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ABSTRACT

OPTICALLY DETECTED ION INSERTION DYNAMICS IN HEXAGONAL TUNGSTEN OXIDE

Nanoparticle electrodes are attractive for electrochemical energy storage applications because their
nanoscale dimensions decrease ion transport distances and generally increase ion insertion/extraction
efficiency. However, nanoparticles vary in size, shape, defect density, and surface composition, which
impacts charge storage dynamics and warrants their investigation at the single-nanoparticle level. This
dissertation demonstrates a non-destructive, high-throughput electro-optical imaging approach to
quantitatively measure electrochemical ion insertion reactions at the single-nanoparticle level. Electro-
optical measurements relate the optical density change of a nanoparticle to redox changes of its redox-
active elements under working electrochemical conditions. The technique was benchmarked by studying
Li-ion insertion in hexagonal tungsten oxide (h-WOs3) nanorods. Interestingly, the optically detected
response revealed underlying processes that are hidden in conventional electrochemical measurements.
This imaging technique may be applied to h-WOs particles as small as 13 nm in diameter and a wide range
of electrochemical materials such as electrochromic smart windows, batteries, solid oxide fuel cells, and

sensors. This dissertation will focus on the impact of single particle h-WOj3 on smart windows and batteries.

Smart windows are devices used to modulate solar radiation into buildings and rely on the same
ion insertion reaction as batteries. Electro-optical imaging showed that single nanorods exhibit a particle-
dependent waiting time for optical changes (from 100 ms to 10 s) due to Li-ion insertion at optically inactive
surface sites. Additionally, longer nanorods have larger optical modulation at equivalent electrochemical
conditions than shorter nanorods and exhibit a Li-ion gradient that increases from the nanorod ends to the
middle. The particle-dependent ion-insertion kinetics contribute to variable rate for optical density change
and magnitudes across large-area smart windows. Single particles modulate optical density (undergo ion

insertion reactions) 4 times faster and 20 times more reversibly than thin films made of the same particles.
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A smart window device architecture is proposed to maximize lifetime based on these findings. More

information can be found in CHAPTER 4:.

Further, the role of crystalline surface facets on the role of ion insertion were investigated. Two
samples of h-WO3 were synthesized with different ratios of surface facets exposed to a Li-ion containing
electrolyte. The sample with unique {120} facets exhibited reversible optical switching after 500 cycles
and negligible variation in interfacial charge transfer resistance. The (120) surface features an open network
of square window channels that may enable reversible ion transport and reduced ion trapping, enhancing
the optical switching stability. However, the {120}-dominant sample exhibited lower coloration efficiency
(CE) than the {100}-dominant sample. The reduced optical density changes in the {120}-dominant sample
could be due to a greater fraction of optically inactive trigonal cavity sites on the {001} endcaps. The results
indicate surface facet and particle morphology engineering are viable strategies to enhance the CE and long-
term stability/lifetime in electrochromic thin films for smart window applications. More information can

be found in CHAPTER 5:.

On average, these h-WOs particles exhibit a hybrid charge storage mechanism: both diffusion-
limited (battery-like, slower) and pseudocapacitive (capacitor-like, faster) mechanisms contribute to the
total charge stored. Individual particles exhibit different charge storage mechanisms at the same applied
potential. Longer nanorods store more pseudocapacitive charge than shorter nanorods, presumably due to
1) a surface step edge gradient that exposes large hexagonal window Li-ion binding sites along the nanorod
length and/or 2) higher structural water content that influences the Li-ion binding energetics and diffusion
behavior. Importantly, penetration depth of Li-ion insertion was quantified which showed that Li ions insert
as deep as two-unit cells below the surface. The methodology presented herein can be applied to a wide
range of solid-state ion-insertion materials and its implications for future discoveries are discussed. More

information can be found in CHAPTER 6..
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CHAPTER 1: INTRODUCTION

Advances in energy storage technology is integral to the development of energy intensive personal
electronics and electric vehicles beyond small cars (busses and planes).' Figure 1.1 shows a Ragone plot
with several energy storage devices as a function of energy density and power density. Gray dashed lines
indicate charge/discharge times in seconds and C-rate. Power density relates the speed that a given amount
of energy can be stored or released per volume of material. Energy density is the amount of energy that can
be stored per volume of material. Development of affordable devices with high power and energy density
(red oval) and long lifetimes (can be cycled many times) is necessary to fulfill commercial and residential

energy needs.*’
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Figure 1.1 — Ragone plot. Power and energy density for representative electrochemical storage devices.

Technologies based on ion insertion reactions may bridge the gap between high energy and power
density devices if the total volume of the electrode material can be utilized for charge storage at fast

speeds.”” Building that bridge requires research strategies spanning many approaches and disciplines. Ion



insertion reactions are faradaic in nature, allowing relatively large amounts of energy to be stored
chemically at the surface and in the bulk of materials. Unfortunately, it is this slow diffusion of ions into
the material that limits current electrochemical energy storage devices from operating quickly and
reversibly. Reducing particle sizes to the nanoscale increases the surface area of the material in contact with
the ion-containing electrolyte and is a popular strategy for improving overall charge / discharge rates'®"?,
though some reports show nanosizing is not necessary for high rate performance.”'*'® Shape, defect
density, and surface composition are all physical factors that impact charge storage dynamics and exist in
both nano and micro sized materials.'”'* Understanding fundamental interactions between ions and their

host structures will provide the tools necessary to manipulate or create new systems that meet kinetic

demands.

1.1 Probing Single Particle Ion Insertion Reaction Dynamics

Characterizing the physical and chemical changes of electrode materials during device operation is
one method to advance energy storage technologies. Comparing different ensemble devices provides
valuable chemical insight, but performances from many particles with wide size, chemical impurity, and
physical defect distributions can limit interpretation. Ensemble samples are only partially representative of
the composite material.” Therefore, experimental methods that reveal the role of small chemical or physical
differences by contrasting isolated particles (that are nominally the same) are particularly useful. Isolated
particles allow for the study of intrinsic material properties without complication of particle-particle
interactions, and it is possible to more accurately probe structure / morphology dependent performance.
This section will give a broad overview of the techniques used to probe single particle ion insertion reactions
and end with a brief summary of the new methodology developed for the investigations in this thesis. All
techniques have advantages and disadvantages and should be viewed as complementary rather than

exclusionary.



The scientific community has demonstrated great creativity in the face of challenges presented by
single particle experiments. Electron, optical, vibrational, and magnetic imaging during electrochemical
processes all present their own and often unique major technical hurdles when adapted to single particle

studies, in spite of which scientific exploration has flourished.

In operando transmission electron microscopy (TEM) has been used to image real-time atomic-
level structural changes in single nanoparticles during the ion insertion process.*' > This approach yields
real-time dynamic process of ion insertion by monitoring the phase change accompanied by lithiation in
nanorods. This “lithiation front” denoted by low contrast in the TEM serves as a handle to determine charge
storage rates in both metallic and semiconducting nanorods.?' * Atomic level resolution on either side of

the lithiation front indicates crystalline phase changes caused by the ion-insertion reaction.

X-ray imaging methods track oxidation state changes of elements in single-nanoparticle electrodes
and have revealed how film porosity, particle shape, orientation, and composition contribute to the
electrochemical response of nanoparticle film electrodes.”® Single particle X-ray experiments have shown
special distribution of reduced metal sites in LixMn,O4, emphasizing the impact of crystalline facets.”’ 3-D
topographic reconstruction of K-edge spectra in a single LiFePOj, particle showed lithiation to be uniform
in all directions — the highest concentration of Li after delithiation to FePO4 was in the center of the
particle.”® Surface plasmon resonance microscopy (SPRM) has been used to measure Li-ion
insertion/extraction dynamics and phase changes in LiCoO, nanoparticles with 50 fA sensitivity and 20 ms
time resolution.” SPRM measures the refractive index change associated with Li-ion insertion/extraction
in single nanoparticles; the technique does not measure electrochemical currents at the single nanoparticle
level. Electron and X-ray measurements typically require specialized instrumentation and synchrotron light
sources and require many experiments to probe enough particles to generalize populations and detect trends.
Many electron measurements have focused on rod-like morphology, as the limited field of view make other

shapes more challenging to fully characterize with atomic resolution. SPRM is limited to materials that



undergo large enough refractive index changes during ion insertion which may exclude samples that do not

undergo a phase change.

Fourier transform infrared (FT-IR) spectroscopy and Raman microspectroscopy have been used to

characterize reactive intermediates and adsorbates on electrode surfaces®®?!

as well as to probe lattice
dynamics, crystal structure, ion flow, and/or oxidation state of an electrode material.*>* Some Raman
configurations can simultaneously study chemical composition, surface functionalization, and size of
individual nanoparticles during chemical reactions.** Recently, Yamanaka et al. used single particle Raman
microspectroscopy to contrast the structural transformation, reactivities, and mechanisms of fluorine shuttle
batteries by monitoring structural deformation in BiFs.*> The spatial resolution of infrared and Raman
microspectroscopy is defined by the excitation spot size and is typically limited to the investigation of

micrometer-sized particles. IR microspectroscopy is limited to compatible electrode materials and probe

molecules.*

Finally, Solid-state NMR is a sensitive tool for real-time, quantitative 3D imaging of composition,
atomic connectivity, interatomic distances, and electric field gradients under electrochemical
conditions.*®*” Operando NMR has high spatial resolution within particles and is sensitive to local
environment. Li et al. have shown specific crystallographic locations undergo ion insertion/extraction
preferentially during early times.”” NMR imaging is typically limited to 20—50 um spatial resolution, but

specialized pulse sequences can be used to achieve sub micrometer resolution.*®

The aforementioned experimental approaches have been developed to characterize ion insertion
materials, each with their own advantages and disadvantages. The novel technique demonstrated in this
thesis uses widefield electro-optical imaging to simultaneously measure ion insertion processes in many
individual nanoparticles. This technique measures the electrochemical current response from all
nanoparticles on a current collector (i.e., ensemble-level measurement) and the optical density changes due
to ion insertion reactions at the single-nanoparticle level. The optical response is decoupled from the

electrochemical current response. The single-particle-level imaging approach used here measures



electrochemical behavior of hundreds of single particles with diffraction-limited spatial resolution and
millisecond time resolution. This approach can be generally applied to transition metal oxides®,
graphite®*°, Ni(OH), battery materials*', and MXenes*> whose optical properties change during ion
insertion. Electro-optical imaging is nondestructive and measures properties under ambient radiation,
temperature, and pressure conditions, which goes beyond competing in operando TEM and X-ray based
methods. The limit of detection for particle size is about 13 nm for metal oxide nanoparticles (see 3.3.9

Limit of Detection), which goes beyond most NMR, FT-IR, and Raman studies.

One disadvantage of the proposed approach is the optical diffraction-limited spatial resolution
compared to TEM and X-ray imaging approaches. Thus, correlated ex situ electron microscopy imaging is
required to resolve small particles. This method also hinges on the material exhibiting electrochromic
behavior. Electrochromism is defined as a material property where the system undergoes optical changes
during faradaic electrochemical reactions. Additionally, the optical range of detection is limited by the
detector which can narrow the types or number of optical changes that can be probed. While light scattering
presents a serious challenge toward extending electro-optical imaging to nanoparticle films, though
reconstruction algorithms could be applied to measure redox concentration profiles of nanoparticle film
electrodes in 3D.* Like plasmonic-based imaging methods,” this electro-optical approach does not
measure electrochemical current at the single-nanoparticle level. This apparent experimental limitation does
not restrict the knowledge gained from the electro-optical imaging technique. Regardless of the
electrochemical current flow into single nanoparticles that are deposited on the ITO electrode, Li-ion
insertion single-nanoparticle level dynamics are still measured. Importantly, electro-optical imaging
quantifies these processes for single particles that are attached to the same ITO electrode, immersed in the

same electrolyte, and located only micrometers apart.

