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ABSTRACT

CORRELATED ELECTRON MICROSCOPY WITH ELECTRO-OPTICAL IMAGING OF

HEXAGONAL TUNGSTEN OXIDE NANORODS

Fundamental understanding of the dynamics of ion insertion into a host material are
essential to accommodate the rising demand for energy storage technology. It has been established
that single nanoparticle electrodes greatly improve the kinetics of the ion insertion reaction,
however the heterogeneous behavior of single particles correlated to the structure of the particle
has been challenging to determine. This work takes on this challenge by developing a method that
implements optical microscopy to study the optical modulations of electrochromic single particle
hexagonal tungsten oxide (4#-WO3) nanorods with transmission electron microscopy (TEM).
Heightened resolution provided by TEM reveals sub-atomic structural details which would be
impossible to observe with other techniques. This work introduces a method of measuring
correlated single particle optical activity of WO3 with TEM resolution images of the same particle.
This study found heterogeneous optical modulations of the carbon film considerably influenced
the optical activity of WO3. Bearing in mind this behavior is vital for future experiments using this
method. After this is accounted, we compare the optical activity of two single particles using the
common parameters: maximum optical density (max OD) and the time it takes to reach 90% of
the max OD (too). This comparison provides further evidence that the presence of nanosized step-
edge gradients contribute to the ion insertion dynamics of this electrochromic host material.!
Further study using this method can reveal a understanding of how the presence of step-edges

contributes to the local lattice dynamics upon lithiation of a nanorod.
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Introduction

Energy storage technology such as Li-ion batteries and electrochromic smart windows?>
rely on ion insertion/extraction processes. One strategy to improve the efficiency, rate, and
reversibility of ion insertion/extraction process is to employ nanostructured electrode materials.
Electrode materials with nanometer dimensions reduce ion and electron transport lengths and

611 However, nanoscale materials are

therefore improve ion insertion/extraction kinetics
structurally heterogenous in that the size, shape, and morphology vary from particle to particle.
Understanding how particle-to-particle structural heterogeneity contributes to underlying ion
insertion/extraction efficiency and kinetics is critical to improving electrochemical energy storage
technologies'*!3,

Individual nanoparticles exhibit intrinsic composition and structural heterogeneity,
necessitating the study of nanoparticle electrodes at the single particle level.!*!* Ideally, single
particle-level studies would capture electrochemical kinetics at the single particle-level and
correlate that information with atomic-level structure in real time. Towards this goal, several

7,20,21

groups have developed in-operando electron'®'8, X-ray'>!°, electrochemical, Raman and

optical microscopy approaches®!®?? to

study ion insertion and extraction processes at the single
particle-level. Electron and X-ray microscopy methods have the potential to correlated single
particle electrochemistry with atomic-level or nanometer spatial resolution. Huang and co-workers
first developed an electrochemical cell that could be operated in a transmission electron
microscope (TEM) for correlated electrochemical and TEM measurements of Li-ion insertion in
single SnO, nanowire anodes>*. The authors correlated the electrochemical lithiation kinetics with

detailed structural evolution at the nanowire surface and in the bulk. This in-operando TEM

approach has been extended to study ion insertion process in nanoscale materials**2°, Specifically,



Bai et al extended this methodology to study Li-ion insertion in single monoclinic-WO3
nanowire®?”?%, The authors collected TEM images over time of the lithiation of a nanowire at the
single particle level and correlated those dynamics with a lithiation front that progresses through
the nanorod over time, however the neither of these studies report correlated electrochemical
measurements to the nanorod observed.

Tada and co-authors designed an experiment to acquire in-sifu time-resolved X-ray
absorption fine structure spectra (XAFS) of single Pt complex catalyst anode particles with
nanometer resolution. This study was able to reveal the rate constants of the dynamic surface event

upon electrochemical cycling of the material.'?

While in-operando TEM and X-ray measurements
are extremely powerful tools that provide atomic-level structural and composition information,
those measurements typically require specialized instrumentation and/or synchrotron light sources.
Since the electrochemical response stems from many nanoparticles on the electrode, in-operando
TEM measurements do not often link single particle-level electrochemical data with high
resolution structural information. Moreover, the extent to which the high energy electron and X-
ray radiation doses impact the underlying electrochemical processes remains unclear.

