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Abstract

Many nanoparticles in fields such as heterogeneous catalysis undergo surface structural
fluctuations during chemical reactions, which may control functionality. These dynamic structural
changes may be ideally investigated with time-resolved in situ electron microscopy. We have
explored approaches for extracting quantitative information from large time-resolved image data
sets with low signal-to-noise recorded with a direct electron detector on an aberration-corrected
transmission electron microscope. We focus on quantitatively characterizing beam-induced
dynamic structural rearrangements taking place on the surface of CeO; (ceria). A 2D Gaussian
fitting procedure is employed to determine the position and occupancy of each atomic column in
the nanoparticle with a temporal resolution of 2.5 ms and a spatial precision of 0.25 A. Local rapid
lattice expansions/contractions and atomic migration were revealed to occur on the (100) surface
whereas (111) surfaces were relatively stable throughout the experiment. Application of this
methodology to other materials will provide new insights into the behavior of nanoparticle surface
reconstructions that were previously inaccessible using other methods, which would have

important consequences for the understanding of dynamic structure-property relationships.
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1. Introduction

Recent developments in direct electron detectors for transmission electron microscopes has
resulted in significant increases in image frame read-out speeds over conventional CCD imaging
cameras, enabling temporal resolutions on the order of milliseconds to be achieved with high
detective quantum efficiency (Faruqi et al., 2005; McMullan et al., 2014; Ruskin et al., 2013;
Faruqi & McMullan, 2018). Installing these detectors on aberration-corrected transmission
electron microscopes (AC-TEM) now allows materials characterization to be performed with both
high spatial and temporal resolution. Structural dynamics are important in many areas of materials
science and impact phase transformations, solid state reactions and morphological change. One
area where this spatio-temporal analysis will be useful is for the study of atomic structural
dynamics that may take place in catalytic nanoparticles under reaction conditions. /n situ AC-TEM
has become an indispensable tool for the direct observation of static and dynamic nanoparticle
structures (Takeda et al., 2015; Takeda & Yoshida, 2013; Jinschek, 2014; Tao & Crozier, 2016;
Taheri et al., 2016). Supported metal nanoparticles are extensively used in heterogeneous catalysis,
and in situ atomic-level structural analysis can elucidate potential structure-reactivity relations
(Helvegetal., 2004; Peng et al., 2012; Lawrence & Crozier, 2018). For many nanoparticle systems,
particularly in catalysis, dynamic surface rearrangements can occur during a reaction and may be
critical to functionality (Vendelbo et al., 2014; Kuwauchi et al., 2013; Yoshida et al., 2012). To
achieve a fundamental understanding of atomic-level structural dynamics, it is therefore necessary
to develop quantitative approaches for processing large series of noisy time-resolved images to
extract structural information, such as the variation in atomic column positions and occupancies,

with both high precision and the highest possible temporal resolution.



Methods have been developed to accurately determine atomic column positions or
occupancies for atomic resolution images (Yankovich et al., 2014; Nilsson Pingel et al., 2018;
Levin et al., 2016; Friedrich et al., 2009; Florea et al., 2013; Bals et al., 2016). However, to date
these approaches have employed image averaging procedures or long acquisition times, which
yields images with reasonable signal-to-noise. With the shorter acquisition times associated with
improved temporal resolution, the signal-to-noise is significantly degraded, increasing the
uncertainty associated with the determination of atomic column positions and occupancies.
Another consequence of the high temporal resolution available from direct electron detectors is
that extremely large data sets of a terabyte or more are generated, making it important to develop

robust algorithms to automate extraction of meaningful information.