1.2 Hexagonal Tungsten Trioxide (h-WOQO3) as a Model System
Current hypotheses predict three major traits that contribute to high-rate performance: (1) the

material does not undergo a crystalline phase change, (2) the crystal should have an open, layered structure



that (3) have low energy binding sites for ions.” Understanding the variation in ion insertion dynamics
between individual crystalline particles that are nominally the same may reveal new materials chemistry
that can help propel the field forward and is the aim of this thesis. Hexagonal tungsten trioxide (h-WO3) is
a good model system because it does not undergo a crystalline phase change during lithiation* or large
volume expansion during lithiation,* minimizing the possibility that changes in bulk structure could
complicate data interpretation. Not only would a phase change impact the identity of surface facets, but
distinct crystalline phases also show different electrochromic properties**>’. Further, large hexagonal

3153 and electrochromic behavior****. Large optical modulation and

channels lead to better charge storage
large body of supporting literature make h-WOs3 an ideal and representative example to explore ion insertion

in solids.



CHAPTER 2: BACKGROUND

This chapter serves to provide the necessary scientific background information for the electro-
optical results presented in this thesis. The relationship between ion insertion induced optical changes will
be discussed in terms of mechanism of optical absorption and how absorption is related to charge storage

dynamics. Additionally, the use of the Beer-Lambert Law for electrochromic will be outlined.

2.1 Electrochromism

The electro-optical technique herein hinges on the use of electrochromic materials. A material is
defined as electrochromic if it undergoes optical changes during faradaic electrochemical reactions. The
general reaction scheme for ion-insertion based electrochromism in inorganic compounds is given in

Equation 2-1 using WOz and Li" as a representative example.

WO; + xLi* + xe™ 2 Li,WO4 Equation 2-1
Applying a cathodic potential induces a double injection of electrons and ions, reducing W® to W>*
with a charge balancing Li* yielding a deep blue “tungsten oxide bronze” (LixWO3). The resulting bronze
has different optical characteristics than the visibly transparent native oxide. In the case of WO3 (and many
electrochromic materials), the bronze undergoes broadband changes in the absorption spectrum sometimes
resulting in a visible tint, with the largest changes in the IR.*”%* Anodic polarization of the electrode

reversibly recovers the visibly transparent native oxide by oxidizing W>* to W®" and extracting Li*.

2.1.1 Electrochromic Mechanisms

The physical mechanism that causes optical changes in inorganic electrochromic materials is
widely debated between (1) intervalence d-band electron transfer, (2) localized surface plasmon resonance
(LSPR), (3) polaronic absorption, and (4) Drude-like free electron absorption.”**** Generally, visible
changes are attributed to intervalence effects, while polaronic and Drude-like absorption are responsible for

39,49,50,58,64,

low energy transitions; LSPR is highly tunable in both visible and NIR regions. % The specific

mechanism responsible for any given optical change can be material and size dependent.’®** There



exists only a qualitative understanding on the electrochromic mechanisms in even the most widely studied
electrochromic material, WOs3, whose optical changes appear to be dependent on particle size and degree

of crystallinity. 37626769

Intervalence transfer of electrons in transition metal d-orbitals lead to optical changes in many
inorganic materials. For example, Eq-T», splitting in compounds or molecules composed of octahedra cause
optical absorption across many wavelengths.”’ In many instances, the change in electronic structure is
accompanied by a change in bond lengths, as with Jahn-Teller effects, which can further impact optical
properties.’” Intervalence electron transfer does not take into account effects from inserted ions (i.e. Li*),
and is usually used to describe the mechanism of electrochromism in materials that undergo optical

transitions during oxidation, rather than ion insertion (i.e. NiO, V,0s, etc.).58’60

LSPR is a quantum confinement effect where incident radiation absorption causes oscillation of
the electrons in a particle. Because confinement is highly dependent on material, size, and shape, the optical
absorption from LSPR is highly tunable.’®”" Electrochromic particles absorb more light with increasing
LSPR intensity as they gain electron density during ion insertion.™® LSPR is not present for particles that

are larger than their Bohr exciton radius (outside of the quantum confinement regime, usually ~3 nm).

Polaronic absorption and Drude-like free electron absorption are the two mechanisms of
electrochromsim usually used to describe optical changes in materials that change color during reduction
(i.e. WO3).”2 Double injection of electrons and ions change the electronic structure of the host material. In
the case where charge is sufficiently delocalized, photon absorption can cause the migration of charge from
one reduced transition metal center to an adjacent transition metal, typically referred to as “small polaron
hopping” which is contingent upon the polarizability of bonds in the solid.®>®> Drude-like free electron
absorption is more localized than small polaron hopping and is most easily thought of as a special kind of
intervalence transition present in metals’> and heavily doped semiconductors®*® (like electrochromic
bronzes). Rather than excitation of electrons in defined d-orbitals, electrons are excited to higher energy

levels within the band structure of the material, typically through the absorption of low energy light.



Generally, small polaron hopping is thought to occur in only amorphous materials, and Drude-like

free electron absorption is thought to occur only in crystalline materials,*®>"->62

though both mechanisms
are likely at play in varying degrees during ion insertion. Neither small polaron hopping or the Drude model

fully explain the need for a charge balancing ion despite experimental evidence showing its necessity.®

2.2 Beer-Lambert Law for Electrochromics

Fundamentally useful knowledge can be gained from electrochromic materials during ion insertion
despite the incomplete understanding of the foundational mechanisms responsible for color change. The
electro-optical technique presented herein can still be used to investigate the charge storage dynamics even
if the mechanism is not rigorously understood if there is a clear relationship between the amount of charge
stored (number of ions inserted) and degree of coloration (how much light is absorbed). The Beer-Lambert
Law describes one such relationship,” and this section will be dedicated to describing its application in the

realm of electrochromic materials.

The Beer-Lambert Law (Equation 2-2) describes a linear relationship between the optical density
(OD) of a species and the concentration of absorbing species (c) where € is the molar extinction coefficient

and d is the thickness of the material.
OD = &cd Equation 2-2
The time dependent OD change (AOD(t)) of a material during the electrochromic reaction in
Equation 2-1 is calculated according to Equation 2-3 for a transmission experiment.

1(t) 1(0) Equation 2-3
AOD(t) = OD(t) — OD(0) = (—1og10 <m> +logyo <IO(_O)>>

where [ is the light transmitted through the electrochromic material, Iy is the light transmitted through the
background (this includes light attenuation from the substrate, electrolyte, etc.). Importantly, the change in
concentration of absorbing species (Ac) is directly related to AOD if the thickness of the electrochromic

film or individual particle is known (Equation 2-4).



AOD/d = eAc Equation 2-4
Equation 2-4 implies that the concentration of ions in a solid, and therefore the faradic charge
stored, can be directly calculated from an optical measurement if the constants € and d are known. For the
case presented in Equation 2-1, the real-time dynamics of charge storage can be probed by calculating the

concentration of [Li*~-W>*] color centers in LiyWOs3 in an in operando transmission experiment.

There are four major assumptions that must be made for the Beer-Lambert law to be used
quantitatively for single particle electrochromic materials: (1) € is an intrinsic material property that is
particle independent, (2) the magnitude of light lost to scattering is ion insertion independent, (3) every
injected electron is compensated by a cation, and (4) the measurement is made in a regime where OD
responds linearly with concentration of absorbing species. Assumption (1) is justified by considering that
€ is a material property that should not differ for particles that are nominally the same. Assumption (2) can
be considered a limitation for the application of the Beer-Lambert Law for electrochromics. Scattering is
largely influenced by changes in volume or size which occur for many charge storge materials (e.g. Si)
during the ion insertion reaction. However, scattering is not a limitation if a material is chosen that does not
undergo morphology change during charge storage. Assumption (3) follows from Equation 2-1 where the
reduction of the electrochromic species occurs by a double injection of electrons and charge compensating
cations. That is, the number of reduced sites is equivalent to the number of cations stored in the material.
Assumption (4) places another fundamental limitation for the application of the Beer-Lambert Law for
electrochromic materials. Many charge storage materials undergo crystalline phase changes during ion
insertion which limit the degree of ion insertion where the optical change is linear with concentration.
Additionally, high values of ion insertion lead to non linear changes in OD because the material becomes
so dark that modern detectors for transmission experiments fail to detect the small amounts of light that are
not absorbed. Therefore, only certain values of x in Equation 2-1 can be probed through optical

measurements.
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2.3 A Note on Electrochromic Smart Windows

Electrochromic properties of electrochemical charge storage materials are not widely discussed
within the field of energy storage. As a consequence, monitoring charge storage dynamics through color
change at the single particle level is not a common practice. However, there is a separate body of work
focusing on producing devices that take advantage of optical changes during ion insertion. Of those devices,
“smart windows” hold the largest promise for future energy savings and are an active area of research across
the world. Smart windows reduce ventilation and cooling system energy consumption by modulating the
amount of IR radiation from the sun into buildings.’**>%>’* The smart window absorbs IR radiation in the

“charged” (colored) state but does not in the “discharged” (transparent) state (Figure 2.1).

Figure 2.1 — Smart window. Electrochromic smart windows absorb IR radiation in the colored state, but
do not in the transparent state.

The single particle electro-optical approach herein is established in terms of electrochromic smart
windows to validate its use to monitor ion insertion dynamics in charge storage materials. Terms like
“tinting magnitude” or “tinting speed” relate to total charge stored and the kinetics of the storage reaction,
respectively. These studies described here work to establish a bridge between the electrochromic and energy

storage literature in the hopes of advancing technologies more rapidly.
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CHAPTER 3: EXPERIMENTAL DESIGN!

The single particle electro-optical technique pioneered over the last few years can be generally
applied to many charge storage systems to gain fundamental materials chemistry insight. This chapter aims
to lay the foundations for the electro-optical experimental design used to probe the Li-ion insertion
dynamics in a model system, hexagonal tungsten oxide (h-WO3). A detailed synthesis and characterization
routine for h-WOs is given first, followed by an outline of the experimental procedure. Finally, the bulk of
this chapter will deal with the detailed nuance of the procedure and walk the reader through each step

necessary to use the electro-optical technique.

3.1 Material Synthesis

Hexagonal tungsten oxide nanorods were synthesized via a hydrothermal reaction using 0.288 g
NaCl (Sigma) and 0.853 g sodium tungstate dihydrate (Sigma). Precursors were dissolved in 19 mL of 18.2
MQ-cm (MilliPore NanoPure) water following Wang et al.** The pH was adjusted to 2.0 using ~3 M HCl
in 50 pL increments under continuous stirring (>300 rpm) and then transferred to a 23 mL Parr Instruments
Acid Digestion hydrothermal reactor (model number 4979). The hydrothermal reactor was placed in an
oven at 180 °C for 24 hours. The vessel was removed from the oven and allowed to cool to room
temperature in a fume hood. The solid white product was filtered and washed twice with 18.2 MQ-cm water
by centrifugation and suspended in reagent grade ethanol (Fisher Scientific); particles aggregated in 200
proof ethanol. The sample remains structurally stable in ethanol for greater than one year by PXRD (not
shown). The synthesis procedure is summarized as a two-step process in Figure 3.1 below. Justifying the
crystal structure and particle morphology shown in Figure 3.1 will be the subject of section 3.2

Characterization.

i This chapter contains adaptations from Evans, R. C.; Nilsson, Z. N.; Sambur, J. B. High-Throughput Single-
Nanoparticle-Level Imaging of Electrochemical Ion Insertion Reactions. Anal. Chem. 2019, 91, 14983—-14991.
https://doi.org/10.1021/acs.analchem.9b03487. citation(”). R.C.E. performed experiments, analyzed data, and
wrote the manuscript. Z.N.N. performed SEM imaging experiments. J.B.S. and R.C.E. developed the experimental
setup, analyzed data, and wrote the manuscript.
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180 °C, 24 hr, H,OpH = 2.0

0.26 M NaCl @ H,0 rinse

015 M N32W04 store in EtOH

Figure 3.1 — Schematic representing the two-step process for making hexagonal WO; nano rods. 1)
add precursors and use correct temperature, pH, and solvent. 2) clean and store nanorods.