An alternative approach to link electrochemical kinetics with high resolution structural
information is to perform electrochemical measurements at the single particle-level and then
perform ex situ SEM or TEM measurements on the same particles in a one-to-one fashion. A recent
scanning electrochemical cell microscopy (SECCM) study by Unwin and co-workers measured
the lithiation kinetics of single LiMn,Os battery particles?®*°. The authors correlated the
electrochemical response of 12 particles with the particle morphology as determined by ex situ

SEM. It is notable that SECCM is compatible with ex situ TEM, but this has not been applied to

Li-ion insertion electrochemistry. While the SECCM approach can be applied in a high-throughput



manner the point-by-point approach does not capture electrochemical data on a large number of
nanoparticles at the same time.

We have recently developed an alternative widefield electro-optic imaging approach to
measure electrochemical data at the single particle-level. In this approach, we use optical
microscopy analysis of an electrochromic host material at the single particle level, coupled with
ex-situ TEM measurements to gain sub-atomic structural resolution of the correlated nanoparticle,
allowing us to overcome previous spatial and structural resolution issues in other works.

Electrochromic materials have the unique feature of changing color upon an applied
electric field. The most widely studied electrochromic material, tungsten oxide (WO3), 1s a white
powder in its pristine form. 33 Depositing this material onto a transparent, electrically conductive
substrate coupled with an ion source, and applying a cathodic potential causes W®* to reduce to
W>* as an ion is injected into the material (MxWO3), resulting in a blue tint. This reaction is
represented by Equation 1, where M is a cation able to insert into the crystal (H*, Li*, K¥, Mg**,
AP*, etc.).20343637 Conversely, applying an anodic potential extracts electrons and ions and the
material returns to its original transparent state.

xM* + xe”+ WO3 <> MWOs3 (D)

When the material is in a tinted state, the absorption of infrared radiation dramatically rises,
blocking thermal radiation that would otherwise pass through the transparent substrate. %%
Because the 1on insertion reaction into WOj3 results in an optical reaction, we measure this reaction
using optical microscopy. Optical microscopy exhibits several features that are suitable for in-situ
imaging the electrochemical reactions of single nanoparticles, including high temporal resolution,
noninvasiveness, high throughput, and low cost.*** In this work we use correlated single particle-

level optical imaging coupled with ex-situ TEM images to better quantify the role of structural



features that may contribute to the structure-activity relationship of a hexagonal tungsten oxide (-
WO3) particle. This study focuses solely on 2-WOs3 due to previously identified Li* intercalation
sites. Three possible Li* binding sites are present in this structure: trigonal cavities (TC), hexagonal
windows (HW) and square windows (SW), pictured in Figure 1.!
a /‘\ ;F;t::‘:iav'g b optically active
b a square window (SW)

trigonal
cavity (TC)

optically active
hexagonal window (HW)
b« I
a

Figure 1.lllustration of the h-WO3 crystal structure with the three possible binding sites for ions, and the corresponding
optical behavior of those sites.

Previous studies have found that ions bind to these sites at different rates and illicit different optical
responses. The optical behavior of 2-WO3 on the transparent electrically conductive substrate tin
doped indium oxide (ITO) has previously been studied and modeled to understand ion insertion
kinetics of Li* into the material.! Hibino et al found that trigonal cavities are the most stable sites
for Li* ions, followed by hexagonal windows and square windows.** Followed by Balaji et al
determining that lithium that is bound in the trigonal cavities, does not lead to optical activity,
while hexagonal and square windows do.?°

This study aims to understand how finite structural characteristics of a single particle can
lead to differences in optical behavior. Due to heterogeneous surface structure features, exposure

of these binding sites to Li* ions can differ from particle to particle. To better quantify these



features, this work performs electrochemical experiments of 2-WOs3; on a TEM grid substrate,
rather than ITO, to enable ex-sifru TEM measurements of single particles. This reveals minute
morphological and structural features of WOs3 particles that supports the model presented in
previous work.! The results of changing the substrate from ITO to TEM grid reveals optical
behavior of the substrate itself that has not yet been reported!”**, demonstrating that determining
background incident light is a major challenge. Taking this phenomenon into account is vital in
the analysis of single particle optical behavior within this system. We find that the relationship
between finite structural resolution and optical activity of a single nanoparticle supports the claims
made in previous work, while introducing a new methodology to expand the resolution of a well-

studied system.