Here, we explore approaches for extracting quantitative information from large image data
sets with low signal-to-noise recorded from nanoparticles undergoing dynamic surface structure
rearrangement. For this work, we focus on CeO; (ceria) nanoparticles and use the electron beam
to drive rapid structural reconfigurations at room temperature. Ceria is an important reducible
metal oxide that has widespread technological applications due to its ability to exchange oxygen
from its crystal lattice with the surrounding environment (Aneggi et al., 2016; Montini et al., 2016),
and atomic-level structural heterogeneities can strongly influence the exchange activity (Trovarelli
& Llorca, 2017; Tang & Gao, 2016). At elevated temperatures, especially under redox cycling,
significant surface migration and sintering processes can take place (Crozier et al., 2008; Wang et
al., 2010). Thus, developing time-resolved approaches to characterize atomic reconfigurations in
ceria and other nanoparticle systems is critical to elucidate a fundamental mechanistic
understanding of these processes. In this work, the electron beam accelerates the redox reactions

at room temperature by preferentially removing oxygen, allowing us to acquire model data sets



that are ideal for developing the image processing techniques. Here, we achieve a spatial precision
of 0.25 A and single atom sensitivity for atomic column occupancies while the original temporal
resolution of the image acquisition is preserved, revealing local lattice expansions and contractions
on a ceria (100) surface that have not been previously observed in the literature. This approach
does not only apply to beam-induced studies, rather, this work explores the capability of in situ
TEM to observe structural dynamics regardless of how the structural changes are induced. The
application of this methodology to other materials may provide new insights into the dynamic
behavior of additional nanoparticle surfaces that were previously inaccessible using other methods,
which can aid significantly in understanding structure-property relationships. For example, we
have used the approach to explore oxygen vacancy creation and annihilation at different defect

sites on oxide surfaces (Lawrence et al., 2018).

2. Materials and Methods

CeO: nanoparticles were synthesized by the hydrothermal method developed by Yang et
al. (Yang et al., 2007, 2009). In a typical synthesis, Ce(NO3)3-6H20 was dissolved into distilled
water and mixed with a 12 M NaOH solution for 30 minutes with stirring. The resulting slurry was
placed into a 50 mL autoclave and heated to 200°C for 24 hours. The precipitate was isolated by
centrifugation, washed multiple times with de-ionized water, and dried at 60°C overnight in air to
produce the desired CeO> nanoparticles.

An FEI Titan ETEM 80-300, aberration-corrected, environmental transmission electron
microscope (AC-TEM) was used for imaging CeO: nanoparticles at 400 frames/second (fps). The

microscope was operated at 300kV and used in ETEM mode with a pressure of <10 Torr at the



sample. (111) and (100) CeO, nanoparticle surfaces were imaged in a [110] projection at 120,000
e’A2s7!, equating to 300 e’A? per individual frame. This electron fluence has been shown to induce
dynamic structural rearrangements on ceria surfaces in vacuum at room temperature (Sinclair et
al., 2017; Bhatta et al., 2012; Mobus et al., 2011; Bugnet et al., 2017). Images were acquired using
a Gatan K2 IS direct electron detector operated at 400 fps with 4k x 4k pixels and a pixel size of
~0.125 A/pixel. Images were acquired over a ~22 second total exposure time, equating to ~8800
individual image frames. Visual analysis of the full image sequence showed that structural
rearrangements occurred throughout the observation period.

Representative dynamic events of ~500 ms (~200 image frames) were selected for image
analysis. Initially, algorithms designed for use on annular dark field STEM images were applied
to representative image sequences; however, these methods failed to give satisfactory results for
our images. The bright and varying background of low signal-to-noise bright field TEM images
makes it challenging to extract atomic column intensities and distinguish atomic columns from
noise fluctuations, which motivated us to design our own more basic algorithm. To demonstrate
our image analysis methodology, individual 2.5 ms exposure images were spatially binned by two
(to ~0.25 A/pixel) and then a 1-pixel radius Gaussian blur filter was applied to reduce noise using
ImageJ. The mean and standard deviation (Gvac) of the intensity in vacuum was measured, and
these values were used to estimate the error due to noise as discussed below. All of the images
were normalized by dividing each individual image by the mean vacuum intensity to set the
vacuum level at 1. This facilitated comparison of experimental images with multislice simulations.