3.2 Characterization

Several techniques were used to confirm the hexagonal crystal structure and particle morphology.
In this section I will specifically discuss powder x-ray diffraction (PXRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM). Gaining deep
insights into ion insertion in solids relies on understanding how the atoms are arranged in the host; different
crystal systems impact redox reactions and impact data interpretation.’’*’®"" Further, quantitative
comparison of optical performance between single nanoparticles and the kinetic modeling used to fit that

data in 4.1 Kinetic Model rely on knowing the exact particle shape and thickness.

3.2.1 PXRD
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Figure 3.2 — PXRD structural characterization for WO; nanorods. Black circles represent data points
and red lines represent the P6/mmm, JCPDS 00-033-1387 reference.
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The Bruker D8 Discover series Il instrument with Cu Ko radiation was used to acquire PXRD
patterns. The sample was rotated, and a knife edge was used to minimize background signal at low angles.
Data was acquired at 0.2 s or longer. Samples were drop cast out of reagent ethanol onto Si pucks (MTI
G190901). Figure 3.2 shows the PXRD pattern for the h-WO3 sample used for a majority of the work
presented in this thesis. The pattern matched well with the P6/mmm, JCPDS 00-033-1387 reference,
indicating a hexagonal crystal structure. The intensity of peaks in PXRD correspond to the constructive
interference of diffracted x-rays inside the crystal structure. A high intensity peak indicates a large presence
of a particular lattice plane (with a particular lattice spacing) relative to the orientation of the detector. The
large signal for {100} and small signal for {001} groups of planes in the PXRD indicate preferred growth
direction along the [001] crystallographic direction.” TEM imaging was used to confirm growth direction

and will be discussed next.

3.2.2TEM

The morphology and crystal growth direction were determined by TEM imaging. Figure 3.3a
shows the rodlike morphology of the nanoparticles while Figure 3.3b,inset shows a closer image of a
nanorod and a representative selected area diffraction pattern indicating a regular atomic spacing of 3.83 A
and therefore growth along the [001] direction.*® Particles appear as dark objects against a brighter
background because the atoms in the crystal block/scatter electrons before they transmit through to the
detector. TEM was done on a JEOL JEM-2100F instrument at 8keV. Samples were drop cast out of reagent

ethanol on to copper / carbon mesh grids (Ted Pella 0184-F) for TEM imaging.
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b)

200 nm

Figure 3.3 — Crystallographic characterization of h-WQs;. a) TEM image showing the rod-like
morphology of the nanoparticles. b) High resolution TEM image showing a nanorod with regular atomic
spacing. Inset is a selected area diffraction pattern for the nanorod showing a regular atomic spacing of 3.83
A.
3.2.3 SEM and AFM

A combination of SEM and AFM was used to fully probe particle shape. While TEM provides
atomic level detail, it does so from a birds-eye view. The edges of the particles appear as straight lines; no
detail on the shape of end caps is easily obtained. However, by preparing films with various degrees of
disorder/random particle stacking it is possible to image particle end caps in SEM. SEM samples were
prepared by making a ~3 mg/mL solution of nanoparticles and drop casting onto ITO out of ethanol. A
known weight of particles were obtained by (1) weighing a centrifuge tube before and (2) after spinning at
3000 rpm for 5 min and drying the particles at 80 C for 30 min. The difference in weight gives the mass of

nanoparticles. Resuspending the nanoparticles with a known volume of ethanol yields a known mg / mL

solution.

15



SEI 15.0kV  X35.000 WD 10.0mm 100nm CSU SEI 15.0kV ~ X35.000 WD 10.0mm  100nm

Figure 3.4 — SEM images of nanorods. a) An SEM image showing the different morphologies of
nanorods. b) The same SEM image as in (a), but with the hexagonal caped nanorods pointing at the detector
highlighted with black outlines.

Figure 3.4a shows an SEM image of h-WO3; nanorods in various orientations. Random / disordered
films like this were prepared by drop casting ~3 mg of sample out of ethanol and rapidly evaporating the
ethanol using warm air. These disordered films expose the endcaps of nanorods. Figure 3.4b shows the
same SEM image as in Figure 3.4a with the caped nanorods pointing at the detector outlined in black and

are roughly hexagonal, implying a hexagonal prism morphology.

SEM was done on a JEOL 6500 FE-SEM instrument at accelerating voltages of either 8 keV for
single particles or 15 keV for films. A lower accelerating voltage was used for single particle studies to

better visualize surface details and more easily tell singles apart from pairs or clusters of nanoparticles.
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Figure 3.5 — Atomic force microscopy (AFM) of a hexagonal nanorod. a) AFM image of a nanorod.
The white line indicates where the line profile was drawn to obtain (b). b) The height profile obtained from
the white line drawn in (a). The gray dashed lines illustrate how the high profile can originate from a particle
with a hexagonal prism morphology.

AFM was used as an additional technique to verify the hexagonal prism particle morphology.
Figure 3.5a shows a representative AFM image of a h-WO3 nanorod. Figure 3.5b shows the height profile
with two sloping edges on either side of a relatively flat plateau which can be thought of as representing a
hexagonal prism (illustrated with gray dashed lines). The AFM measurements were performed at 1 Hz scan
rate in the Scanasyst mode using a Bruker SCANASYST-AIR cantilever (silicon nitride with tip radius of

2 nm). AFM image analysis was performed using NanoScope Analysis software (version 1.8).

Figure 3.6 — Determine particle length and width from SEM. a) Representative SEM image. b) Length
of scale bar determined by user clicks (red cross) cut in from (a). c) Length and width of nanorods selected
by user clicks (red cross).

The average nanoparticle length and width were 1.02 £ 0.54 um and 0.10 + 0.04 um, respectively.
Particle sizes were measured by analyzing the major and minor axis lengths (which correspond to length

and width for these nanorods) from SEM images. A custom MATLAB code computed the mean the
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standard deviation of 258 particles from images like that shown in Figure 3.6a. The code works by first
determining the number of pixels in a known length (the image scale bar) from user indicated clicks denoted
with red crosses (Figure 3.6b). Next, the user clicks each edge of the nanorod along its length (major axis)
and then again along its width (minor axis) as in Figure 3.6c. This is repeated for all particles whose
boundaries can be determined for as many images as necessary. The output of the code is a column of major
axis lengths and a column of minor axis lengths. The mean and standard deviation are computed using the

built-in mean and std functions in MATLAB.

Haight Sersor 13.0 yen

Figure 3.7 — Correlated SEM and AFM. a) SEM image with 3 individual nanorods marked. b) AFM
image with the same individual nanorods marked.

Note that correlated SEM and AFM reveal particle widths and heights closely approximate each
other. The widths for objects 1, 2, and 3 are 138 nm, 138 nm, and 105 nm, respectively from SEM (Figure
3.7a). The height from AFM for the same objects was 129 nm, 131 mn, and 111 nm, respectively Figure
3.7b). These measurements are no more than 7% different, showing that the assumption is valid and is

integral to the kinetic model and fitting procedure given in 4.1 Kinetic Model.

3.2.4 Characterization Summary

Hexagonal tungsten oxide was hydrothermally synthesized with NaCl and sodium tungstate
dihydrate in acidic media. The hexagonal crystal structure was determined with PXRD and matched with
the P6/mmm, JCPDS 00-033-1387. Growth direction was confirmed to be in the [001] direction by TEM.
Particle morphology is determined to be a hexagonal prism by SEM and AFM. SEM revealed nanoparticle

lengths and widths were 1.02 £ 0.54 pm and 0.10 £ 0.04 pm, respectively.
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3.3 Experimental Design
3.3.1 Overview

The purpose of this section is to give a broad overview of the electro-optical technique before
diving into the detailed nuance of each of its components and outputs. A simple, but representative, example
is used to introduce the imaging apparatus followed by the key outputs. The following sections will describe
how custom parts are made, the choice of specific equipment and parameters, and image processing steps
that lead to spatially resolved optical measurements during electrochemistry that generally relate to all

chapters of this thesis. Highly specific image processing will be reserved for the appropriate chapter and

section.
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Figure 3.8 — Electro-optical overview a) An optically transparent electrochemical cell is mounted on a
microscope and an LED or lamp illuminates the sample. The light transmitted through the sample is
collected by a microscope objective and imaged on an EM-CCD camera (not shown). b) optical image of
an object. c) SEM image correlated with the optical image in (b) of the same object. d) Representative
potential dependent optical density changes with time.

Figure 3.8shows an overview for the electro-optical imaging technique and output. An
electrochemical cell containing nanorods is mounted in between and illumination source and microscope
objective (Figure 3.8a). The light transmitting through the sample to the detector results in an optical image
(Figure 3.8b). Nanorods appear as dark objects on a bright background because the nanorods absorb and

scatter more light than the substrate. The pixels that compose the nanorods are signal I, and an equal area
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of pixels composed of only the substrate is the incident light signal I,. The objects found in optical images
are found again in the SEM to ensure the number of singles is known (single particles vs clusters of
particles) (Figure 3.8c). As described in Equation 2-3, signals I and I, are used to determine optical density.
Figure 3.8d shows a representative example of potential dependent optical density changes with time that
could result from a nanoparticle like that shown in Figure 3.8b,c. Optical density increases as the amount
of Li* injected into the h-WOj increases, and decreases as Li* is extracted. Cathodic and anodic potentials
of =1.0 V and 1.5 V vs Ag/AgCl are used in this example (Figure 3.8c). These optical density changes

form the basis for the investigation of Li-ion dynamics in WOj3 described throughout this thesis.

3.3.2 Choosing A Light Source

Choosing a light source, while sounding superficially trivial, is an important aspect of the electro-
optical technique. The wavelength chosen will determine the type of chemistry or physical processes probed
for any given system. Some processes happen over many wavelengths due to broad band changes in the
material, as is the case for h-WOs. In these cases, the quantum efficiency of the detector must be considered

to maximize signal-to-noise.
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Figure 3.9 — Transmission spectra of h-WQO3 on ITO under electrochemical bias. The film is in the
colored/tinted state at —1.0 V and bleached/transparent at 1.5 V vs Ag/AgCl. Optical modulation increases
with increasing wavelength.
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Figure 3.9 shows the percent transmission spectra for h-WQOj3 on ITO in the visible and NIR regions
under electrochemical bias. The film was colored (—1.0 V) or bleached (1.5 V) in 1 M LiClO4 for 1 minute.
The film shows a shift and increase in transmission below 500 nm, but a broad band decrease in
transmission above ~550 nm. The percent modulation (difference in bleach and color spectra) increases
with increasing wavelength. Spectra were taken on a Cary 5000 UV-Vis-NIR spectrometer with a diffuse
reflectance accessory. A 940 nm LED light source (Thor Labs) was chosen because it is roughly the
wavelength of maximum optical modulation and is compatible with both available detectors (Andor iXon

EMCCD and Prime 95b CMOS cameras).