Methods

Synthesis of Material

h-WOs nanorods were synthesized and stabilized via the methodology described by Wang
et al.'! Following the synthesis pathway:

Na;WO4 + 2HCl — H2WO4 + 2NaCl
HWOs — WOs + H20

Precursors include 0.5798 g of NaCl (Fisher Scientific) and 0.8250 g of Na;WO4 * 2H>0
(Mallinckrodt Chemical Works) which were dissolved into 19 mL of 18.2 MQ filtered H>O. While
stirring, 850 pL of 3 M HCI was slowly added to achieve a solution with pH 2.06. The pH was
monitored by using a pH meter (HACH HQ11d). This solution was then placed into a Parr Acid
Digest hydrothermal reactor and heated in a convection oven at 180 °C for 24 hours, then taken
out of the oven and allowed to cool to room temperature on the benchtop. The supernatant was
pipetted out and a white powder was recovered. The product was washed and stored in 18.2 MQ
filtered H>O. The WO3 hexagonal phase was confirmed (JCPDS 00-033-1387) via powder x-ray
diffraction (PXRD) by using a Bruker D8 Discover Series Il X-ray Diffractometer (PXRD), with
Cu Ka (A =0.15406 nm) radiation at 50 kV and 50 mA in a 26 range from 10° to 80° at room

temperature on a zero-diffraction silicon wafer (MTI Chemical Corp.)



Electrochemical Cell Design

The electrochemical cell (Figure 2b & c) consists of WO3 nanoparticles deposited, via spin
coating, onto a Ni TEM Grid (Ted Pella PELCO® 200 Mesh Ni Grid). The TEM grid is
sandwiched between two pieces of customized hardware: a 3D printed polyethylene terephthalate
glycol (PETG) reservoir, and a Ni foil (Sigma-Aldrich,>99.9% Ni). This set up allows for
transmission imaging of the particles through the TEM grid alone, while maintaining electrical
contact to the Ni foil (working electrode) and contact with the electrolyte contained in the reservoir.
During assembly, a voltmeter is used to check the TEM grid and Ni foil have electrical contact.
The counter (CE) and reference (RE) electrodes are secured through two holes in the side of the
reservoir (Figure 2b). All electrochemical measurements used Ag/AgCl as a reference electrode
and Pt wire (Alfa Aesar, 99.95%), as a counter electrode. Once the TEM grid is sandwiched
between coverslip, Ni foil, and the reservoir, the cell is mechanically secured using insulating
epoxy (Loctite E-120HP Hysol). When the epoxy has cured a solution of 1 M lithium perchlorate
(LiClOs) in propylene carbonate (PC) is added into the reservoir. This solution is the lithium source
and electrolyte used in all electrochemical experiments. When optical measurements are complete
the TEM grid is mechanically removed from the cell, washed in dimethyl carbonate and then taken
for ex-situ TEM measurements. TEM images were collected on a JOEL JEM 1400 transmission

electron microscope at a working voltage of 200keV.



Opto-electrochemical Measurements
Bright field transmission images are collected using an inverted microscope (Olympus
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Figure 2. a) Inverted bright field opto-electrochemical measurement setup. b) Illustration of electrochemical TEM cell
assembly. C) Picture of a finished electrochemical TEM cell post-assembly.

IX73) and a 100x objective (UPLANSAPO100x/W) accompanied with a 2x magnification lens to
achieve 200x magnification and an Andor (iXON) EMCCD detector (Figure 2a). To simulate
infrared radiation a 940 nm light emitting diode (LED) (Thor Labs) was the light source.
Electrochemical measurements were conducted using an Autolab potentiostat (PGSTAT128N) in-
operando with optical imaging. Chronoamperometry was the electrochemical method
implemented to apply 3 cathodic and 3 anodic potential pulses for 30 seconds each. Coloration
(cathodic pulse) and bleaching (anodic pulse) of the material occurred at potentials -1.0 V and +0.5
V vs Ag/AgCl, respectively. Electrochemical signals, potential and current, and camera shutter
signals are acquired simultaneously via a data acquisition card (DAQ) to precisely synchronize the
signals to the same time scale measurements. This method of optical imaging results in image
stacks or “movies” that are analyzed to measure changes in pixel intensity within the image over
time. All data collected was further organized and processed using a home-written MATLAB

program.!