A suite of custom written MATLAB codes, which we named Time-Resolved Atomic
Column Tracking (TRACT), was used to identify atomic columns and determine their position

and integrated intensity (Levin et al., 2019). Analysis with the TRACT code was greatly simplified



when applied to images with bright atom contrast, rather than the dark contrast present in the initial
images. Image contrast was therefore inverted by subtracting each pixel value from the mean

intensity in the vacuum. These TRACT codes are available on Github

(https://github.com/bdalevin/TRACT-TEM-Tracking-MATLAB-Code), and a brief description is
given below. After loading image stacks into MATLAB, approximate positions for each cation
column in the nanoparticle were identified manually. The position of each cation column in a
summed image of the time series (a time-projected image) was then precisely located by first
finding the local maximum within a user-specified radius from each initial position, fitting a
centroid around each local maximum, and then fitting a 2D elliptical Gaussian around each
centroid position. The coordinates of the maxima of each of the 2D Gaussians in the time-projected
image defined the positions of each cation column. The centroid fitting stage of coding made use
of the particle tracking scripts originally written for the programming language IDL by Crocker,
Grier, and Weeks (Crocker & Grier, 1996), and implemented in MATLAB by Blair & Dufresne
(Blair & Dufresne, 2011). The Gaussian fitting stage of coding made use of the 2D Gaussian
MATLAB function written by Gero Nootz (Nootz, 2012).

Next, the cation column positions found in the time-projected image were used as initial
estimates to determine the cation column positions in each individual frame of the image series.
Due to the low signal-to-noise of the 2.5 ms exposure images, two additional criteria were applied
to determine if each Gaussian fit in the individual frames was acceptable: the amplitude must be
equal to or greater than 26y, of the vacuum intensity value and the goodness of fit (R?) must be
greater than 0.4. Assuming normal statistics, the probability of random noise causing the intensity
to be greater than 26vac of the vacuum intensity value is ~5%, and we therefore assume that this

criterion provides 95% confidence that the Gaussian fit is associated with the presence of an atomic
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column. Supplementary Figure S1 provides a schematic of the requirement that a Gaussian fit
must have an amplitude of greater than 26vac. If the amplitude of the Gaussian fit was less than
20vac, then the integrated intensity was set to zero. If the amplitude was equal or greater than 26vac
but the R? value was equal to or less than 0.4, then the fit was rejected and ignored during analysis.
The coordinates of the maxima of each of the 2D Gaussians defined the positions of each cation
column. A value for column intensity in each frame was calculated using the analytical expression
for the integral of a 2D Gaussian function, I = 2nAcxoy, where A is the amplitude of the fit and ox
and oy are the standard deviations (widths of the curves) of the two dimensions of the Gaussian
function. The accuracy of the TRACT algorithm for locating atomic column positions and

estimating column occupancy is critically discussed in (Levin et al., 2019).

AC-TEM image simulations were performed using a multislice approach in the JEMS
software developed by Pierre Stadelmann to produce an image intensity look-up table
(Stadelmann, 2018). For image simulations, the microscope accelerating voltage, spherical and
chromatic aberration coefficients, beam half convergence angle, and defocus conditions were
matched to experimental conditions while additional lens aberrations and noise were set to zero as
shown in Supplementary Table S1. A partially coherent (envelope) illumination model was used.
To calculate the intensity look-up table, images of a (111) CeO: surface were simulated over a
range of thicknesses from 1 Ce atom per column to 16 Ce atoms per column corresponding to ~5
nm. A representative simulated image of 4-atom thickness is presented in Supplementary Figure
8$2a, and the corresponding inverted image used for intensity calculations is shown in
Supplementary Figure S2b. A value for the intensity of Ce columns at each thickness was
calculated by fitting a 2D elliptical Gaussian to columns at different sites using the procedure

described above. Four different sites were chosen for intensity calculations: two sites at the (111)



surface of the simulated image, and two “bulk” sites several layers away from the (111) surface.
‘A’ sites are those where the Ce atoms in the column appear in the odd-numbered slices in our
simulations and ‘B’ sites are those where the Ce atoms in the column appear in the even-numbered
slices in our simulations. 'A' and 'B' sites were chosen to determine if there were any differences
in intensity at different positions along the beam direction. The results of these calculations are
given in the look-up table in Supplementary Figure S2c, which shows that the integrated intensity
increases roughly linearly between 1 and 7 atoms in thickness, before peaking at 13 atoms in
thickness and decreasing thereafter. Relatively little difference in integrated intensity is observed

between different sites (A and B, surface and bulk) until 10 atoms in thickness is reached.

