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ABSTRACT: Chemical reaction kinetics at the nanoscale are
intertwined with heterogeneity in structure and composition.
However, mapping such heterogeneity in a liquid environment is
extremely challenging. Here we integrate graphene liquid cell
(GLC) transmission electron microscopy and four-dimensional
scanning transmission electron microscopy to image the etching
dynamics of gold nanorods in the reaction media. Critical to our
experiment is the small liquid thickness in a GLC that allows the
collection of high-quality electron diffraction patterns at low dose
conditions. Machine learning-based data-mining of the diffraction
patterns maps the three-dimensional nanocrystal orientation,
groups spatial domains of various species in the GLC, and
identifies newly generated nanocrystallites during reaction, offering

GLC + 4D-STEM

a comprehensive understanding on the reaction mechanism inside a nanoenvironment. This work opens opportunities in probing
the interplay of structural properties such as phase and strain with solution-phase reaction dynamics, which is important for

applications in catalysis, energy storage, and self-assembly.

KEYWORDS: Four-dimensional scanning transmission electron microscopy, graphene liquid cell electron microscopy,

nanocrystal etching dynamics, nanostructural heterogeneity

hemical reaction kinetics and the associated nanoscale

spatial heterogeneity in the reactants and reaction
environment such as reactant composition, solution structure,
and temperature are interdependent in various systems."” For
example, local variations in monomer concentrations can
impact interfacial polymerization kinetics in the synthesis of
polyamide membranes, leading to the formation of nanoscale
Turing patterns.” A structurally heterogeneous solid—electro-
lyte interphase can impede or promote ion diffusion in
rechargeable ion batteries.” For nanocrystals, they have diverse
applications in bioimaging, photoemission, energy storage, and
mechanical and optical metamaterials.” The associated
reactions such as growth and etching can all be affected by
nanostructural heterogeneity.” The heterogeneity can be of
nanocrystals, such as spatial differences in phase, phase
orientation, and strain, which determine the local reactivities
of nanocrystals.””~"" The heterogeneity can also occur in the
reaction media of the nanocrystals, such as solvated ligands and
ion clusters, which change local reaction kinetics."*~"° While
recent advancements of liquid-phase transmission electron
microscopy (TEM) have enabled direct observations of the
reaction kinetics of nanocrystals in liquids at the unparalleled
nanometer (nm) resolution, the involved nanostructural
features of the nanocrystals and liquid environment have not
been simultaneously studied. TEM imaging only resolves the
size, shape, and position of the samples. Without indexing the
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three-dimensional (3D) nanocrystal orientation, the analysis of
nanocrystal reaction trajectories has been restricted by two-
dimensional (2D) TEM projections and by assuming the
absence of out-of-plane nanocrystal rotation. Without mapping
the phases in the liquid reaction media, it is difficult to
consider their impact on reaction kinetics where side reactions
or even phase transitions can occur, which is complex,
heterogeneous, and temporally evolving.”"®

Complementarily, the recently emergent four-dimensional
scanning transmission electron microscopy (4D-STEM)
utilizes a nm-sized probe to raster scan a region of interest
(ROI) and to collect electron diffraction patterns (DPs), from
which the crystal identity, crystal orientation, extent of
disorder, and strain of the ROI can be mapped at nm
resolution.'” However, 4D-STEM has only been scantly
demonstrated in a liquid TEM chamber without temporal
dynamics. Because the quality of DPs of a nm-by-nm sample
area decays fast in the presence of thick liquid along the beam
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Figure 1. Experimental workflow of our “4D-STEM in a GLC” method and representative 4D-STEM dataset during the etching reaction of GNRs.
(a) The schematic of our 4D-STEM in a GLC experiment and the different virtual detectors. (b) Time-lapse liquid-phase TEM images showing the
etching process of three GNRs in two sequential “Go” sessions (G, and G;). Scale bars: 50 nm. Dose rate: 273.0 e~ A~ s™". (c) Schematic of
“pause-and-go” cycles during the etching of GNRs. (d) Reconstructed BF images (left) and averaged DPs of GNRs at two “Pause” sessions (P, and
P,). The time taken for 4D-STEM DP collection is 19 min for Pause 1 and 14 min for Pause 2. (e) Reconstructed ABF (middle) and ADF (right)
images from different DP areas colored (left). Pixel size in the virtual images in (d) and (e): S nm X S nm.