Image Processing and Analysis

20x Optical Image 200x Image Stack Binary Image Transformed TEM Overlay Image

Figure 3. a) Bright field transmission optical micrograph (20x) of the center of the TEM grid within the electrochemical
cell, with the area analyzed (ROI) outlined in red. b) Optical micrograph (200x) of the area of interest in which a movie
was taken. c)Processed binary image. d) Transformed TEM image. e) Overlay of images c) and d).

Figure 3a shows a representative 20x bright field image of WO3 nanoparticles deposited
onto a Ni TEM grid working electrode. The TEM grid is composed of Ni bar supports with an
amorphous carbon coating deposited over the Ni bars. The amorphous carbon windows support
the WOs particles, provide electrical contact to the Ni bars, and allow for both optical and electron
microscopy. The Ni bars and h-WOs3 particles appear as dark contrast pixels in the image, both due
to blocking the transmission of light to the camera. Figure 3b shows a 200x transmission image of
the red square box region in Figure 3a. The dark one-dimensional-like objects are 2-WO3 particles
and the solid dark object to the left and upper area of the image is Ni bar in TEM grid. In a typical
experiment we apply potentials via chronoamperometry and record transmission images over time
to make a movie.

Once a movie is collected further image processing is implemented to reveal the locations
of electroactive particles on the TEM grid. (Figure 3c) This process involves the use of home-
written MATLAB code to collect all frames during a coloring potential pulse resulting in WO3
particles undergoing lithiation. Averaging these collected frames produces an average color pulse
image. The same averaging process is applied to all frames during an anodic potential pulse

resulting in particles delithiating, or bleaching, to produce an average bleach pulse image. The



difference between the average color and bleach image is calculated to produce a new subtracted
image. A histogram is used to sort the intensities of each pixel in this subtracted image and a
Gaussian fit is applied to the histogram. Most pixels attribute to the background, as the difference
between the background pixels will be relatively low. A threshold was set at two standard
deviations, 20, of all pixels to determine which pixels had a significant difference value, indicating
a significant optical change. Any pixels greater than 2c are assigned as a 1, and any pixel value
less then 26 is assigned a 0. Figure 3c shows the resulting binary image where white pixels are 1
and black pixels are 0. The white pixels in the binary image represent any significant optical
activity that occurs within a movie between a coloring and bleach pulse. However, the binary
image does not reveal spatial resolution of all particles present in Figure 3b, suggesting that not all
particles are optically active.

A separate image process is conducted to produce spatial resolution of all nanoparticles in
Figure 3b with higher resolution. This begins with an ex-situ TEM image of the same area as an
optical movie taken to assess spatial distribution of particles. Four to five coordinates of the same
objects in the TEM image and the optical image are collected to compute a geometrical
transformation matrix. The MATLAB function tform computes the transformation matrix to
produce a transformed TEM image (Figure 3d) that possesses the known relative dimensions as
the optical image. The produced image allows for spatial resolution of all particles in the movie
that are otherwise difficult to resolve using the optical image alone. Once the processed images
shown in Figure 3¢ & d are produced, the two images are superimposed over one another to produce
Figure 3e allowing a map of spatially resolved object correlated optical activity within the movie
to be identified. The overlay image spatially reveals which white pixels correspond to an optically

active nanoparticle.
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This overlay image is used to draw masks on any qualitatively active (white pixels) or
inactive (black/pink pixels) object. We note that there are particles within the movie that are
qualitatively active: the collection of white pixels on top of a black object, shown circled in solid
blue (Figure 4a). The integrated pixel intensity of the area circled in solid blue is taken (), followed
by a dashed blue mask adjacent to the nanorod to account for background (/,) to calculate optical

density (OD) as a function of time, using equation 2.