3. Results and Discussion

3.1. Imaging Surface Structures

Figure 1a shows an AC-TEM image of a ~2 nm CeO: nanoparticle with a 1 s total exposure
time (unprocessed 2.5 ms frames aligned and summed together). Cerium atomic columns have
dark contrast in these images; oxygen atomic columns were not visible with the imaging conditions
used. Figure 1b shows a single, unprocessed 2.5 ms exposure frame from the image sequence used
to create the 1 s total exposure image in Figure la, indicating the low signal-to-noise ratio present
in individual images. As evidenced by Figure 1a,b, higher temporal resolution is associated with
lower signal-to-noise in the raw data. In this orientation, a polar (100) facet is flanked by two non-
polar (111) facets. Inspection of the nanoparticle surfaces in Figure la reveals that the atomic
columns on the (100) surface appear more diffuse relative to the (111) surfaces and subsurface

atomic columns. Variation in the positions and intensities of atomic columns in individual frames



causes the more diffuse appearance of columns on the (100) surface, and it is these variations that

we aim to characterize.

Figure 1. Imaging of a CeO; nanoparticle. a Aberration-corrected TEM image of a ~2 nm CeO:

nanoparticle with a 1 s total exposure time (unprocessed 2.5 ms frames aligned and summed
together). b A single, unprocessed 2.5 ms exposure frame from the image sequence used to create

the 1 s total exposure image in a.

3.2. Relationship between Measurement Precision and Temporal Resolution

It is important to consider the relationship between the precision of position/intensity
measurements and the temporal resolution. Consider an atomic column that is assumed to be
stationary and does not change occupancy throughout the observation period. If Poisson statistics
is assumed and M independent measurements of position, r, or intensity, I, are made, then the

average of those M measurements provides the best estimate of the “true” value with the standard

error in the mean given by o, /V/M where oum is the standard deviation. For an individual
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measurement from a single frame, the standard deviation, om, provides an estimate of the

uncertainty/error associated with each individual measurement.

For atomic column position analysis, columns in the center of the nanoparticle image
composed mainly of subsurface atoms are more stationary than surface columns over the
representative observation period (200 image frames) and can be used to estimate the standard
deviation associated with the precision of the measurement technique. The standard deviation of
the position of those columns was ~0.25 A. We assumed the measurement error, co, of the more
dynamic surface columns was also 0.25 A for each 2.5 ms exposure frame. The temporal resolution
limit is defined as to with to = 2.5 ms for these experiments. Thus, oo represents the spatial precision
in the determination of the position of an atomic column with a temporal resolution of to. If n

frames are averaged together, the temporal resolution is degraded to t, = nto, but the spatial

precision of the average position measurement would improve to g, = 0,/vn. Solving for n =
ta/to and inserting into o, gives g, = g, ’t—o, which provides a simple expression relating the spatial
n

precision to the temporal resolution. It shows that for a given electron fluence per frame, there is
an inverse relationship between spatial precision and temporal resolution. This relationship is
plotted in Figure 2 (including the electron fluence) for the experimental parameters described
above. As can be seen from this plot, the spatial precision is 0.25 A at the limiting case of 2.5 ms
temporal resolution but can be improved by averaging images together. For example, if 0.05 A
spatial precision is desired, then the temporal resolution must be reduced to 62.5 ms, which
corresponds to 25 frames being averaged together. It is interesting to note that the curve initially
falls rapidly with temporal resolution and averaging 5 frames (12.5 ms) gives over a factor of 2

improvement in spatial precision. However, to achieve another factor of 2 would require averaging
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of 25 frames because the curve drops more slowly. Similarly, reducing the fluence by a factor of

5 would degrade the spatial precision only by a factor of 2.
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Figure 2. Relationship between spatial precision, temporal resolution, and electron fluence.