path, previous studies used either strong beam illumination or
electric biasing to induce bubble formation and liquid thinning
in a SiN, chamber.'®"? These studies have difficulty in
controlling the remanent liquid amount and, more importantly,
altered the liquid. Recent work by Xie and Wang et al. used a
carbon-film liquid sandwich, which is thinner than a SiN,
liquid chamber, to achieve 4D-STEM mapping of the
nanostructures of electrolytes;” the electrolytes maintained a
solvated but static structure, without diffusional or reactional
dynamics.

Here we achieve the first correlated imaging of reaction
dynamics and nanostructural heterogeneity of nanocrystals by
4D-STEM in a graphene liquid cell (GLC), which reveals the
etching trajectories, the 3D orientation dynamics of the
nanocrystals, and temporally evolving heterogeneity in the
GLC (Figure la). GLC has been known for its thinnest
possible membranes,””*" utilizing which we collect high-
quality 4D-STEM datasets for liquid samples at nm resolution.
Using the etching reaction of gold nanorods (GNRs) as the
model system, we perform 4D-STEM within micrometer-sized

ROIs, including GNRs and the surrounding etching solution at
different reaction stages. Our customized machine learning
(ML)-based data-mining of the 4D-STEM datasets allows us
to (i) reconstruct virtual bright field (BF), annular bright field
(ABF), and annular dark-field (ADF) images of the ROI that
are consistent with real-space liquid-phase TEM images; (ii)
perform DP clustering analysis to recognize all species within
the GLC, including GNRs, nanocrystalline and amorphous
species in the liquid regions; (iii) index the 3D orientation of
GNRs and identify the nanocrystalline species that are
otherwise hard to distinguish in TEM mode; (iv) correlate
(i)—(iii) in the temporal domain with the etching of GNRs
continuously captured in TEM to gain insights in the etching
kinetics. Our “4D-STEM in a GLC” method integrates nm-
resolution mapping of real-space etching kinetics and
reciprocal-space crystallographic information, opening oppor-
tunities in studying solution-phase reactions where nano-
structural heterogeneity is critical, such as heterostructured
nanocrystals that we demonstrate here using multitwinned
icosahedral nanoparticles (MTNPs), strain-dependent nano-
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Figure 2. 3D rotational dynamics of GNRs during etching. (a) Schematic of 3D rotation of GNRs in GLC during etching with their corresponding
averaged DPs captured using 4D-STEM. (b) Definition of Bunge angle in a face-centered cubic (fcc) unit cell. The rotation follows the sequence of
(¢, D,¢,) around the z, &, 2’ axis, respectively. (c) Time-lapse liquid-phase TEM images with the contours of the GNRs tracked showing the
etching process in two sequential sessions (G, and G,). Dose rate: 334.4 e~ A7 s7". (d) Averaged DPs of two GNRs at Pause 1 and Pause 2 (P,
and P,) showing the orientations of the Au crystals. The time taken for 4D-STEM DP collection is 45 min for Pause 1 and 11 min for Pause 2. The
Bunge angles for each GNR at each stage are marked. (¢) GNR projection contours colored to their local surface curvatures during etching showing
the projected morphological change. (f) Volume trajectories of the small GNR. The highlighted stars are corrected values based on the marked
tilting angle € derived from Bunge angles (¢, ®,¢,) in (d). Inset: Corrected volumetric error &, as a function of tilting angle 6. Scale bars: 50 nm.

catalyst reactivity, and rotational dynamics of nanocrystals in
bioimaging and self-assembly.