OD(t) = —logso (~2) @

Io(®)
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Figure 4. a) & d) Overlay image of TEM transformed and optical binary images. Particle mask (/) is outlined with solid
blue or green and the background mask (/o) is outlined with a dashed blue or green line. b) TEM image of a cluster of
optically active nanoparticles outlined in blue. ¢) Optical trajectory produced from the cluster of nanoparticles shown in
panel a). Blue shading indicates a coloring potential pulse, followed by a bleaching potential pulse. e) TEM image of a
cluster of optically inactive nanoparticles outlined in green. f) Optical trajectory produced from the cluster of nanoparticles
Figure 4 is an example of the processed data that can be produced using the methods
outlined in equation 2 and Figure 3. Figure 4a & d use the same overlay image presented in Figure

3e to locate a representative active and an inactive particle. A blue solid mask is drawn onto the

object of interest (/) and a dashed blue line mask of the same dimensions is drawn next to the
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object of interest (I,). Figure 4b is a TEM image of the cluster of WO3 nanoparticles within the blue
circled mask, followed by the corresponding calculated OD trajectory (Figure 4c). The blue shading
in Figure 4c indicates the time in which a coloring pulse of —1.0 V was applied to the cell, followed
by a bleaching pulse of +0.5 V. When a coloring pulse is applied the OD(¢) rises and plateaus,
indicating that the particles are absorbing 940 nm light in this condition until a bleaching pulse is
applied, resulting in OD(¢) decreasing until particles reach their transparent/bleached state.
A0D(t) = 0D(t)- 0D(0) 3)

We calculate the change in OD (AOD) via equation 3, to determine the normalized OD
change upon applied potentials. These results are representative of the optical behavior of this
material under similar conditions based on previous studies.! The absence of white pixels on top
of nanoparticle objects indicates that there are a significant number of qualitatively inactive
particles (Figure 4d). Figure 4e & f shows a representative cluster of nanoparticles with the
corresponding optical trajectory showing that this cluster does not exhibit significant optical
changes upon any applied potential. With this analysis, we can analyze the optical behavior of any

object within the ROI and produce TEM resolved images of that object.
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Results and Discussion
Carbon Film Optical Activity

To establish the role the Ni TEM grid substrate plays in this system we examine the TEM
grid using the optical microscope. Optical images of the Ni TEM grid reveal streak like features
within the windows of the TEM grid (Figure 5 b & c) that are not present in a TEM image of the

same area (Figure 5a). The light and dark streak features appear in the optical images due to

e . {:nttensity Response
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Figure 5. a) TEM image of WO3 nanoparticle deposited onto a Ni TEM grid. b) Optical image taken at 20x magnification of
the same area shown in panel a). ¢) An image stack or “movie” collected via optical microscopy at 200x magnification of a
window outline with a red box in panel b). d) Three images taken from the image movie set to a threshold to create a binary
that enhances the streaks present from the carbon film. The three images are taken one second, three seconds, and fifteen
seconds after a potential step. e) Intensity trace (black dots) of the integrated pixel intensity of the area indicated by a red mask
in d) throughout 15 seconds after a potential step occurred. The intensity trace is fit with an exponential decay shown in red.
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changes in intensity manifested from folding of the carbon film on the TEM grid*®. These streak
features are enhanced by applying a threshold to the image in Figure 5c, to produce the binary
images in Figure 5d. The three images in Figure 5d are images taken one, three, and fifteen seconds
after a potential step occurred. We note that these streak features can optically and spatially change
upon an applied potential step. To show an effect of the movement of these streaks, we drew a
mask on the binary images, shown in red, of the dynamic folding feature. The intensity of these
three separate images decreases over time, even though there are no particles present, indicating
the intensity changes are a manifestation of the carbon film. To fully characterize the intensity
changes, the mask is placed on all images in the span of the beginning of the potential step to 15
seconds after the potential step. The images are collected and the integrated intensity of the area
within the mask is collected and shown in Figure Se. This trace shows the decrease in intensity of
the area of the carbon film outlined by the red mask over time. We note that this sharp change in
intensity occurs upon any potential step. We recognize the behavior of this rate of decay to appear
as an exponential decay, therefore, we fit the trace to an exponential decay shown in red in Figure
Se. Due to the goodness of fit of an exponential decay upon any applied potential, this suggests an
association of double layer charging to the optical behavior observed.