3.3.3 Electrochemical Flow Cell

The electrochemical flow cell is a key component of the electo-optical experimental design. It
allows the user to image materials surrounded by electrolyte during electrochemical processes for many
experiments over several months if constructed properly. However, the design for the electrochemical flow
cell used is complex and takes several days to build. While several new designs have been tested, and
improving the flow cell is an active effort in the Sambur lab, at the time of writing the design presented in

this section is the version used for all experiments presented in chapters 4-6.
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Figure 3.10 — Electrochemical flow cell. a) Cartoon of the electrochemical flow cell with all necessary
components labeled. b) photograph of the electrochemical flow cell with all necessary components labeled.
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Figure 3.10a shows a break-out view cartoon for the construction of a complete electrochemical
flow cell with all necessary components labeled. Each part of the flow cell required its own preparation
before construction of the flow cell begins. Specific materials were chosen due to their chemical resistance
to propylene carbonate, the supporting solvent for the 1 M LiCIO, electrolyte used in all studies. First, the
ITO coated glass microscope slides (4-10 Q, 25 x 75 x 1.1 mm, Delta Technologies) were gently placed on
a wooden block with the ITO side facing down. Two holes are drilled 35 mm to 40 mm apart using a
diamond coated Dremel dill bit. One hole serves as a location for the inlet for injection of electrolyte while
the other serves as an exit for that electrolyte into the electrode chamber. Next, a diamond tip pen was used
to scratch an asymmetric shape on the ITO side of the microscope slide. This scratch serves as an important
landmark for correlated optical and SEM imaging discussed in 3.3.5 Optical / SEM image correlation. The
drilled ITO slides were cleaned by sonicating the substrates for 10 minutes each in several solutions:
Liquinox soap, 18.2 MQ-cm water, reagent acetone, reagent ethanol, 1M KOH, and 18.2 MQ-cm water
once more. The clean ITO slides were then soaked in a 17:3:1 18.2 MQ-cm water: concentrated ammonium
hydroxide: 30% hydrogen peroxide solution to make the ITO surface more hydrophilic,” which provided
better wettability of the nanoparticle solution to the substrate during spin coating deposition of
nanoparticles. Spin coating was done with ~0.1 mg/ml solutions of WO3 nanorods in ethanol at 3000 rpm
(VTC-100 vacuum spin coater) onto the ITO electrode. Note that the WO3 nanorod solution concentration
was varied to reach the desired dilute nanorod surface coverage. The surface was quickly surveyed using
reflection microscope at 100x magnification to ensure nanoparticles were on the ITO surface. Next, a 25
mm by 40 mm rectangle polytetrafluorethylene (PTFE) sheet was cut from a large roll using a razorblade
and straight edge. An interior window of 20 mm by 35 mm was cut out so that the PTFE would only serve
as a spacer between the I'TO and coverslip. The nanoparticle-coated ITO working electrode was assembled
into the base of the electrochemical flow cell by sandwiching a 50 micron-thick PTFE spacer between the

glass coverslip (No.1 Thermo Fisher) and the ITO substrate. The coverslip was permanently held to the
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ITO slide using the chemically resistant Loctite E-120HP Hysol epoxy. At this point the cell is left to dry

for one day.

Next the electrode chamber was prepared using polypropylene plastic (obtained by sawing the end
off a 15 mL centrifuge tube). Three vertical holes are drilled in the electrode chamber: one for the reference
(ref) electrode, one for the counter electrode, and one for the electrolyte outlet. A 2 cm — 3 cm section of
platinum wire is cut using ceramic scissors and curled to fit into the electrode chamber. Curling the wire
increase the surface area of the electrode that can fit in the small chamber. A Ag/AgCl wire is placed in
another hole in the electrode chamber. The outlet is fashioned from a plastic pipet tip and is placed in the
top-most hole in the electrode chamber. All components are sealed in place using Loctite E-120HP Hysol
epoxy and allowed one day to dry. The electrode chamber is placed over the outlet hole of the drilled ITO
electrode while a plastic pipet is fashioned into the inlet hole using Loctite E-120HP Hysol epoxy and

allowed one day to dry.

Finally, PTFE tubing (Cole Parmer) is placed in both the inlet and outlet pipet tips and sealed using
Loctite E-120HP Hysol epoxy and allowed one day to dry. A 10 cm section of insulated copper wire was
cut from a spool (Conwire); 1 cm of insulation was stripped from both ends. One end of the wire is secured
to the ITO surface using conductive epoxy (MG Chemicals) and serves as a working electrode contact.
Once all epoxy is dry, the flow cell was checked for leaks using a syringe pump (Genie). Any leaks are
sealed with Loctite E-120HP Hysol epoxy and allowed to dry for one day before any electro-optical

experiments were performed. Figure 3.10b shows a photograph of a complete electrochemical flow cell.

3.3.4 Experimental Set Up

The electro-optical experimental design relies on many disparate components working together
harmoniously. Electro-optical gets its name from the use of optical microscopy in combination with
electrochemical techniques. In this case, bright field transmission microscopy was combined with either

chronoamperometry or cyclic voltammetry to probe spatially resolved ion insertion dynamics at a particular

23



wavelength. General operating circumstances are discussed in this section. First, the layout of the equipment
is given with attention on which instruments must be connected to one another (and what settings to keep

in mind). How images are acquired and saved is discussed second.

Figure 3.11 shows a cartoon block diagram for electro-optical imaging. To begin, the appropriate
objectives (20x (Olympus UPlanFL N), and 60x objective, Olympus UPLANSAPOG60x/W) are fixed to the
nose piece of an Olympus IX73 inverted optical microscope. Next, the completed (and leak-free)
electrochemical cell is placed on the microscope stage. Two light sources are needed in this case: a white
light lamp, and the 940 nm LED. The white light lamp is installed first to position the flow cell and focus
on the particles because the human eye cannot detect 940 nm light. Leads from the potentiostat are
connected to the electrochemical flow cell in a 3-electrode fashion — the counter electrode is platinum wire,
the reference is Ag/AgCl, and the working is the wire attached to the ITO electrode (see 3.3.3
Electrochemical Flow Cell). The analog signals for current (i) and potential (E) are connected to separate
analog channels in a data acquisition card (DAQ) via BNC cables. The camera shutter signal from the
EMCCD or CMOS is connected to the digital signal port in the DAQ. The function of the DAQ card is to
record the outputs from separate devices and place them on a shared time axis. Thus, current, potential, and
camera activity are all known at each point in time which is requisite to the success of the electro-optical

imaging technique (see 3.3.6 Image Processing).
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Figure 3.11 — Cartoon overview of the electro-optical microscope set up. An optically transparent 3-
electrode electrochemical cell is mounted on an inverted microscope and an LED or lamp illuminates the
sample from above. The light transmitted through the sample is collected by a microscope objective and
imaged on an EM-CCD camera. The CCD camera and potentiostat are connected to a data acquisition card

(DAQ).

The sample is brought into focus by slowly raising the nose piece and objective toward the sample
under 20x magnification under white light illumination. The macroscopic scratch etched onto the ITO
provides a useful target to obtain course focus. At this point, the iris on the diaphragm between the light
source and sample is adjusted to the minimum size. Koehler illumination is achieved by adjusting the
position of the diaphragm until the blades of the iris appear sharp and in focus. This process insures an even
illumination of the sample. Note that Koehler illumination is wavelength dependent, so switching from a
white light source to 940 nm does induce some unevenness, but because the human eye cannot detect 940
nm light and the smallest iris size is still too large for detection on the camera, this is the best way get close
to Kohler illumination. Next, the 60x objective is used to locate areas where particle coverage is high, but
objects are spatially separated. A 2x lens is placed between the objective and camera to achieve 120x

magnification.

The light transmitted through the sample and collected by the objective is directed to the camera
by a series of mirrors. MircoManager 1.4 software is used to control the acquisition settings for the camera.

Once the image is in focus on the camera, the white light is swapped for the 940 nm LED and an appropriate
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imaging rate is chosen. The DAQ card should sample 5x - 10x faster than the imaging rate to minimize the
risk of under sampling. Electrochromic reactions, like that given in Equation 2-1, occur on the time scale
of seconds so 5 — 10 fps is adequate in most cases. To ensure the complete collection of all data, the
experiment should be executed in the following order: 1) begin recording with the DAQ card 2) begin image
acquisition into the appropriate folder 3) start the appropriate electrochemical experiment file (e.g.
chronoamperometry or cyclic voltammetry). This process is repeated for as many distinct areas around the

macroscopic scratch that is necessary to obtain a data set with enough single particles.

3.3.5 Optical / SEM image correlation

High resolution images of individual nanoparticles are needed to correlate structural properties to

optical changes, and therefore ion dynamics. The diffraction limit for optical microscopy roughly follows

the below Equation 3-1*:

- A Equation 3-1
~ 2nNA

Where [ is the resolvable feature size, n, is the refractive index, and NA is the numerical aperture of the
objective lens. Thus, / = 280 nm with 940 nm light in propylene carbonate with a NA = 1.2 (for the 60x
objective) under ideal conditions. With an average particle width of 100 nm (3.2 Characterization) and
increased scattering introduced at longer wavelengths, an alternative imaging method is needed to identify
which objects from electro-optical imaging are single nanoparticle. Correlating optical images with SEM
images allows for the identification of single nanoparticles, their length and width, and the number of

nanoparticles in small clusters.

Obtaining optical images near a macroscopic scratch is pertinent. The scratch acts as a landmark in
the SEM so the same area and particles can be found. Figure 3.12 shows correlated optical and SEM images
on the 10s of microns, and micron scale. Figure 3.12a shows an optical image of a scratch on an ITO
surface at 20x magnification. The red dashed box indicates the area shown in Figure 3.12b. Areas near the

intersection of the scratch were used for electro-optical experiments due to the ease of finding this shape in
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the SEM. Figure 3.12c,d show one such area using 940 nm light and SEM, respectively. The shape and
arrangement of objects in the optical image help identify the same areas in SEM. Single particles (Figure
3.12c-¢, red oval) and small clusters of particles can easily be differentiated at this stage. Additionally,
accurate measurements of single nanorod length and width (and consequently height, see 3.2.3 SEM and

AFM) are known and serve as the basis for correlating structure to optical performance.

yojelos paydle

Figure 3.12 — Optical and SEM correlation and identification of single nanorods. a) optical image of
the scratch area. b) SEM image of the same area as indicated in (a) by the red dashed square. c) optical
image of h-WOs nanorods. d) corresponding SEM image of the same particles. e) identification of a single
nanorod. (c-e) red ovals indicate the same object.

3.3.6 Image Processing

The electro-optical technique outputs only a file full of individual images and a DAQ spread sheet
with time, potential, current, and camera trigger signal (TTL). Gaining information from raw data requires
extensive data and image processing. This section will present the major steps performed in the custom

MATLAB code to go from raw data to visualization of ion insertion dynamics.

It is imperative to know the time, potential, and current for each image. The DAQ data samples

much faster than the imaging rate of the camera and therefore has a higher resolution of time. So, first, each
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image must be assigned a time point. Figure 3.13a shows the square wave camera TTL signal with time.
The shutter of the camera is either open (1) while the detector is exposing for an image, or closed (0) and
no light is hitting the detector. Figure 3.13b shows the derivative signal of the camera shutter TTL signal.
The “on” and “off” points for camera exposure are determined by finding the index in the data that
corresponds to the inflection points in the derivative and comparing it to the time of that index (Figure
3.13c, blue lines). Each inflection point is determined by using the £ind function in MATLAB. The time
point of the image is defined as the midpoint of the exposure, between the on and off points (Figure 3.13c,

red diamond).
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Figure 3.13 — Assigning time to camera TTL signal. a) Digital camera shutter TTL signal. b) Derivative
of digital camera shutter TTL signal in (a). ¢) Digital camera shutter TTL signal with blue lines marking
“on” and “off” points for camera exposure.

Potential and current can be assigned to any stack of images once the frames have been assigned a
time. Figure 3.14 shows a stack of images taken at various time points during an electro-optical experiment.
The top of Figure 3.14b shows the corresponding camera shutter signal with a red diamond depicting the
time defined for that image. These red diamonds are sown in the potential and current traces to illustrate
how those values can be assigned to a particular image when they share the same time axis. In this example
for the four images in Figure 3.14a, it is known that the first image was taken during a color pulse of —1.0
V and the latter three during a bleach pulse of 1.5 V, and what the global current was for the electrochemical

flow cell.

28



a) /b)_\A

openr
[ T
[ » I64s H g
| 32¢] EZ
own
[ - [16sp closed |
88 © .51 bleach
=
" 5S
- 8 color
‘ 1.0 . g
‘
L 20 L
-
g —_
| £g
- 5=
(] oF

Time

Figure 3.14 — Image processing to assign potential and current. a) Representative transmission image
stack during a cathodic polarization pulse. b) Camera shutter and potentiostat signals measured by the DAQ.
Top: camera shutter, middle: applied potential, bottom: electrochemical current. The red symbols represent
the camera shutter open time points.