Similarly, for intensity analysis, atomic columns in the center of the nanoparticle image
visually appeared to have relatively constant intensity over the representative observation period
(200 image frames), and the standard deviation of the integrated intensity of those columns was
measured to be ~0.3 arbitrary units. Therefore, the precision of individual measurements of
intensity is defined as Alp = 0.3 arbitrary units at the temporal resolution limit of to = 2.5 ms. Using
the same arguments as discussed above for position measurements, if n image frames are averaged
together and temporal resolution is sacrificed, then the precision of the average intensity
measurement would be given by Al,, = Al,/v/n. This results in a similar expression for relating

the intensity precision and temporal resolution of a single image frame to any number of averaged
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images, Al,./t,.= Aly,/ty. Therefore, the relationship between average intensity measurement
precision and temporal resolution displays identical behavior to that shown for spatial precision in

Figure 2.

3.3. Observing Local Surface Lattice Expansion & Contraction

Local lattice expansions and contractions were observed on the (100) surface over short
time periods (~0.2 s), and the position of each Ce atomic column in the nanoparticle in each 2.5
ms image frame was determined. Figure 3 shows a 0.5 s time sequence from the experiment during
which a representative lattice expansion and contraction event was observed. The individual
column positional measurement errors of 0.25 A were added in quadrature to assign error bars of
0.35 A to separation distance measurements in 2.5 ms image frames. For visual clarity, each image
in Figure 3 is a 12.5 ms exposure image (five spatially binned and Gaussian blurred 2.5 ms images

summed together), which resulted in the error in separation distance to be reduced to 0.16 A for

these frames (0.35 A/+/5). Images of Figure 3 are shown with dark atom contrast, but the
measurement analysis was performed on the inverted images. The separation distance between Ce
atomic columns on the bulk-terminated (100) surface is 3.825 A in this projection. As shown in
Figure 3a, the distance between two (100) surface Ce atomic columns is 3.27+0.16 A at 0.16 s,
expands to 5.03+0.16 A after 0.21 s (Figure 3b), and contracts back to 3.52+0.16 A after an
additional 0.2 s (Figure 3c). In Figure 3a, there are three (100) surface atomic columns; however,
the third surface atomic column is almost invisible in Figure 3b when the lattice expansion occurs.

A time-resolved image sequence of the lattice expansion and contraction seen in Figure
3a-c is provided as Supplementary Video V1. The separation distance between the two (100)

surface Ce atomic columns highlighted in Figures 3a-c was determined for each 2.5 ms frame in
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the 0.5 s image sequence (200 frames) and is shown in Figure 3d. The blue points indicate
measurements from each individual frame, the solid black line is a 5-frame moving average
trendline, and the dashed green line indicates the bulk-terminated (100) separation distance (3.825
A). The semi-transparent blue windows represent the five image frames that were summed
together to create Figures 3a-c. The local lattice expansion and contraction behavior was cyclical
and occurred several times over the full set of experimental image acquisitions (~22 s) (An

additional sequence and quantification is shown in Supplementary Figure S3).

Separation (

o
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e

Figure 3. Local surface lattice expansion. a-c Image sequence of the CeO nanoparticle with 12.5
ms exposure images (five spatially binned and Gaussian blurred 2.5 ms images summed together).
Two Ce atomic columns on the (100) surface are separated by 3.27 A at 0.16 s in a, expand to 5.03

A after 0.21 s in b, and contract to 3.52 A after 0.41 s in ¢. d Measurement of the separation of the
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two marked surface Ce atomic column over 0.5 s image sequence. The blue points indicate
measurements from each frame, the solid black line is a 5-frame moving average trendline, and
the dashed green line indicates the bulk-terminated (100) separation distance (3.825 A). Error bars
are 0.35 A. The semitransparent blue windows represent the five image frames that were summed

together to create a-c.