To better understand this unexpected optical activity of the carbon film that would be
considered the background or incident light, further analysis of the carbon film alone is performed
and shown in Figure 6. Masks are drawn on 4 areas of the image that are representative of 4 types
of observed background optical behaviors (Figure 6a). By using the overlay image as a guide, the
masks are not drawn over any WOj3 particles. The 4 types of behavior are color coordinated such
that Type 1 is blue, Type 2 is red, Type 3 is green, and Type 4 is cyan. The blue mask is drawn in

the same location as the mask drawn in Figure 5d.
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Figure 6. a) Optical image taken from the image stack shown in Figure 5. 4 types of background behaviors are spatially
shown by 4 masks drawn onto the overly image. b) 4 trajectories corresponding to the 4 masks drawn in a) are shown

Intensity trajectories of the 4 masks drawn in Figure 6a are set to the same scale and
displayed at an offset in Figure 6b. Type 1 is an observed spike in intensity upon any applied
potential. We hypothesize that this optical response arises from strain on the film due to double
later charging, thus the film folds upon itself or stretches itself producing a sudden darkening or
lightening optical response. Once charging is complete, and the carbon film relaxes, the intensity
returns to a stabilized value. Type 2 is an anomalous behavior resulting from the applied
electrochemical stimuli. We hypothesize that this response is a result of the numerous cycles of
charging. As the carbon film buckles and stretches over time, this mechanical stress results in a
long-term deformation and strain of the film, producing irregular optical changes over time. Type
3 shows no associated optical reaction to applied electrochemical stimuli. This type of optical
behavior is one typically associated with a background trajectory, as little to no optical changes
occur throughout the movie. Type 4 displays behavior similar to the WOs3 nanoparticles themselves
(Figure 6b), yet the trajectory pulled is of an area in which no WOs3 nanoparticles are present. This
indicates that areas of the amorphous carbon are coloring as a coloring potential is applied. It has
been shown previously that Li* ion transport is possible within the carbon film on a TEM grid,!”*

yet this phenomena has not been optically measured previously. Furthermore, it has been observed
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that the carbon film on a TEM grid exhibits spatial “summits” and “valleys” of the film*®. When
comparing that particle activity on the substrate ITO, ~6% of particles remained inactive, while
58% are inactive on a carbon film substrate.! This suggests that the activity of the carbon film

substrate could be a reason for the lack of optical activity of the particles.
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Figure 7. a) TEM image of WO3 nanoparticles on a TEM grid. Object of interest is circled in solid black, with corresponding
background masks (dashed black) drawn to the left and right. b) Overlay image of TEM transformed and optical binary images.
The same masks drawn in panel a) are placed at the same coordinates in panel b. c) Three raw intensity trajectories
corresponding to the three masks drawn on the images in panel a & b. d) Two optical density trajectories are shown
corresponding to the two background masks shown in panel a & b. The Type 3 background mask results in an artifact in the
OD trajectory, circled in red.

To further quantify how the electrochemically induced mechanical properties of the carbon
film impacts the electro-optical response of WOs nanoparticles, we collect 89 nanoparticle
background trajectories and sort the background behaviors into the 4 types. To sort the background
behaviors, two to three prospective background masks are drawn around the object of interest as
shown in Figure 7a & b. The integrated pixel intensity of the three masks as a function of time is
shown in Figure 7c. The prospective background masks are used to compute what the optical
density trajectory is with each background mask, as shown in Figure 7d. Because the optical
trajectory of this material is well understood, we note an irregular spike, circled in red, in intensity
in the object intensity trajectory that is not attributed to particle activity (Figure 7c).! We conclude

that this irregular spike is a manifestation of the carbon film optical activity convoluted in the
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particle or object intensity trajectory. To properly correct for the carbon film optical activity, we
select a background mask which eliminates this irregularity or artifact. To do so in this example,
we select the Type 1 background trace, which removes the artifact in Figure 7d, therefore
correcting for the optical activity of the carbon film and assigning this particle to a Type 1
background. We perform this procedure for all 89 objects to determine what type of background a
particle is on.