Change in pixel intensity relative to the background inform on ion insertion dynamics for each
nanoparticle / object in a series of optical images. Accurately evaluating the correct pixels is therefore
important. There are many strategies to define the boundaries for objects in an optical image; a series of
image averaging, subtracting, and thresholding are used here. Figure 3.15 shows the process used to obtain
a binary image for determining object boundaries. First, all images from the lithiation/coloring step and
delithiation/bleaching step are respectively averaged by summing all pixel values and dividing by the
number of images summed. The result is two images, one that represents pixel intensities on average during
lithiation (Figure 3.15a) and one during delithiation (Figure 3.15b). Subtracting the delithated image from
the lithiated image results in a difference image (Figure 3.15c) where all particles that absorbed light to
become colored during lithiation appear as dark objects against a flat grey background. A gaussian is fit to
pixel values for the background and a threshold is set at six times the standard deviation for the fit (6c).
Figure 3.15d shows the binary image that results from the thresholding process; white pixels represent
particles whose difference image values were less than 6c of the background values. Outer edges for each
object in Figure 3.15d are used as boundaries for the next step in image processing: assigning masks. Note
that only particles that are electrochromically active (become darkener during lithiation) are detected this

way because objects whose pixels intensities do not differ between the lithiated and delithiated images do
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not appear in the difference image. SEM images are used to double check for inactive particles and masks
are drawn manually. Additionally, artifacts introduced by the macroscopic scratch must be ignored (see the

top right corner for each image in Figure 3.15).

| | lithiated - delithiated . threshold 60

10 pm 10 ym

lithiated delithiated difference image binary image

Figure 3.15 — Image processing for object boundaries in optical images. a) Average optical transmission
image of lithiated WO3 nanoparticles (NPs) on the ITO electrode. b) same as in (a), but for WO3 NPs in the
delithiated state. ¢) Difference image obtained from (a) and (b). d) Thresholded binary image of (c). White
pixels indicate lithiated particles and black pixels represent ITO pixels or inactive particles.

The integrated intensity of the pixel values from the particle and background are used to calculate
optical density. Pixel intensity is proportional to the amount of transmitted light hitting the detector. Particle
signal, I, and background signal, I, as defined in Equation 2-3 is used to calculate optical density for each
particle at each frame. Figure 3.16 shows an optical image with masks I and I, in blue and green for particle
and background masks, respectively. Particle masks are made by using the poly2mask function in
MATLAB with the particle boundaries determined by the binary image (Figure 3.15d) as the input polygon.
Background masks of equal size are created by translating the particle mask to a nearby area where there
are no particles (Fig3.16b). Figure 3.16¢ shows I, and I plotted with time. The background signal is potential
independent. The particle signal is potential dependent and lower in intensity relative to the background.

Figure 3.16d shows a representative potential dependent OD response used to probe ion insertion dynamics.
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Figure 3.16 — Image analysis procedure for single particle AOD(t) trajectories. a) Representative bright
field transmission image of a h-WOs3; NR/ITO electrode. b) Cropped transmission image from the red square
in (a). The blue and green pixel areas represent equal-sized pixel areas from a WO3 NR and ITO substrate,
respectively, and therefore the light transmitted through a single nanorod (I) and the ITO substrate (I,). c, I
(blue circles) and I, (green squares) trajectories from the regions in (b). d) OD(¥) trajectory calculated
according to —log;o(I /I,) in (c).
3.3.7 X-Y Stage Drift

The sample stage can drift in the x-y plane over time which must be accounted for when using the
masking method in 3.3.6 Image Processing. During long movies (usually > 2 hours) the sample stage moves
due to environmental impacts like temperature fluctuations and mechanical vibrations in the room. The
affect is a series of images that have some shift relative to one another resulting in masks that do not fit on
all particles at all frames. If ignored, then the integrated pixel intensity in that mask would no longer reflect
the ion insertion dynamics for that object at long times. To circumvent this issue, a custom code in
MATLAB is used to shift the relative position of all masks by tracking the centroid of several objects as
they drift with time. First, a binary image is produced by thresholding against the background like in Figure
3.15d but for each image rather than a difference image. Figure 3.17a shows a binary image for an
individual object at some frame, n. The function centroid is used in MATLAB for find the centroid of

the binary object. Figure 3.17b shows the same binary object at frame n + [ that has drifted some distance

in the x-y plane. The centroid position in frame n + / is compared to frame » and that distance traveled is
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calculated and applied to the particle and background masks before the integrated pixel intensity is

calculated.
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Figure 3.17 — Illustration of x-y drift. a) Binary image containing one object with the centroid (yellow
circle) at some frame, n. b) Binary image of the same object as in (a) but shifted in the x-y plane.

3.3.8 Calculating the Optical Density Profile Along a Single Nanorod

Figure 3.18 shows the experimental procedure that was used to calculate the optical density
gradient for all nanorods longer than 1.5 um. First, the centroid position, end points, and edge pixels (or
nanorod contour) in SEM and optical images of the same nanorod (Figure 3.18a-b) were determined. The
nanorod structural contour from the SEM image was overlaid onto the optical image by (1) determining the
centroid positions of the same near diffraction-limited objects in SEM and optical images, (2) fitting the
geometric transformation using the fitgeotrans function in MATLAB, and (3) overlaying the nanorod
contour pixels on the optical image using the transformPointsForward function. Next, the nanorod
was divided into ~200 nm bins extending from the nanorod centroid position (blue squares in Figure 3.18c).
AOD(?) trajectories were extracted from each bin and the AOD™* values were calculated from the average
of three consecutive coloration/bleaching cycles. To ensure that the OD data stems from equal-sized 200

nm bins only, nanorod end caps in the last bins are ignored.
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Figure 3.18 — Experimental procedure to calculate the optical density profile along a single nanorod.
a) SEM image of a nanorod. The nanorod major axis, end points, and centroid are extracted. The red line
represents a linear fit to the nanorod pixels and therefore the major axis. The green squares represent the
nanorod end points. The blue square represents the centroid position. b) Optical image of the same nanorod
in (a). The red line, green squares and blue hollow square represents the nanorod major axis, end points,
and centroid position, respectively. c) Same transmission as in (b) but the blue squares represent 200 nm
segments for AOD versus distance to centroid analysis.

3.3.9 Limit of Detection

Limit of detection (LOD) was calculated to estimate the minimum h-WO; nanoparticle size that
can be measured by this electro-optical imaging approach. AOD trajectories were extracted from single
pixels in the bare regions of the ITO electrode to calculate the noise in the optical density measurement.
Figure 3.19a shows a single pixel AOD trajectory from two background pixels during a potential step
experiment. The trajectory shows no OD change, indicating that the ITO electrode does not undergo an
electrochromic lithiation reaction at these cathodic potentials. The distribution in Figure 3.19b was fit with
a Gaussian function to obtain the population mean (u) and the standard deviation (o) and calculated the
limit of detection at a single particle level, defined the LOD as p+3c. The analysis in Figure 6a-b was
repeated for 58 single pixels and determined that the average single pixel LOD is 1.08 x 10-2 (Figure

3.19c¢).
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Figure 3.19 — Determination of the limit of detection. (a) Single background pixel AOD(?) trajectory
during a cathodic potential pulse (—1.0 V vs Ag/AgCl). The data points represent the average response of
three pulses. (b) Histogram of the data in (a). The data was fit with a Gaussian function to obtain the
population mean p = 2.75 x 107, the standard deviation o (3.70 x 107), and the single pixel limit of
detection (LOD = u+3c = 1.11 x 107%). (c) The distribution of 58 single pixel LOD values. The single pixel
average LOD = 1.08 x 102,

The smallest WO3 nanoparticle that could produce a larger OD response than the LOD was
calculated using the single pixel LOD. To do so, Equation 2-4 was rearranged to solve for d when d =
LOD/e(940 nm)Ac. Important assumptions include (1) a spherical geometry where d is the particle diameter,
(2) all W>* sites in the particle volume contribute to coloration (i.e., we calculate Ac for a given particle
diameter assuming that x = 1 in Equation 2-1), and Equation 2-2 £ = 10° cm*/mol at 940nm.®' The smallest
particle that can be detected using this electro-optical approach was calculated to be about 13 nm. Note that
the diffraction-limited electro-optical imaging method cannot directly resolve the morphology of

nanoparticles. Ex situ SEM or TEM measurements are necessary to correlate OD changes with particle

morphology.
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CHAPTER 4: INVESTIGATION OF STRUCTURE-PROPERTY RELATIONSHIPS IN HEXAGONAL
WO; NANORODS"

Nanomaterials have tremendous potential to increase electrochromic smart window efficiency, speed,
and durability.®> However, nanoparticles vary in size, shape, and surface defects, and it is unknown how
nanoparticle heterogeneity contributes to particle-dependent electrochromic properties (i.e.
coloration/bleaching kinetics and optical density magnitude). Structure-property relationships in h-WO;
nanorods were explored by quantifying the impact of particle size, morphology, and particle-particle
interactions on electrochromic dynamics. Measurements during chronoamperometry revealed two distinct
kinetic regimes for ion insertion observed via an optical handle. One that scales exponentially with time,
and one that scales with the square root of time. The exponential and square root relationships are termed
pseudocapacitance and diffusion-limited, respectively. Both are the result of the same physical phenomena
— ion insertion into a solid. Additional results include a particle-dependent waiting time for coloration due
to Li-ion insertion at optically inactive surface sites. Further, longer nanorods tend to tint darker because
they store more Li-ion color centers at surface step sites. The particle-dependent waiting time, coloration
rates, and magnitudes contribute to unwanted spatial and temporal tinting performance across large area
electrochromic windows. Particle-particle interactions were quantified and showed to impact tinting
dynamics and reversibility. Interestingly, single particles tint 4x faster and cycle 20x more reversibly than
thin films made of the same particles. A nanostructured electrode architecture that optimizes optical
modulation rates and reversibility across large area smart windows is proposed. Lastly, heterogeneity in

optical response during cyclic voltammetry is discussed.

i This chapter contains adaptations from Evans, R. C.; Ellingworth, A.; Cashen, C. J.; Weinberger, C. R.; Sambur, J.
B. Influence of Single-Nanoparticle Electrochromic Dynamics on the Durability and Speed of Smart Windows. Proc.
Natl. Acad. Sci. 2019, 116 (26), 201822007. https://doi.org/10.1073/pnas.1822007116, citation(®®) and Evans, R.
C.; Nilsson, Z. N.; Sambur, J. B. High-Throughput Single-Nanoparticle-Level Imaging of Electrochemical Ion
Insertion Reactions. Anal. Chem. 2019, 91, 14983-14991. https://doi.org/10.1021/acs.analchem.9b03487.
citation(’”) R.C.E. and J.B.S. designed research; R.C.E. performed research; R.C.E., AE., C.J.C., CR.W., and J.B.S.
analyzed data; and R.C.E., CR.W., and J.B.S. wrote the paper.
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8975 and formed the basis for the hypotheses explored in

Results in this section lead to two publications
CHAPTER 5: and CHAPTER 6:. Briefly, enhanced coloration of long nanoparticles was attributed to step
edge defects. These defects expose new crystalline facets implying the surface arrangement of atoms
impacts ion insertion dynamics into h-WQOs;— a result present in battery literature, but nearly nonexistent in
the electrochromics literature. CHAPTER 5: explores the influence of crystalline facets on electrochromic

performance. Next, the stark heterogeneity in electrochemical performance for nominally identical particles

in addition to two distinct kinetic regimes motivated the potential dependent study in CHAPTER 6:.