We first use single-crystalline GNRs synthesized following
the literature and mix them with aqueous FeCl; and Tris-HCI
solution (Figures la and S1, Movie S1), sealed in a GLC.”
The etching solution induces etching of GNRs at dose rates of
273.0-334.4 ¢~ A72 57! in the TEM mode. At these dose rates,
radiolysis products such as OH® can have high enough
concentration to couple with oxidative Fe** and etch GNRs as
captured by liquid-phase TEM (Figure 1b)."* Meanwhile, the
FeCl; concentration is low enough to present no etching in the
TEM mode at dose rates lower than § e~ A™> 712"
Accordingly, we developed multiple “Pause-and-Go” cycles of
alternating TEM imaging and 4D-STEM collection (Figures 1c
and S2). During “Go” sessions, liquid-phase TEM imaging
triggers the reaction at the high dose rate in real-time. At
“Pause” sessions, to map nanostructural heterogeneity, 4D-
STEM is performed based on Scanning Electron Nano-
diffraction (SEND) previously described (Supporting Infor-
mation).25

For the 4D-STEM datasets collected at two etching stages
(Figure 1d, e), different virtual detectors can be selected to

access various contrast mechanisms and to recognize different
components in the sample (Figure 1a). For example, in Figure
1d, BF images are reconstructed based on the transmitted
beam in DPs (blue area, Figure 1a), with a bright liquid region
and dark GNR regions due to the fact that the short-range
ordered or amorphous structure scatters near the transmitted
beam where no Bragg spots from the crystalline GNRs are
present. Virtual BF thus creates contrast similar to bright field
TEM imaging; the morphologies of GNRs match with those in
liquid-phase TEM movies, validating the quality of DPs for
further analysis. The DPs of individual GNRs (Figure 1d)
show distinct diffraction spots, suggesting different crystalline
orientations. Next, Figure le shows ABF images reconstructed
from the detector area between the transmitted beam and the
first order Bragg reflection from GNR lattices (green area,
Figure la, e). The ABF images highlight the weakly scattering
and short-ranged structures such as the liquid in the GLC.*
Then the ADF images in Figure le use the high angle areas of
the DPs (yellow areas, Figure la, e), which present the
crystalline (dominantly GNR) regions as high intensity
features. Altogether, different virtual detectors for the 4D-
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Figure 3. Crystalline information mapping and identification. (a, d) Reconstructed BF images of the GLC after etching at P, and P,. (b, e)
Grouping results showing different components in the GLC, including both GNRs and different ferric oxyhydroxide nanocrystals. Crystals with
different orientations are colored differently. (c, f) Averaged DPs of each group in (b) and (e) showing clear identification of the varying
components in liquid. The gold (200), (220), and (311) are highlighted as rings for calibration. (g) Diffraction profiles of the ferrihydrite. The
positions of experimental diffraction spots are marked with gray stripes overlapping the peak positions. The width of the stripes corresponds to 1

pixel in DP images. Scale bars: 50 nm.

STEM datasets distinguish low z-contrast species and their
morphologies based on the phase information.

Further quantitative analysis of the DPs of GNRs maps
crystal orientations, which enables indexing of the 3D
orientations and out-of-plane rotations of GNRs (Figure 2a—
b, Movie S2) as they undergo etching in the GLC, which is not
accessible to liquid-phase TEM imaging. Specifically, two
GNRs are shown as examples, which undergo etching during
successive “Go” sessions as their projected contours change
(Figure 2c). 4D-STEM datasets are collected after each etching
stage, and then the DPs belonging to the two GNRs are each
identified and averaged to improve indexing reliability (Figure
2d). These DPs are fitted to a simulated DP database for the
most probable crystalline orientation (Figure S3, Supporting
Information), represented by the Bunge angles following the
sequence (¢, @,p,) (Figure 2b). Correspondingly, the 3D
orientations of GNRs are derived as the out-of-plane tilting
angle, 6 (Figure 2f).