Furthermore, we determine how active a particle is by calculating the maximum optical
density (max OD). To calculate the max OD, we average the last 5 OD data points of the 3 coloring
potential pulses. This value represents the highest OD value a particle achieves when it is colored.
When a particle is sorted to a background type, the max OD is also calculated and plotted on the
x axis, producing Figure 8. Due to the low number of particles (3) found on a Type 4 background,
we exclude those particles from this quantitative analysis. We then determine a threshold of optical
activity to quantify which particles are active vs inactive. This activity threshold (0.0025) is
calculated by determining the maximum OD change of a Type 3 background area. This threshold
reveals what percentage of particles on each background type are active or inactive. Through this
quantitative analysis we determine that particles on a Type 3 background are less likely to be active
(32%) compared to particles on Type 1 or Type 2 background (58% and 63% respectively). The
optical activity of Type 1 and Type 2 background indicates that the carbon film is reacting to the
applied electric field. We assume that particles that are lying on this area of carbon film are exposed
to this applied electric field and electrochromic behavior of these particles is more likely.
Conversely, the lack of optical activity exhibited by Type 3 indicates that the applied electric field
is less in that area of the carbon film thus particles on that background are less likely to exhibit

electrochromic behavior. This indicates that the local electrical conductivity of the carbon film is
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dynamic. Of the particles analyzed, 58 of 89 are on a Type 3 background implying that the majority
of the carbon film is of Type 3 nature and suggests that the lowered optical activity of particles on

a TEM substrate is due to local lowered electric field on the carbon film.
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Figure 8. Nanoparticle objects were sorted by type of background a particle laid on and max OD. A maximum OD threshold
was established to distinguish active and inactive particles. The percent of active particles of a certain type are cited to the
right of the corresponding histograms.
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Single Particle Correlated Electro-optical TEM Analysis

TEM Average Trajectory SEM

AOD/um

AOD/um

o 10 20 30 40 50 60
Time(s)

Figure 9. a & d) TEM micrographs of WO3 nanoparticles. The inset in d) is a zoomed and cropped image of the right end of
the particle in d) illustrating the presence of step edges. b & e) Trajectories of particles shown in a & d) respectively. These
trajectories are produced by taking the OD(t) of 3 coloring pulses and averaging the OD values (shown in black) and the
standard deviation (shown in red). ¢ & f) SEM micrographs of the same nanoparticles shown in a & d) respectively.

Using the methods and analysis outlined in Figure 2, Figure 3, & 4 and considering the
anomalous behavior of the background, we then purse examination of single particles. Of the 89
particles analyzed, two single particles were spatially resolved and optically active. Figure 9a & d
are TEM micrographs of the single particles of interest. We calculate the average OD(t) trajectory
of these two particles over the course of 3 cathodic and anodic potential pulses and compare the
optical behavior of these two particles after correcting for thickness, according to Beer-Lambert
Law>°, shown in Figure 9b & e. Scanning electron microscope (SEM) images are shown in Figure
9c & f to compare the enhanced resolution TEM provides, revealing step edges that would not be
resolved using SEM alone. The goal of this study is to better understand how finite structural

characteristics of a single particle can lead to differences in optical behavior. We analyze common
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optical parameters presented in smart windows-related research such as maximum optical density
(max OD), and the time it takes to achieve 90% of the maximum optical density(too). The max OD
is calculated by taking the mean of the last 5 data points of the average trajectory and too is found
by determining the time at which OD reaches 90% of the max OD value. We observe the particle
in Figure 9d to reach a max OD of 0.2192 while the max OD reached by the particle in Figure 9a
is 0.0826. When comparing these two particles, the particle in Figure 9d absorbs nearly 3 times
more 940 nm light than the particle in Figure 9a. For these two particles the too = 0.15 seconds for
the particle in Figure 9d and teo = 0.745 seconds for the particle in Figure 9a. In summary, the
particle in Figure 9d turns color faster and darker.