4.1 Kinetic Model

A major result in this study revolves around the optically detected ion insertion reaction (Equation
2-1) occurring both exponentially and with the square root of time. To reiterate, the exponential and square
root relationships during chronoamperometry are termed pseudocapacitance and diffusion-limited,
respectively. Both are the result of the same physical phenomena — ion insertion into a solid. The
exponential relationship is of particular importance for highspeed electrochromic smart windows and
energy storage devices. This section will lay the foundation for the kinetic model used to fit the single

particle optical response during chronoamperometry throughout this document.
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Figure 4.1 — Single particle electro-optical kinetics. A cathodic chronoamperometric pulse (—1.0 V vs
Ag/AgCl) induces an optical response with three distinct regions in h-WOQOs: 1) a period with no optical
change (#.4i1), 2) a burst, and 3) a slow rise.

Figure 4.1 shows the thickness corrected optical density change, AODq, with time during a cathodic
pulse. Recall from Equation 2-4 that thickness correction for single particles depicts the change in

concentration of absorbing species (and therefore inserted ions). The AODy trajectory is composed of three
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distinct regions: 1) a period with no optical change (#..:), 2) a burst, and 3) a slow rise. Each region reveals

fundamental insight into ion dynamics in solids and must be accounted for in the kinetic model.

Electrochemical models by Bohnke and Vullimin®’, and Faughnan, Crandall and Lampert®**®, and

86-89

others that all consider the total flux of current, J(f), consist of: (1) a non-faradaic double layer charging

current (Jpr) that decays exponentially with time ¢, (2) a pseudocapacitive current (Jpseudo) due to Li-ion

insertion at surface sites that decays exponentially with ¢, and (3) a diffusion-limited current (Jairr) due to

t—1/2 87

Li-ion insertion at bulk sites that decays with as in the Cotrell equation®*®’, were adapted to

quantitatively model single nanorod AODy(?) trajectories. These contributions are summerized in Equation

4-1 below:
J(@) = Jpr(©) + Jpseuao (t) + Jaiss () Equation 4-1
AE -t Qmax DLi
= —exp (=) + Aexp(—k £) + SN L
R €xp (RC) + exp( pseudo ) + d\/ﬁ

Where AE is the change in cell potential, R is the cell resistance, C is the capacitance (therfore RC is the
time constant of the cell), A is a preexponential factor, Quax is the maximum charge injected, Dy, is the

lithium diffusion constant, and d is the thicknesses of the film.
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Figure 4.2 — Current-time response of these h-WQO3; NR/ITO electrodes. a) Potential versus time
waveform and (b), corresponding current versus time response (black dots). The red line represents a fit to
the current versus time response using Equation 4-1. Fitting current-time data with Equation 4-1 yields A =
5.1e-06 C/s-cm?, Kpseudo = 0.58 s! and D’ = 1.5¢-06 C/s*? -cm? for the bleach and A = 4.6e-06 C/s-cm?,
Kpseudo= 0.85 57!, and D’ = 1.4e-05 C/s**-cm? for coloring. Ag / AgCl was used as a reference electrode.

Figure 4.2 shows the current-time response of the single particel h-WOs electrochemical flow cell
during the bleach (1.5 V) and coloration (—1.0 V) potential steps. Equation 4-1 fit the current response in

Figure 4.2b well and qualifies this aproach as a foundation for building a kenetic model.

Similar to the aforementioned studies, this model assumes the change in optical density in the WO3
material is proportional to the change in color centers Ac, and the time-dependent change in color centers,
Ac(?), can be calculated by integrating the experimentally measured current density J(¢). That is, AOD(?) is
proportional to the time-dependent charge inserted into the electrode, AQ(f), whoes only contributers are
faridaic. Double layer charging does not induce an electrochromic response. Thus Ac(f) is a sum of
pseudocapactive and diffusion limited copmenents (Acpscudo(?) and Acaist(?), respectively). Equation 2-4 can

be expanded to Equation 4-2:
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AOD(t Equation 4-2
—()d = Ac(t) = ACpseudo(t) + ACdiff(t) i

Which implies only charge contributions from pseudocapacitance and diffusion limited reactions
(AQpscudo and AQuisr) should be considered in a model that fits an optical response due to faradaic ion

insertion (Equation 4-3).

t t
Asteudo(t) + AQdiff(t) = ]pseudo(t)dt + f ]diff(t) dt
0

twait

Equation 4-3

The existence of #,.;; was unexpected and is not discussed in the literature. No optical change is
observed for a period of time after a cathodic potential is applied to the cell even though current is measured.
For this to be true, ions must be injected into the material which implies that not all ion insertion results in
a color change. Note #,4; is an order of magnitude longer than double layer charging and must involve
faradaic charging. JpL is not responsible for #,q. The physical justification for #,.: is given in in section
4.2.1. For now, only the mathematical treatment of ¢, will be considered. There are two important features
of #.qir that must be considered for the fit: 1) it must be variable fit because #,4: is particle dependent, and 2)

the magnitude of AODgmust not increase during #,.;. Both of these criteria are met with use of the Heaviside
function. Combining Equation 4-1 and Equation 4-3, incorporating a Heaviside function, H(t—fwait), and
integrating yields the kinetic model used to fit optical changes under chronoamperometric

conditions, Equation 4-4:

Equation 4-4

H(t - twait) <_ [exp(_kpseudot) - exp(kpseudotwait)]> + ZD’\/Z

kpseudo

Where A, kpseudos twair, and D’ are fitting parameters. D’ is given by Equation 4-5 below

39



D = Qmax+/ Dri Equation 4-5
dvr

Fitting is done using a custom code in MATLAB. Fitting the data in Figure 4.1 using Equation 4-4

gives Figure 4.3.

0 10 20 30
Time (s)

Figure 4.3 — Thickness corrected optical density response at —1.0 V vs Ag/AgCl fit with kinetic model.
A cathodic chronoamperometric pulse induces an optical response with three distinct regions in h-WOs: 1)
a period with no optical change (#ir), 2) a burst, and 3) a slow rise all fit with Equation 4-4 (red line). Error
bars are standard deviation between three cycles.

4.2 Results and Discussion

4.2.1 Coloration and Bleaching Dynamics in Single h-WQO3 Nanorods

Figure 4.4 shows representative AOD(¢); trajectories for three isolated nanorods with similar
widths (0.11 pm, 0.16 um, and 0.10 um) and different lengths (1.64 um, 0.52 um, and 0.67 pm). The
AOD(t)q trajectories exhibit three distinct features: (1) a particle-dependent waiting time for a change in
OD (twait, see Figure 4.4¢.f,i), (2) an abrupt OD burst at short times, and (3) a steady OD increase at long

times (Figure 4.4b,e,h).
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Figure 4.4 — Quantitative analysis of single nanoparticle optical density trajectories. a) SEM image of
a single WO3 nanorod (length = 1.64 pum, width = 0.11 pm). b) AOD(#)q trajectory of the same nanorod in
(a). The AOD(f), data points and error bars represent the mean and standard deviation of 3 consecutive
cathodic (—1.0 V vs Ag/AgCl) and anodic (+1.5 V vs Ag/AgCl) potential cycles. The dashed vertical lines
represent t53°7 (67.78 s) and t5" (4.33 s). The solid red line represents the fit to the data using equation
(2) in Methods. c) AOD(¢), trajectory in (b) from t = 0 to 30 s, showing fw.ic = 1.78 s. (d-f) same data as (a-
¢), but for a shorter WO3 nanorod (length = 0.52 pm , width = 0.16 um) with longer tg%““‘ (115.53s), t};‘;ach
(3.33 ), and slightly longer fwai (2.78 s). (g-1) same data as (a-c), but for a shorter WO3 nanorod (length =

0.67 um , width = 0.10 um) with longer t59°" (96.78 s) , t3i3M (209.33 s), and much longer fyi (18.03 s).

The waiting time is rationalized though binding dynamics in the crystal — consider that 2-WOs3 has
three Li-ion binding sites: hexagonal windows (HW), square windows (SW), and trigonal cavities (TC)
(Figure 4.5).”°*%! Balaji et al. showed that Li ions fill TC sites first, but only HW and SW sites contribute
to coloration in porous hexagonal WOs films>*, in agreement with electronic structure calculations.’ Thus,

we attribute the waiting time to Li-ion insertion at optically inactive TC sites.
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Figure 4.5 — Li-ion binding sites in hexagonal WQO3. Structure of 2-WO3; with c-axis a) perpendicular and
b) parallel to the plane. The TC site is optically inactive. The HW and SW sites are optically active.

The OD burst behavior can be described as psuedocapacitance. Cyclic voltammetry data verifies
an electrochemical signature for psudocapacitive behavior in these #-WO; nanorods (Figure 4.6).”°
Pseudocapacitance is a faradaic capacitive charging process that is associated with rapid charge transfer
reactions at or near the electrode surface.' The OD burst behavior can be attributed to Li ion insertion at
optically active HW and SW surface sites because we observed that AOD(f), scales exponentially with z,
consistent with a capacitive surface charging process. Intercalation pseudocapacitance throughout the
nanorod bulk is not expected in these #-WO3 nanorods because bulk pseudocapacitance requires a unique
crystalline network.” The slow OD rise behavior can be attributed to a diffusion-limited Li-ion insertion
process at bulk HW and SW sites because we observed that AOD(f), scales with ' at long times, in
agreement with the Cottrell equation.’® While we do not directly image Li-ion insertion at bulk versus
surface sites, we distinguish the rapid surface Li-ion insertion reaction (i.e., pseudocapacitance) from the

slow bulk Li-ion insertion process, respectively, in agreement with the literature.”'
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Figure 4.6 — Electrochemical characterization of ensemble WQOs nanorod film. a) Electrochemical
response versus scan rate according to equation (S1). The circles and squares represent currents measured
at—1.0 V (circles) and —0.08 V (squares) vs Ag/AgCl, respectively. The solid red line represents a linear fit
and the dashed lines represent the 95% confidence intervals. b) Fraction of injected charge using the
constants k; and ko from the fit in (a) according to Equation 4-6. The blue and orange bars represent the
fractions of pseudocapacitive surface charge and diffusion-controlled bulk charge, respectively. Error bars
represent the standard error of the mean.

Following Dunn and co-workers”, we plotted current at a fixed potential versus the square root of
the scan rate and observed that i(E)/+/v scales linearly with Vv (Figure 4.6a). This scaling relation is
consistent with Equation 4-6, indicating that that the current response stems from a fast surface charge
transfer reaction (pseudocapacitance) with a rate constant k; and a slow bulk Li-ion diffusion reaction with
a rate constant k». Figure 4.6b shows that the majority of charge injected into these WO3 NRs stems from

the pseudocapacitive process.

i(E
%= kv + ks,

Equation 4-6

To quantitatively analyze the AOD(¢), trajectories of 102 individual 2-WOs3; NRs, we developed a
time-dependent electrochromism model that accounts for (1) fw.i,, (2) the pseudocapacitive OD burst, and
(3) the slow OD rise (see 4.1 Kinetic Model). In this model, Li-ion insertion at reduced W>" sites are
responsible for coloration as we observe no W** species in X-ray photoelectron spectroscopy measurements
(XPS, Figure 4.7). Fitting Equation 4-4 to the AOD(¢); data (see solid red lines in Figure 4.4b.e,h) yields

Iwait, @ Tate constant for the surface charge transfer reaction (kpseudo), and the total charge inserted into
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optically active HW and SW sites (Q35"® and QS;S&’SO). In addition, we extract smart window performance

metrics such as the particle thickness-corrected maximum change in OD (AODZ#¥), the time required to

reach 90% of AODTX (£591°T), and the time required to decay from AODTX by 90% (t5ie3°h).
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Figure 4.7 — X-ray photoelectron spectroscopy of a h-WQO; NR film. a) before and b) after coloration
for 600 s at—1.0 V vs Ag / AgCl. The blue dots represent the data and the solid red lines represent fits from
Multipack (v. 9.3) software. The red and green dashed vertical lines represent expected peak positions of
W 4f core level binding energies that are consistent with W and W>* oxidation states, respectively. The
chamber pressure was 10~ mbar.