Unlike previous GLC studies where etching dynamics were
studied by assuming all nanoparticles have no out-of-plane
rotations, we find that & changes as etching proceeds.”””" The
small GNR rotates significantly out-of-plane from 8 = 7.8° to
25.3°%, while the big GNR rotates much less, from 8 = 1.4° to
1.1° (Figure 2d, Supporting Information). We correct the 2D
projected area of the GNRs (stars in Figure 2f) by a factor of
€, based on 6, to derive the 3D volumetric changes. The
correction (£,,), although about 0.9% for the big GNR, is as
high as 9.6% for the small GNR, significant to consider for
etching rates (Figure 2f, inset; Figure S4, Supporting
Information). Note that our 4D-STEM-based measurement
of the 3D nanoparticle orientation is different from electron
tomography; 4D-STEM does not require the collection of tilt
series or extended beam illumination, thereby maximally
maintaining the reaction environment to allow monitoring of
temporal changes. Different GNRs rotate differently in 3D,

demonstrating the complexity of the etching kinetics and the
necessity of real-space imaging.

During the etching process, species other than GNRs within
the ROI can be captured by 4D-STEM. As shown in Figure
3a—f, we develop a generalizable workflow to calculate the
cross-correlation coefficients of all DPs and classify them into
groups by the k-means method (Figure SS and Supporting
Information) without knowing a priori the existing species. In
the example of the ROI in Figure 3a, different groups of DPs
are clustered and labeled in real-space (Figure 3b). In addition
to the expected groups from GNRs (1-S in Figure 3b),
multiple other groups are distinct from the scattering
background and appear as small domains (6—9 in Figure
3b). These small domains can hardly be differentiated in the
virtual BF image in Figure 3a. Similar observations are made at
the “Pause 2” stage in a zoomed-in view of the same ROI
(Figure 3d—e). The DPs of the non-GNR groups suggest
nucleation of nanocrystals in the vicinity of the GNRs.

The DPs of the small non-GNR crystalline domains are used
as powder diffraction patterns to specify their chemical
composition and structure. The diffraction disc pairs in groups
6—8 and group 9 in Figure 3c measure to (0.338 + 0.0066)
A™" and (0.551 + 0.0066) A™' respectively, which do not
match with the gold lattice d-spacing. The closest d-spacings of
the gold (111), (200), and (220) planes (overlaid in Figure 3f)
do not match with the diffraction spots either, suggesting that
new crystalline species other than gold have been formed in
the GLC. At the nanoscale, Navrotsky et al. predicted the
thermodynamics and reactivity of iron oxide in various phases
and hydration states based upon their sizes.”” Upon first
hydration (Fe,O; + H,0 — 2FeOOH), iron oxyhydroxides,
nominally FeOOH, have four known phases while there exists
subsequent hydration to form ferrihydrite (FeOOH + H,0 —
Fe(OH);). Their study showed that ferrihydrite is the most
thermodynamically competitive among all of the species at a
size of ~60 nm or smaller. Here by measuring the d-spacing of
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Figure 4. Heterogeneity mapping in the liquid environment of a GLC. (a) Heterogeneity mapping of the GLC after TEM imaging at the dose rate
of 334.4 e~ A2 57, Liquid (purple), bubbles (yellow), and nanocrystals (green) are identified clearly using the grouping method. Time taken to
collect DPs: 30 min. (b) Radial intensity profiles of averaged DPs of liquid, bubble, and crystal regions. To highlight features, all the data are
normalized. Although both DPs of liquid and bubble show no diffraction spots and look similar, the liquid DP has a more diffusive inner disc due to
the inelastic scattering of water, resulting in a higher intensity at pointed g, while the bubble DP shows a sharper inner disc. Inset: Averaged DPs of
liquid, bubble, and crystal regions. (c) Histogram of the size of different crystalline groups in (a) showing the heterogeneous environment in the
GLC. (d) Time-lapse liquid-phase TEM images showing the evolution of the bubbles together with the nanocrystals. Scale bars: SO nm.