To understand why this particle has a higher and faster coloration efficiency we consider
how Li* ions insert into the crystal structure of #-WO3. Hibino et al determined that hexagonal
window tunnels are present along the c axis of 2-WQOj3 and enable ion transport through the bulk
of a nanoparticle.** We observe the presence of a particle dependent surface step structure
characteristic on the particle in Figure 9d, that is not present in Figure 9a. A cartoon representation
of this step edge feature is shown in Figure 10. These step edges towards the end of the nanoparticle

expose a higher surface area of hexagonal windows at the terminal ends of a single nanoparticle.

Li-ion insertion into
hexagonal and trigonal tunnels

900604600
96000000
90000000
90060000
90060000
90000000
00000600

Figure 10. Two illustrations of the crystal structure of h-WOs. The left illustration represents a particle with no step-edges
along the length. The right illustration represents a particle with step-edges along the length of the rod.
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Further analysis of the crystal structure of this material reveals that these hexagonal windows are
present along the length of the particle and act as tunnels along the c-axis of this material. These
step-edges would increase Li* ion access into the material through these hexagonal tunnels. (Figure
10) Therefore, these step edges may provide more reaction pathways in which ions can insert into
the material, leading to a faster color change as well as a deeper color change. We attribute this
step edge structural feature to the enhanced optical behavior the nanoparticle. Only with this
method can we use TEM to characterize step-edges on a single nanoparticle while also collecting
rich electrochemical information of the same single particle via it’s electrochromic behavior. There
have been studies analyzing the electrochemical behavior of single nanoparticles on a TEM grid
performed previously. Abrufia and co-authors developed an electrochemical cell utilizing a TEM
grid working electrode, in order to perform electron tomography of Pt—Co nanocatalyst particles
before and after electrochemical aging*®. However, with this method, they lack the link to single
particle-level electrochemical data with high resolution structural behavior. In order to enhance
the methodology introduced by this study, it is worth implementing an aspect of collecting
electrochemical data of the single particles to be structurally characterized. This study provides
one method to collect rich electrochemical and structural information to better establish the

structure-activity relationship present among heterogenous single nanoparticles.
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Conclusions

This work outlines an electro-optical bright field transmission microscopy experiment that
permits correlated ex-situ TEM imaging. Using this methodology grants TEM resolution of single
particles and the ability measure the optical activity of those same particles. Image processing
reveals heterogenous optical activity of 2-WO3 nanoparticles on a TEM grid substrate. Due to the
heterogeneous optical activity of the carbon film, determination of the incident light in this system
is a challenge that must be considered when performing electro-optical measurements on a TEM
grid with carbon support. Measuring the optical activity of WO3 on a carbon support film is still
possible, considering this challenge, and quantitative measurements are taken of two nanoparticles.
This study indicates that the presence of a step edge gradient leads to more access to ion insertion
pathways by opening more hexagonal window channels along the c-axis of this material. This
expanded access to hexagonal window channels leads to faster and deeper coloration of a ~-WOs

single nanorods.
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same particles shown in a) after lithiation for 3 hrs.

The method presented in this body of work can contribute to the better understanding of
the fundamental dynamics of structural changes that occur upon ion insertion into a material. Using
TEM we can measure how WO3 rods structurally change upon lithiation with nanometer
resolution. Figure 11 shows a cluster of nanoparticles in the as deposited pristine condition (Figure
11a) and the same nanoparticles after applying a cathodic, coloring, potential for three hours(Figure
11b). Using this method, it is possible to resolve nanometer scale structural changes between the
two images. The ends of the particle curved and contracted from 69.92 nm to 53.87 nm after
lithiation, a contraction of 23%. Further along the rod contraction continues to occur, though less
so than at the ends, with contraction of 7%. Though not pictured in Figure 11, the length of the rod
contracted by 6.7%. These results indicate that upon lithiation, the entire nanoparticle contracts.
However, it is also evident that the ends of the nanoparticle contract more so compared to the bulk

of the nanoparticle. This observation implies that lithiation of this material is non-uniform along
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the length of the nanoparticle. Only with this method it is possible to take measurements with
selected area electron diffraction (SAED) along the length of a nanoparticle. By doing so we can

further investigate the local lattice parameter changes of these rods along the c axis.
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