Figure 4.7 shows X-ray photoelectron (XPS) spectra of pristine and colored WO3 nanorod films.
The XPS spectrum of the pristine film shows W 4f(72)and W 4f(s») peaks at 36.2 eV and 38.3 eV that are
consistent with W, Upon coloring the film at —1.0 V for 600 s, a new peak appears at 34.7 eV that indicates
the formation of W>* sites.”® The colored film does not show peaks at ~33 - 32 eV that would indicate the

formation of W**.”7

The widefield imaging approach measures hundreds of nanoparticles in a single experiment. We

observed that 9% (9/102) of single particles showed no optical modulation and 6% (6/102) of single
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particles showed anomalous tinting behavior during cathodic polarization cycles. Figure 4.8 shows several
types of anomalous optical behavior, define here as a deviation from the average of all single particles. The

potential significance of the inactive and anomalous particles will be discussed below.
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Figure 4.8 — Examples of anomalous optical modulation behavior. a, c, ¢) SEM image of a single WO;
nanorod. b, d, f) Normalized OD trajectory for the pictured nanoparticle (black circles) compared to the
normalized trace for the average of all single nanoparticles (blue squares) and film (grey circles). The error
bars for the average of singles represent the standard error of the mean. Error bars for abnormal OD
trajectories are omitted for clarity.

This small anomalous nanoparticle population did not show a clear AOD burst followed by a slow
AOD rise that could be reproducibly fit by Equation 4-4. The anomalous particles also exhibit pulse-
dependent optical modulation dynamics and magnitudes. Anomalous and dead particles were not fit with
equations 2-3 in Methods; therefore 83/98 particles were fit with Equation 4-4. It is notable that the AOD(¥)
dynamics of anomalous particles are qualitatively similar to that of the thin film electrode. However, it is
unclear to what extent anomalous particles affect AOD dynamics of large nanoparticle clusters and the thin

film electrode.
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4.2.2 Effect of Particle Size and Surface Structure on Optical Density Magnitude and Dynamics
Figure 4.9a shows a positive Pearson correlation coefficient between AOD;®* and nanorod length; on
average, longer nanorods tint darker than shorter nanorods. However, particles with identical lengths can
exhibit an order of magnitude difference in AOD7'®* under identical experimental conditions. The trajectory
analysis revealed that longer nanorods store more surface charge per geometric area (Figure 4.9b) and more
bulk charge per volume than shorter nanorods (Figure 4.9c). These trends are hidden in ensemble-level
electro-optical measurements and unexpected because the number density of Li-ion binding sites does not

scale with surface area and volume in perfect crystals.
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Figure 4.9 — Correlation between optical density magnitude and nanorod structural properties. a)
The particle thickness-corrected change in optical density AODJ'®* versus nanorod length (Pearson
correlation coefficient p = 0.34 + 0.06, N = 98 particles). b) Charge inserted into optically active surface

sites per electrochemically active surface area of the nanorod Qgggggo versus length (p=0.52 + 0.05, N =

83 particles) and c) bulk charge per unit volume Q353'® versus length (p = 0.33 £0.07, N = 83 particles).
The black circles in (a-c) represent data from individual nanorods and the solid red line is a linear fit to
show the general trend. d) SEM image of a single nanorod. The distance between all vertical black and red
lines represent 200 nm segments for sub-particle-level trajectory analyses. Small nanorod segments

extending beyond the vertical black lines were not analyzed. e) Representative AOD(f) trajectories
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measured from the middle (hollow green circles) and end segments (hollow and solid blue squares) on the
single nanorod in in (d). f) Maximum AOD versus distance from nanorod centroid calculated from the
trajectory analyses in (e). The red line represents a linear fit to the segmented data. Error bars are the
standard deviation of the AOD within the 200 nm segment. g) AOD™ of 13 single particles versus its slope
parameter defined in (f). The red line is a linear fit to show the general trend (o= 0.73 £0.31).

The AOD(¢) along the length of single nanorods was evaluated to probe bulk and surface charge
storage trends (Figure 4.9a-c). The AOD(¢) kinetics are independent of position along the nanorod (Figure
4.9¢), but the maximum OD increases from the nanorod ends towards its middle (Figure 4.9f). The OD
trend in Figure 4.9f indicates that more (Li*-W>*) color centers accumulate in the middle of the nanorod
than at its ends even though there are no observable structural gradients along the nanorod in SEM images
(Figure 4.9d). Interestingly, the slope of the color center gradient is larger for nanorods with larger AOD™**
values (Figure 4.9¢). One explanation for the (Li*-W>") color center gradient is a surface step edge gradient
that propagates from the nanorod middle to the ends, as evidenced by transmission electron microscopy

(TEM) imaging of separate nanorods from the same sample (Figure 4.10).

Figure 4.10 — High resolution TEM imaging of the h-WQO3 nanorod sample. a-b) Representative TEM
images showing perpendicular (indicated by yellow arrows) and parallel step edge features along single
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nanorods. ¢) TEM image showing two physically coupled nanorods and d) a zoom-in view of the interfacial
region in (c) that shows a heterogeneous interfacial structure at the particle-particle interface.

Figure 4.10 shows TEM images of nanorods that were synthesized in the same batch as the 98 particles
in our single-particle imaging study. Figure 4.10a-b shows representative TEM images of single nanorods
that exhibit a particle-dependent surface step structure. The particles show a step edge gradient parallel to
the nanorod length that increases Li-ion access to the nanorod interior along the a and b crystal axes. In
addition, the particles show a step edge gradient perpendicular to the nanorod length (indicated by yellow
arrows in Figure 4.10a-b) that increases Li-ion access to optically active hexagonal channels along the ¢
axis.”* Figure 4.10c shows a TEM image of physically connected WO; nanoparticles. Figure 4.10d shows
a heterogeneous surface structure at the particle-particle interface that could account for cluster-dependent

Li-ion trapping kinetics at particle-particle interfaces.

Highly stepped surfaces have more Li-ion insertion sites than smooth surfaces and therefore more

optically active surface sites per geometric area than a perfect crystal. Since the nanorods grow outward

46,98

from a pre-formed core and the growth rate of different crystal planes varies*, then a defect gradient

could develop along the nanorod side facets” with the highest defect density at the nanorod center and the

100

lowest defect density at the ends' . Another possibility for the trend in Figure 4.9c is that electric fields at

step edges facilitate Li-ion transport from the nanorod ends toward the middle along the large hexagonal

channels of 2-WO; nanorods.'" "

Having determined the correlation between nanorod structure and optical density magnitude, we then

explored optical modulation kinetics at the single nanorod-level. Interestingly, we observed no strong

correlations between OD kinetic parameters (e.g., tS9'°F , t543P, s, and kpseudso) and particle length

(Figure 4.11), width, geometric surface area, or volume (see the following figures). The fact that £$9I°T,

tg(l)ea':h, twait, and Kpseudo are not correlated with bulk structural properties implies that electrochromic kinetics

are dominated by particle-dependent properties such as defect sites. The presence of impurity atoms and

defects are unavoidable for nanomaterial samples that even share the same side facets (they also occur in
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bulk WO5'*). Our single-particle approach circumvents the issue of particle-to-particle heterogeneity, a

challenge for conventional ensemble measurements that average differences among particles.
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Figure 4.11 — Correlation between electrochromic Kinetic parameters and physical properties of
individual nanorods. (a-d) Correlations between surface charge transfer rate constant kpseudo and length,
width, geometric surface area (GA) exposed to electrolyte, and volume. (e-h) and (i-1) Correlations between
£591°T and t91e2°h versus length, width, geometric surface area, and volume. The black circles represent
data from the 83 fitted individual nanorods and the red line represents a linear fit to show the general trend.
Correlation coefficients are represented as p. Error bar for the Pearson’s correlation coefficient calculated

according to ref.'®

Figure 4.11 shows correlations between electrochromic kinetics and physical parameters (length,
width, geometric surface area (all nanorod sidewalls in contact with the electrolyte and the end caps), and

volume. No strong correlations between optical modulation kinetics and physical properties were observed
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(Figure 4.11). The waiting time, fw.i, does not correlate strongly with any nanorod physical parameters
(Figure 4.12). The fact that kg, tS9'°7, t23¢3N and £y are not correlated with bulk structural properties

implies that electrochromic kinetics are dominated by particle-dependent properties such as defect sites and

the step edge gradient.
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Figure 4.12 — Correlation between #..i and physical properties. (a-c) Correlation between #,..;; and width,
geometric area exposed to electrolyte, and volume. Correlation coefficients are represented as p. d)
Correlation between geometric area corrected charge injected predicted from the model versus length. Error
bar for the Pearson’s correlation coefficient calculated according to ref.'®

We expected to observe a correlation between fw.ix and nanorod length because longer nanorods
with more step edges would have more optically inactive TC sites that contribute to a longer #w.i. However,
the waiting time is independent of nanorod length (Figure 4.13a) and other structural properties (Figure
4.12). Optically active surface charge density is more strongly correlated with nanorod length than optically
inactive charge density (Pearson correlation coefficient p = 0.52 + 0.06 in Figure 4.9b versus p=0.14 +
0.07 in Figure 4.12d). The optically active surface charge density is more strongly correlated with nanorod

length than the inactive charge density presumably because (1) the large hexagonal tunnels accommodate
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more Li-ions than the small trigonal cavity tunnels'®

, and (2) Li-ion transport is more efficient in the large,
open hexagonal tunnels than in the smaller trigonal tunnels.'’> Regardless of the underlying reason why #yai
and optically inactive surface charge is independent of length, the large variation in waiting times, from

100 ms to 20 s (Figure 4.13a, inset), is significant because particles with longer waiting times decrease

coloration efficiency; no OD change occurs even though charge is inserted into the nanorods.
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Figure 4.13 — Coloration and bleaching kinetics at the single particle-level. a, Waiting time for optical
modulation versus nanorod length (o = —0.11 £ 0.07). Inset shows the distribution of waiting times. b,
Coloration versus bleaching kinetics; t53!° versus t2€2h (p=0.65 +0.04). ¢, t$3'°T versus kpseudo (0 = —
0.38 + 0.06). The black circles in (a-c) represent data from single nanorods and red line is a linear fit to
show the general trend.

A particle’s maximum optical density is not correlated with its coloration and bleaching kinetics;
particles that tint faster do not necessarily tint darker (Figure 4.14). Instead, Figure 4.13b shows that
coloration and bleaching kinetics are strongly correlated (i.e., positive Pearson correlation coefficient),
indicating that particles that color faster also bleach faster. The optical modulation times are extremely
heterogeneous; some nanoparticles achieve 90% OD modulation in 12 s whereas other nanoparticles require
275 s. The strongest predictor of fast coloration in these #-WO3 NRs is fast pseudocapacitive charge transfer
kinetics (Figure 4.13c). The trend in Figure 4.13c suggests that Li-ion insertion at the WOs/electrolyte
interface, rather than Li-ion diffusion in the WOs; interior, accounts for large heterogeneities in
coloration/bleaching kinetics at the single particle-level, likely due to the particle-dependent stepped surface

structure (e.g., Figure 4.10).
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Figure 4.14 — Optical density correlations with kinetic parameters. Correlations between particle
thickness corrected maximum optical density (A0DF?*) and a) fwait, b) kpseudos €) £§91°7 and d) t5¢3h Error
bar for the Pearson’s correlation coefficient calculated according to ref.'®

Figure 4.14 shows correlations between the optical change and various kinetic parameters. Optical

modulation is not a strong indicator for kinetic performance indicated by poor correlation coefficients.

