the PEG radical concentration.
Probing the local eﬀect of ligands on nanoparticle etching
dynamics in the liquid cell requires the ligands to have
diﬀerentiated and constant inﬂuence during the process, and
although there is no direct evidence of the exact reaction
pathways, the previous work in this area shows plausible ways
that the ligands could persist in the reactive liquid cell
environment.
Before using graphene liquid cell TEM to study other ligand
compositions, a variety of factors including chemistry, solvent,
and temperature need to be considered. Although the CTAB,
PEG-alkanethiol, and CTAB-cysteine ligand shells in this study
seem to have a consistent impact on etching despite the
electron beam, the chemistry of other surfactants may be more
reactive. For example, control of pH and pOH is not fully
understood in the graphene liquid cell, so pH sensitive ligands
may undergo changes during observation in the TEM. Ligands
that are easily cross-linked under electron beam irradiation
would likely polymerize during graphene liquid cell experiments leading to structural changes in the ligand shell. Water
was used as the solvent in this study, but other solvents have
been previously shown to work in the graphene liquid cell.
Changing the solvent may require tuning of the liquid
composition to ensure proper pocket sealing, and the
experiment would need to account for diﬀerent solventdependent electron beam-induced chemistry. The temperature
in liquid cell TEM has previously been shown to not increase
by more than a few degrees Celsius during electron beam
irradiation.82 If elevated or depressed temperatures are desired,
the graphene liquid cell can ﬁt in most commercial heating and
cooling holders. Validating the local temperature for a
graphene liquid cell in a temperature-controlled holder
would be challenging, but an interesting area of future
research. Every system is diﬀerent and will require
optimization for proper pocket sealing and etching chemistry,
but the graphene liquid cell should be extendable for studying
a variety of other ligand−nanocrystal systems.
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understanding ligand−nanocrystal interactions. This technique
could be used to investigate facet speciﬁc binding, and results
from these experiments could be useful in screening and
mapping where diﬀerent ligands are binding on various facets
for nanocrystal assembly and other applications.84,85 Mixed
ligand shells could be studied with this system to distinguish
patchy and uniform coverage or measure the diﬀusion of
ligands on a nanocrystal. In situ etching also provides
information about the stability of nanocrystal shapes, facets,
and surface chemistry which could be useful for development
of longer lasting catalysts and biomedical treatments.86,87 By
utilizing the understood system of oxidative etching in
graphene liquid cell TEM, the ligand shell and its eﬀect on
nanocrystal dynamics can be studied on the nanoscale to yield
insight for further synthetic development and applications.

METHODS
Synthesis of Single Crystalline Gold Nanorods. Single
crystalline gold nanorods were synthesized following previously
reported seeded growth methods.45 Brieﬂy, 0.3 mL of ice cold 0.01
M NaBH4 was added to a solution of 5 mL of 0.1 M CTAB and 0.125
mL of 0.01 M HAuCl4 and vigorously stirred for 2 min. After 30 min,
24 μL of this seed solution was added to a solution of 20 mL of 100
mM CTAB, 1 mL of 10 mM HAuCl4, 0.3 mL of 10 mM AgNO3, and
0.114 mL of 100 mM ascorbic acid. To synthesize the higher aspect
ratio gold nanorods, the synthesis was modiﬁed following previously
reported protocol.88 The gold nanorods were spun down three times
and redispursed in Millipore ﬁltered water for CTAB-based etching
experiments and future ligand exchanges. For elemental analysis, the
gold nanorod reaction was scaled up by a factor of 51× to provide
enough material for the analysis.
Exchanging to PEG-Alkanethiol Ligands. Ligand exchange
from CTAB to PEG-alkanethiol followed previously reported
synthetic protocols.49 Gold nanorods were spun down and
resuspended in 100 μL of 5.7 mM HS-(CH2)11-(EG)6-OCH2COOH. Then, 2 mL of H2O, 300 μL of 0.1% sodium dodecyl
sulfate, and 600 μL of 1 M pH 8 phosphate buﬀer were added to the
gold nanorod solution, resulting in a solution with 0.01% sodium
dodecyl sulfate and 0.2 M phosphates buﬀered at pH 8 with 190 mM
of PEG-alkanethiol ligand. The amount of nanorods in the solution
can vary as long as the amount PEG-alkanethiol added is signiﬁcantly
in excess. The solution was sonicated for 10 s and then left to sonicate
overnight at 35−40 °C. After overnight sonication, the solution was
centrifuged three times and resuspended in 0.01% sodium dodecyl
sulfate solution.