As can be seen in Figure 3d, the drastic expansion of the atomic column separation occurs
over a short time period. This expansion is shown in Figure 4 with 2.5 ms temporal resolution. In
Figure 4a,e, the distance between the two (100) surface atomic columns is 3.77+0.35 A. After 2.5
ms, the three surface atomic columns are absent from the image (Figure 4b,f). The absence of
visible contrast for the three surface atoms in Figure 4b,f may indicate that the atoms are
dynamically rearranging, causing diffuse image signal that is indiscernible from the noise.
Alternatively, if it’s assumed that an atomic column is present and stationary, then based on the
criteria described in Materials and Methods, for the column to be visible it must have an intensity
value of [ > Ivac +26vac. If the intensity is less than Ivac +26vac, the column will be undetectable. As
a result, it can be inferred that the absence of visible signal for the three surface atomic columns
in Figure 4b,f is either because the atoms are in a ‘transition state’ where atoms are dynamically
rearranging during the exposure time or the atoms are stationary and have signal that is below the
detection limit. It seems unlikely that three adjacent, stationary atomic columns would be invisible
in the same 2.5 ms frame, so it is much more likely that the three columns are undergoing dynamic
rearrangement. In the following frame (Figure 4c,g), the signal from the surface atomic columns
is visible again, with the separation distance between the two atomic columns increasing to

4.43+0.35 A. After an additional 2.5 ms, the expansion reaches 4.93+0.35 A, as shown in Figure
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4d,h. Although the individual image frames of Figure 4 are quite noisy, this approach can clearly

extract information about the precise time over which the surface lattice expansion took place.

Figure 4. Image sequence of local (100) surface lattice expansion of CeO» nanoparticle with
spatially binned and Gaussian blurred 2.5 ms frames in a-d and inverted images in e-h. Two
surface atomic columns are separated by 3.77 A in a,e, are absent in b,f, reappear and expand to
4.43 A in ¢,g, and expand further to 4.93 A in d,h. The error in each of these measurements is
+0.35 A. The absence of the three (100) surface atomic columns in b,f suggests that the atoms in
these columns are dynamically rearranging in a ‘transition state’, as marked by the “T” on the
images. The red arrows in each frame provide a guide to the eye for referencing the surface
dynamics.

This large and rapid local surface lattice expansion and contraction behavior on a CeO>
nanoparticle (100) surface has not previously been reported in the literature and has been observed

here for the first time due to the high temporal resolution of these measurements. It is hypothesized

16



that this behavior is related to a cyclic oxygen vacancy creation and annihilation process possibly
driven in part by the electron beam and oxygen species (i.e. H2O, O, OH* etc...) present in the
environmental sample cell and possible oxygen migration from the bulk. The large expansion of
the Ce spacing is likely associated with removal of the shared O anions, leading to strong
electrostatic repulsion between the cations. This expansion may also have destabilized the third
atomic column in Figure 3 and caused the atoms in that column to migrate to more stable positions.
In addition, (100) CeO> surfaces are known to more readily release oxygen compared to (111)
surfaces due in part to their lower oxygen vacancy formation energy (Nolan et al., 2006; Paier et
al., 2013; Skorodumova et al., 2002; Migani et al., 2010). Since we are removing oxygen with the
electron beam, the cross section for removing oxygen via sputtering or knock-on will be larger on
the (100) surface compared to the (111) surface. The lower vacancy formation energy may explain
why more dynamic behavior is observed on (100) surfaces in our experiment and other studies
(Bugnetetal., 2017; Sinclair etal., 2017; Mobus et al., 2011; Bhatta et al., 2012). These hypotheses
can be confirmed with future theoretical simulations.