all the diffraction discs available (0.338, 0.449, 0.551, 0.662,
and 0.727 A™', gray in Figure 3g) against the powder patterns
of all the chemicals with known crystal structures in the series
of hydration reactions, we find that ferrihydrite indeed has the
most peaks matched (Figures 3g and S6). In addition, Michel
et al. reported that the prevalent nanocrystalline (<10 nm)
form of ferrihydrite in a broad range of applications exhibits
slightly different crystal structures at domain sizes of 2, 3, and 6
nm (not in GLC).” Similarly, our grouping results show that
most of the nanocrystalline domain sizes are no larger than 10
nm. While previous GLC studies have also observed
nanocrystallites when their size was sufficiently large (>10
nm) to image under TEM, the compositions of the crystallites
were assigned as FeOOH or Fe(OH);(H,0),,s, based on real-
space imaging of lattice fringes under a strong electron
beam.'”*" 4D-STEM instead scans across an ROI and locates
the nanocrystallites at a more nascent stage of a small size with
a low electron dose rate, because DPs are sensitive to local
periodic structures and can measure multiple d-spacings of
randomly oriented nanocrystallites for precise identification of
phases.

To fully exploit 4D-STEM to map and detect species that
are otherwise “invisible” in the TEM imaging, we map the
etching solution in the GLC without GNRs, which shows an
obvious heterogeneity that was discussed in previous literature
reports (Movie S3).””** As shown in Figure 4a, virtual BF

images and grouped DPs of the liquid pocket suggest
immediate spatial heterogeneity of the reaction environment,
i.e., bubbles, liquids, and nanocrystallites. The average DPs of
each group are shown in Figure 4b. The DPs of nano-
crystallites exhibit distinctive and sharp spots while those of the
liquid and bubble domains have diffuse scattering around the
transmitted beam. Between liquid and bubbles, although both
show amorphous rings, the liquid DP has a more diffusive
inner disc due to the inelastic scattering of water, resulting in a
higher intensity at pointed g, while the bubble DP shows a
sharper inner disc (Figure 4b). Our grouping separates the two
amorphous species apart. During 4D-STEM mapping, the
morphology of nanobubbles and nanocrystals remains intact,
suggesting that the electron beam effect is generally minimized
at this “Pause” stage. The radiolysis of the aqueous solution at
high dose rate generates H,, which further nucleates into
bubbles.”>** The DPs of the nanocrystallites match with
those of ferrihydrite oriented at the zone axis (001), which can
be possibly attributed to pH induced precipitation of Fe** ions,
exhibiting spatial domains of various sizes. 4D-STEM and
analysis of DPs uniquely allow us to spatially map different
chemical identities such as liquid, bubble, gold nanocrystals,
and ferrihydrites (even those with sizes below 60 nm?, Figure
4c), which are hard to identify all at once using traditional
TEM.
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Figure S. 4D-STEM-in-a-GLC experiment with gold MTNPs. (a) Virtual BF image of MTNPs in GLC. (b) MTNPs with twin boundaries and
representative DPs of the regions highlighted in (a). Time taken for 4D-STEM DP collection: 120 s. (c) Time-lapse liquid-phase TEM images

showing the etching of MTNPs in a GLC. Scale bars: 50 nm.