Adding Cysteine to Gold Nanorod Tips for Graphene Liquid
Cell Experiments. Twenty-one μL of 1 nM gold nanorods was
mixed with 4.5 μL of 1 mM cysteine and incubated for 14 h in the
dark at room temperature. CTAB was not used in this exchange to
avoid iron oxyhydroxide species from forming during liquid cell
experiments.41 For the nanorods with full cysteine coverage, 20 μL of
1 nM gold nanorods were mixed with 5 μL of 1 mM cysteine and
incubated for 17 h in the dark at room temperature. Gold nanorod
solutions with full cysteine coverage showed aggregation at the
bottom of the micro test tube.
Graphene Liquid Cell Fabrication. The graphene liquid cells
were fabricated following previous reported procedures.39 Brieﬂy, 3−5
layer graphene was transferred to holey, amorphous carbon, gold
quantifoil TEM grids (SPI Supplies, 300 mesh, R1.2/1.3). These grids
were used to encapsulate a solution of 38 mM FeCl3, 8 mM HCl, 58
mM Tris buﬀer-HCl, and the gold nanorods of interest. All samples
were imaged 30 min to 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 LaB6
ﬁlament. Videos of nanocrystal dynamics were collected using a Gatan
Orius SC200 camera utilizing a custom digital micrograph script with
a full 2048 × 2048 readout with a binning of 2 pixels in each direction,
at a nominal magniﬁcation of 71 kx resulting in a pixel resolution of

CONCLUSION
Observing the eﬀects of ligands on etching of nanocrystals with
liquid cell electron microscopy provides insight into the
mechanisms of nanoscale shape transformations and processes
like Rayleigh instabilities, but it also will enable further studies
of nanocrystal ligands. This work demonstrates that ligands can
still be active in the highly reactive environment of graphene
liquid cell electron microscopy, and additional research could
go into further understanding the stability of ligands in the
liquid cell. More in-depth comparisons on ligand eﬀects in
silicon nitride versus graphene liquid cell83 and growth versus
etching, especially using in situ spectroscopic techniques such
as EELS, would yield further information about ligand
coverage and the chemical environment during liquid cell
electron microscopy experiments. From a colloidal chemistry
perspective, the ability to map out where ligands are binding to
a nanocrystal using graphene liquid cell etching would aid in
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1.5 Å/pixel. The exposure time was 0.5 s, with a readout time of 0.8 s,
yielding a frame rate of 0.77 fps. The electron dose rate was calibrated
using our previously reported method.41,42 For the TEM electron
beam dose rate calibration script, a conversion value of 6.7 counts/
electron was used to convert CCD counts to electrons, consistent
with our previous work.
Ex Situ Etching of Cysteine-Capped Nanorods. A gold
nanorod stock solution was redispersed in an aqueous solution of
10 μM cysteine and 0.1 M CTAB acidiﬁed with 0.1 mM HCl such
that the OD was approximately 1, based roughly on a previously
reported procedure.15 The functionalization mixture was kept at 27
°C for 2 h. To remove excess cysteine, the solution was centrifuged
twice, redispursing in 0.1 M CTAB acidiﬁed with 0.1 mM HCl. 500
μL of cysteine-capped gold nanorods at OD 0.6 were added to a
quartz cuvette and placed inside the Shimadzu UV−vis spectrometer.
Four μL of a solution of 0.2 M FeCl3 in 0.021 M HCl was injected
into the cuvette. The solution was mixed with a glass pipet, and
extinction spectra were subsequently acquired. For TEM images, the
reaction was quenched by dilution with 25 mL of water and then
centrifuged.
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Video S1: Au nanorod with CTAB etching in 38 mM
FeCl3 at a dose rate of 500 e−/Å2 s (AVI)
Video S2: Au nanorod with CTAB etching in 38 mM
FeCl3 at a dose rate of 700 e−/Å2 s (AVI)
Video S3: Au nanorod with PEG-alkanethiol etching in
38 mM FeCl3 at a dose rate of 500 e−/Å2 s (AVI)
Video S4: Au nanorod with PEG-alkanethiol etching in
38 mM FeCl3 at a dose rate of 700 e−/Å2 s (AVI)
Video S5: Au nanorod with cysteine on tips etching in
38 mM FeCl3 at a dose rate of 3200 e−/Å2 s (AVI)
Video S6: Au nanorod with cysteine on tips etching in
38 mM FeCl3 at a dose rate of 3200 e−/Å2 s (AVI)
Video S7: Au nanorod with cysteine on tips undergoing
a breaking event while etching (AVI)
CHNS elemental analysis of ligand composition on gold
nanorods, ligand-radiolysis product chemistry in the
liquid cell environment, supplemental ﬁgures, and
additional ex situ experiments. The supplemental ﬁgures
include additional analyzed trajectories of cysteinecapped and full cysteine coverage nanorods, additional
images of nanorod breaking events, and additional TEM
images and analysis of ex situ etched nanorods (PDF)
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