3.4. Observing Atom Migration

The integrated intensity of each Ce atomic column in each 2.5 ms image frame was
quantified to estimate the number of atoms within each atomic column during surface migration.
Figure 5 shows a representative atom migration sequence of events during 0.5 s of the experiment,
and each image is a 12.5 ms exposure of the inverted images used for analysis (five inverted 2.5
ms images summed together). Focusing on the three atomic columns identified by the white arrows
and the “17, “2”, and “3” labels (referred to as atomic column 1, atomic column 2, and atomic
column 3, respectively), it is shown in Figure 5a that an atomically sharp tip has formed on the

nanoparticle as indicated by the presence of atomic column 1 and absence of atomic column 2.
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After 0.21 s (Figure 5b), every atom has migrated out of atomic column 1 as evidenced by the
lack of intensity, whereas atoms have appeared in atomic column 2. Within an additional 0.11 s,
some atoms have migrated back into atomic column 1 (Figure 5c¢). A time-resolved image
sequence of the atom migration events seen in Figure 5a-c is provided as Supplementary Video

V2 and is also highlighted with 0.1 s exposure images in Supplementary Figure S4.

The number of Ce atoms within atomic columns 1, 2, and 3 were estimated through a
comparison of experimental column intensities to the intensity look-up table (Supplementary
Figure S2) and is shown in Figure 5d,e,f, respectively. The points indicate atomic column
occupancy measurements from each 2.5 ms frame, the solid black line is a 5-frame moving average
trendline, and the semitransparent red windows represent the five image frames that were summed
together to create Figures 5a-c. As discussed in Materials and Methods, the standard deviation of
the integrated intensity measurements of subsurface atomic columns in the center of the
nanoparticle was ~0.3 arbitrary units, which is approximately the intensity value for a single atom
as shown in Supplementary Figure S2. Therefore, error bars of +1 atom were assigned to the
atomic column occupancy estimates of Figure 5. This error is relatively large but would be reduced
if a higher electron flux is used or by sacrificing temporal resolution and averaging images
together, both of which would increase the signal-to-noise and improve the Gaussian fitting
procedure. The integrated intensity was set to 0 when an atomic column was unable to be fitted
with a 2D Gaussian according to the criteria described in Materials and Methods, which could
mean that no atoms are in that position, the atoms are dynamically rearranging and causing weak

signal, or the signal-to-noise was too low to accurately determine a Gaussian fit.

As shown by the black trendline in Figure 5d, atomic column 1 has ~2-4 atoms until a

sharp drop around 0.17 s, indicating that atoms are migrating out of the column. Additionally, in
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Figure Se, it is shown that atomic column 2 is absent until ~0.12 s and jumps up to ~2-3 atoms
around 0.17 s, indicating the migration of atoms into the column. In Figure 5f, the occupancy of
atomic column 3 is consistently ~3-5 atoms throughout the 0.5 s image sequence. Although noise
causes some of the fluctuations observed in these three atomic columns, the main source of
fluctuation is the change in occupancy, suggesting that atoms are continuously migrating during
the observation period. For example, in Figure 5d there are two frames (red data points) around
~0.4 s where the estimated number of atoms are much higher than the surrounding data points.
This image sequence is provided in Supplementary Figure S5 and confirms that the large increase
in the estimated number of atoms is caused by atoms migrating into and out of atomic column 1
over a short time period. Furthermore, the appearance of the atomic columns depends on the
selection of individual image frames that are summed together to make the shown frame. For
instance, if the 200 individual images of the 0.5 s image sequence of Figure 5 were summed
together into a single 0.5 s exposure image, atomic columns “1” and “2” would appear diffuse due

to their absence/mobility in the individual image frames.
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Figure 5. Atom migration. a-¢ Image sequence of the CeO» nanoparticle with 12.5 ms exposure
images of the inverted images used for MATLAB analysis (five inverted 2.5 ms images summed
together). As indicated by the “1”, “2”, and “3” labels, atoms are migrating into and out of these
atomic columns during the observation period. d,e,f Estimated atomic column occupancy based
on measurements of the integrated intensity from atomic column “1”, “2”, and “3”, respectively,
over a 0.5 s image sequence. The points indicate measurements from each frame and the solid
black line is a 5-frame moving average trendline. The semitransparent red windows represent the

five image frames that were summed together to create a-c. Error bars are £1 atom.