The spatial and chemical heterogeneities of the etching
solution in GLCs are common and evolve over time and are
found to correlate with local changes in etching kinetics. For
example, it was reported that beam-generated gas bubbles can
significantly accelerate the oxidative etching of gold NPs.*
Indeed, the small GNR in Figures 2c and S8, with a
nanobubble close to its lower left bottom, shows faster etching
than the big GNR, leaving a dip at the bottom left tip (purple
arrows in Figure S8b). Meanwhile, the formation of
ferrihydrite nanocrystallites suggests local consumption of
Fe®" ions in addition to those reacted during etching, which
leads to differences in the local etching rate of GNRs
(examples in Figure S8b) and symmetry-breaking in the
GNR shape. Such a heterogeneous environment can originate
from stochastic nucleation of crystallites and bubbles during
reactions, the limited diffusion of ions within a confined GLC
pocket, and the variation of the surface chemistry of graphene.
Our observation suggests that in future studies to use GLC as
nanoreactors, such heterogeneity needs to be considered in
explaining reaction kinetics.

In summary, we show the GLC-based 4D-STEM studies of
nanocrystal reaction kinetics and structural heterogeneity,
showing the resulting capability of quantitative analysis of
temporally evolving structure and phases in a liquid environ-
ment at the nanoscale. For GNRs sandwiched in an etching
solution, we find out-of-plane rotational motions, which are
important to consider for understanding the etching kinetics in
3D. Significant heterogeneity in the GLC is detected from DPs
collected at nm step size, allowing us to track and identify the
emergence of phases that are otherwise hard to visualize in
TEM alone.

The experimental imaging and analysis platform can be
applied to other systems such as MTNPs to study their

structural evolution during chemical reactions (Figure S,
Methods, Supporting Information). Figure Sa—b shows that
4D-STEM maps distinctive DPs which are due to either the
existence of different crystal orientations within one MTNP or
the superpositions of all the DPs from the domains along the
beam path. These MTNPs can merely be recognized as circular
projections in TEM alone where the multicrystallinity is lost. It
is possible to decouple the superpositioned DPs for further
analysis on such complicated structures. Since GLC can be
held by double-tilt holders, one can also use single crystals to
understand the influence of excitation error on the intensities
of forbidden reflections in the GLCs. Similar to GNRs, MTNP
etching can be initiated at dose rates of 35.6—152.6 e~ A~ 57!
under TEM over extended observation time (~20 min) with
an accumulated dose of 144,000 e~ A2, without observing
drying of GLCs while maintaining continuous etching of the
nanoparticles (Figure S9, Table S2). In 4D-STEM, with a fixed
dose rate of 1.5 X 10° e~ A= s™'and ~60 s duration for each
4D-STEM scan, more than 15 rounds of 4D-STEM DP
collections can be performed during multiple “Pause” sessions
while the etching of MTNPs can proceed in the “Go” sessions
(Figure Sc, Table S1). Note that for the “Pause” sessions to
collect 4D-STEM DPs, we find that an accumulated dose of
7.5 X 107 e~ A~* (Figure S10 and Table S3) can start to initiate
the etching of NPs by the scanning probe. The “Pause”
sessions can be further shortened with advanced instrumenta-
tion such as new detectors and data transfer schemes. For
example, to our estimation, a pixelated direction electron
detector with a speed of 1,000 frames per second, such as an
Electron Microscope Pixel Array Detector (EMPAD), can have
a 60- to 100-fold decrease in the acquisition time at a similar
ROI size at lower dose, pushing the acquisition time from ~30
min to tens of seconds.” As to pushing for the atomic
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resolution in 4D-STEM, previous work has shown that
advanced nanofabrication of 2D materials has made GLCs
that allow HAADF-STEM imaging of single metallic atoms.*
We foresee that ptychography reconstruction of atomic images
in 4D-STEM is feasible in GLC, especially with recent
advances in compressive sensing algorithms to reduce the
dose needed’” and the development of the next generation of
direct electron detectors, such as EMPAD-G2 and Dectris
detectors. As such, we see that our 4D-STEM-in-a-GLC
method can provide a comprehensive mapping of the
heterogeneity in reaction kinetics by capturing structural
complexities of multiphased nanocrystals, spatial distribution
of strain, which can relate to catalytic activity, and amorphous
species such as ligand structures on nanoscale surfaces.
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