To construct a pseudo-3D representation of the nanoparticle, the number of Ce atoms
within each atomic column was estimated. A wedge profile model at the (100) surface was
assumed based on the truncated octahedral or tetrahedral CeO; nanoparticle models observed in
other studies (Wang & Feng, 2003; Migani et al., 2012; Tan et al., 2011; Sayle et al., 2004).
Approximating the number of atoms in each column in individual frames can therefore observe
the evolution of the pseudo-3D structure of the nanoparticle over time. The experimental
occupancy estimations of individual frames fluctuate dramatically in Figure 5d,e,f, so the 5-frame
moving average values were used to estimate the number of Ce atoms in each atomic column,
which reduced the error to ~+0.5 atom. The relationship between electron fluence, temporal
resolution and intensity measurement is important for the design of in situ experiments to explore
structural dynamics. The authors give a detailed discussion of the accuracy of intensity
measurements as a function of electron fluence per frame in (Levin et al., 2019). For each image
in Figure 5a-c, a simple 3D model is shown in Figure 6 where blue spheres represent Ce atoms
and each atomic column has ~0-5 atoms. As was also evidenced in Figure 5, Ce atoms migrated

out of atomic column 1 as atoms appeared in atomic column 2. Oxygen atomic columns are omitted
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as they are not visible in our images and no conclusions can be drawn about their occupancy. Noise
fluctuations may influence the atom counting procedure; however, our time-resolved pseudo-3D
approach can still provide informative results such as visualization of 3D surface heterogeneity,
preferential migration of atoms along a specific direction, or instabilities of a certain surface facet.
For more precise quantification of atomic column occupancy, temporal resolution can be sacrificed
to sum together more individual image frames for a higher signal-to-noise ratio. Although beyond
the scope of the present manuscript, the pseudo-3D representation of this CeO2 nanoparticle may
be used to guide future theoretical studies as it gives a near real-time look into actual structures
that are dynamically reconstructing on polar and non-polar surfaces. A time-resolved model
representation provides the ability to detect subtle changes in surface morphology during in situ
chemical reactions, which can then be compared to theoretically derived structural models to
identify and confirm catalytically active sites, metastable phases, and other scientifically valuable

information.

Figure 6. Simple 3D model showing number of atoms estimated in each column of the CeO:

nanoparticle from the images of Figure 4a-c. Blue spheres represent Ce atoms. Oxygen atomic
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columns are omitted because they are not visible in our images and no conclusions can be drawn

about their occupancy. Error is estimated to be a max of ~+£0.5 atom/column.
4. Conclusions

We have explored approaches for extracting quantitative information from large image data
sets with low signal-to-noise recorded from nanoparticles undergoing dynamic surface structure
rearrangement. For this work, we focus on CeO (ceria) nanoparticles and experiments were
performed on an AC TEM equipped with a direct electron detector running at 400 frames per
second. We observed dynamic nanoparticle surface structures with 0.25 A spatial precision and
2.5 ms temporal resolution. For fixed electron flux, improved spatial precision can only be
achieved by degrading the temporal resolution. The position and occupancy of each atomic column
within a CeO; nanoparticle was determined using a 2D Gaussian fitting and image simulation
procedure. Due to the high spatial precision and temporal resolution, local rapid lattice
expansions/contractions and atomic migration were revealed to occur on the (100) surface whereas
(111) surfaces were stable throughout the experiment. A pseudo-3D representation was
constructed by estimating each atomic column’s occupancy, enabling the visualization of the
dynamic evolution of the surface structure. This work provides a time-resolved approach for
atomic-level in situ imaging of dynamic surface structures and can be applied to other

nanomaterials systems to accelerate understanding of dynamic structure-property relationships.
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