While the electro-optical approach does not measure electrochemical current at the single
nanoparticle-level, this apparent experimental limitation does not restrict the conclusions regarding the
structure function relationships of our study. Regardless of the electrochemical current flow into single
particles, measurements show that longer nanorods tint darker than shorter nanorods and longer nanorods
exhibit a color center gradient. These structure/property relationships hold regardless of the electrochemical
current into the nanoparticles. Importantly, all the above observations were made from single particles that

are attached to the same ITO electrode, immersed in the same electrolyte, and located only microns apart.
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4.2.3 Role of Particle-Particle Interfaces on Electrochromic Dynamics and Reversibility
Electrochromic dynamics and reversibility were used as a proxy to evaluate whether the
electrochromic properties of nanoparticle building blocks are maintained in thin film. In other words, does
performance scale as a function of particle-particle interaction? Single particle AOD(¢) trajectories were
compared to those measured from particle clusters containing two, three, four, or five 4~~-WOj3 nanorods. In
addition, AOD(¢) trajectories of large clusters (25-100 particles) and a thin film electrode were measured.
For example, Figure 4.15a shows an SEM image of a cluster containing three #-WO3 nanorods and Figure
4.15b-c shows its AOD(¢) response (black trace) compared to the average trajectory of 98 isolated 2--WO3
nanorods (blue trace). The three-particle cluster showed similar AOD(f) dynamics compared to single
particles (Figure 4.15b-c) and qualitatively reversible electrochromic behavior (Figure 4.15d). For large
nanoparticle clusters (Figure 4.15e-h) and the thin film electrode (Figure 4.15i-1), the AOD(¢) kinetics and

reversibility deviate from the single particle building blocks.
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Figure 4.15 — Electrochromic dynamics and reversibility of nanorod clusters and thin films. a) SEM
image of a particle cluster containing 3 nanorods. (b-c) AOD(¥) trajectory of the cluster in (a, black trace)
compared to the average trajectory of 102 single nanorods (blue trace). D) AOD(¥) trajectory for the cluster
in (a) during three consecutive color and bleaching cycles. The dashed horizontal line in (d) represents AOD
at 0 s. (e-h) and (i-1) are the same as (a-d), but for a large 25-100 particle cluster and a thin film electrode,
respectively.

To quantify the role of particle-particle interactions on tinting dynamics and reversibility, t531°F,

tg(l)ea‘:h, and the fraction of electrochromic cycles that do not return to the original transparent state for 298
clusters and 894 cycle were evaluated. Cluster size-dependent coloration magnitude was not analyzed
because OD depends on cluster thickness and it was difficult to measure cluster thickness via SEM and
atomic force microscopy imaging. Figure 4.16a shows that t53'°" and t21°3°" are independent of particle-
particle interactions in the small cluster limit (2 to 5 particles), but then both parameters increase for large
clusters and the thin film electrode. The electrochromic dynamics of small particle clusters are unaffected
presumably because each particle within the cluster remains in contact with the ITO electrode and the liquid

electrolyte. As the number of particle-particle interactions increases (i.e., for 25-100 particle clusters and

the thin film electrode), the optical modulation kinetics decrease because electrons and Li-ions must
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traverse multiple particle-particle interfaces. An alternative possibility is that one anomalous single particle
in one large nanoparticle cluster dominates the OD(¢) response because we observed that the OD(¢) kinetics
of anomalous particles are strikingly similar to large clusters and the thin film electrode (Figure 4.8).
However, it remains unclear to what extent a single anomalous particle impacts the kinetics and reversibility

of an entire cluster.
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Figure 4.16 — Role of particle-particle interactions on electrochromic dynamics and reversibility. a)

£$91°7 and 8163 versus particle cluster size. Fraction of irreversible (b) bleaching and (c) color cycles
versus particle cluster size. The total number of clusters analyzed for sizes 2, 3, 4, 5, and >25 were 134, 72,
41, 32, and 19, respectively. Error bars in (a-c) represent the standard error of the mean. (d-e), SEM image
of a two-particle cluster with side-by-side (area contact) configuration and top-and-bottom (point contact)
configuration. F) Fraction of irreversible coloration and bleaching cycles for 81 side-by-side clusters (243
total cycles) and 30 top-and-bottom clusters (90 total cycles).

While tinting rates are independent of particle cluster size in the few particle regimes, the frequency
of irreversible bleaching cycles increases monotonically with particle-particle interactions (Figure 4.16b).
In other words, large particle clusters remain tinted following an anodic polarization treatment. This

persistent tinting effect has been attributed to ion trapping in WOs thin films.'”” For these h-WOs nanorods,
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the irreversible bleaching effect onsets for two particle-sized clusters due to (Li-W>*) color centers that
remain trapped at the nanorod-nanorod interface. The interfacial trapping sites could be due to Li-ion
insertion at W=O surface sites on neighboring particles'®, leading to a more stable LiO,-type interaction.
While the exact trapping site is currently unknown, the results show that extrinsic ion trapping sites are
introduced at particle-particle interfaces; the trapping site is not intrinsic to the nanorod. On the other hand,
electrochromic coloring reversibility is independent of particle-particle interactions in the single and few
particle cluster regimes and then abruptly increases for large clusters and the thin film electrode (Figure
4.16¢). This trend could be due to the trapped (Li-W>*) color centers at particle-particle interfaces that

decrease the number of available Li-ion binding sites in consecutive cycles.

To explore how interfacial contact area between nanorods influences electrochromic reversibility,
electrochromic reversibility of two-particle clusters with area versus point contact configurations were
considered. Figure 4.16d shows a representative SEM image of a two-particle cluster where the nanorods
align in a side-by-side configuration. Figure 4.16e shows a two-particle cluster in a top-and-bottom
configuration where one nanorod lays on top of another particle. The side-by-side configuration has a larger
particle-particle contact area than the top-and-bottom configuration. Two-particle clusters with side-by-side
contacts exhibit less irreversible coloration and more irreversible bleaching behavior than clusters with
point contacts (see blue bars versus patterned white bars in Figure 4.16f). We attribute the increase in
irreversible electrochromic behavior to the large interfacial contact area that introduces more extrinsic ion
trapping sites between two nanorods. The coloration reversibility difference between the different cluster
configurations is likely due to differences in the electron injection pathway. The electron injection pathway
for the side-by-side configuration is similar to isolated nanorods; the ITO electrode contacts each nanorod
in the cluster along the entire nanorod sidewall (Figure 4.16a). The pathway for the top-and-bottom
configuration occurs at the nanorod end points (either at the nanorod-nanorod interface or the ITO-nanorod
interface). It is possible that electron injection efficiency at the nanorod-nanorod interface decreases with

cycle number due to the accumulation of trapped ions solid-solid interface.
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Two-particle clusters with large area contacts modulate from the bleached state to the colored state
more reversibly than from the colored state to the bleached state (Figure 4.16f). The opposite effect for
two-particle clusters with point contacts was observed; the cluster modulates from the colored state to the
bleached state more reversibly than from the bleached state to the colored state. The exact origin of these
trends is currently unknown since the ion trapping sites and mechanisms are likely different in the coloring
and bleaching processes.'” It is possible that the different particle-ITO and particle-particle contacts for

each cluster configuration influence the coloration and bleaching reversibility differently.

4.2.4 Material Insight from Cyclic Voltammetry

In a typical CV experiment, the EM-CCD camera acquires images at 10 frames per second while
the potentiostat applies a potential sweep at 10 mV/s. First, we compared the OD response of 38 objects on
the ITO electrode to the total charge passed by all WO3 nanoparticles on the ITO electrode (Figure 4.17a).
The OD data reports on the cumulative sum of color centers in single nanorods and nanorod clusters. Upon
sweeping the electrode potential from 0.0 V to the switching potential Ej = —1.0 V, the total charge passed
increases sharply at about —0.6 V (black line in Figure 4.17a). Since control experiments with bare ITO
electrodes showed no significant charge accumulation over the same range, the charge passed during the
potential sweep can be attributed to Li-ion insertion in WO3 particles (Equation 2-1). On the other hand,
the OD response increases sharply at about —0.4 V. Thus, the onset for (W>*-Li*) color center formation

occurs 200 mV more positive than the sharpest increase in total charge passed in the cell.
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Figure 4.17 — Comparison of conventional and electro-optical cyclic voltammetry. a) Single object
optical density measurements (left axis) and ensemble-level total charge passed (right axis) plotted versus
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the applied potential from a CV at 10 mV / s. The OD data represents the average response from 38 objects
(single particles and clusters). b) Electrochemical current (7, black line) and its derivative (di/dt, green line)
versus time during the CV measurement. The inset shows a zoomed-in region of the data to illustrate the
rise of the derivative signal. c) Comparison of the optically detected current (dOD/dt, green data, left axis)
and i (right axis, black line) versus the applied electrochemical potential.

To confirm that the OD response stems from a faradaic process, the change in the electrochemical
current versus time data was examined. Figure 4.17b shows the electrochemical-time response (i-f) (black
circles) and its derivative (di/df) (green line) during the CV measurement. The di/d¢ data is approximately
0 until ¢ = 60 s because the non-Faradaic double layer charging current in a CV experiment quickly reaches
a steady state value. Then, at 63 s (—0.32 V), the di/dr data shows a small, positive onset feature followed
by another large positive onset feature at 82 s (—0.48 V, Figure 4.17b, inset). Since the OD onset in Figure
4.17a occurs between those potentials, the OD increase is attributed to a faradic charge transfer reaction
that produces an optically active color center in the WO; material (W3*-Li*). On average, additional
cathodic charging of the WO3 nanorods at potentials more negative than —0.6 V does not cause additional
optical density changes. Since more charge is inserted into the WO3 particles without a corresponding
increase in OD, then that charge is likely inserted into optically inactive trigonal cavity (TC) sites in the h-
WOs5 particles, or reduced W’* sites that do not produce a color change.’*** A similar trend is observed
upon sweeping anodically from Ej to +0.4 V. The total charge passed increases to a maximum value of 135
mC at —0.62 V and then decreases monotonically. In contrast, the OD response shows a small peak-like
feature at —0.8 V before decreasing rapidly for £ > —0.48 V. These data indicate that the total number of
(W>*-Li*) color centers decreases before the majority of charge in the WO; particles decreases. This effect
is likely due to Li-ion extraction from optically active hexagonal window (HW) and square window (SW)

sites before the optically inactive TC sites.>>*

Figure 4.17c compares the electrochemical current-potential curve (black trace) to the particle-
averaged optically-detected current (dOD/dr) data (green trace). The dOD/dr data during the cathodic and
anodic potential sweeps represents the rate of (W>*-Li*) color center formation. In the cathodic scan of the

CV experiment, the electrochemical current change occurs 90 mV more positive (Figure 4.17a) than the
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electro-optical change. The positive onset is likely due to Li-ion insertion at TC sites.’>** Thus, the dOD/d¢
data revealed underlying processes that are hidden in electrochemical data alone: the initial charge injection

process in these h-WOj3 nanorods does not contribute to electrochromism.

The electro-optical response of single particles and particle clusters were analyzed separately to
deconvolute their contributions to the ensemble-level responses in Figure 4.17. Correlated SEM imaging
is necessary to distinguish single particles from particle clusters. Figure 4.18a-c shows the dOD/dt
responses of three single particles and their corresponding SEM images (Figure 4.184a-c, right panels).
Two particles exhibit cathodic and anodic dOD/d¢ peaks that are separated by 57 mV and 36 mV,
respectively (Figure 4.18a-b). The (iop,/iop,) ratio for the same two particles are 1.3 and 1.4, which are
lower than the ensemble-average value in Figure 4.17c (iop/iop. = 1.5). Peak ratios greater than one

indicate that (Li- W>*) color centers remain in the particles after the anodic scan.
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Figure 4.18 — Electro-optical imaging of single nanoparticle voltammetry. a-c) Optically detected
current, dOD/dr (green data points), versus applied electrochemical potential for three individual nanorods.
The yellow line represents a 5-point smooth to show the general trend. Right panels represent SEM images
of the single particles. d-f) same as (a-c), but for particle clusters. g) Single particle-averaged dOD/d¢ data
from the three particles in (a-c) compared to the ensemble-average electrochemical current (black line) that
was measured from the entire cell. h) Particle cluster-averaged dOD/dr data from 10 individual clusters
compared to the ensemble-average electrochemical current.

The particle in Figure 4.18c exhibits significantly different dOD/d¢ behavior than the other single
particles. The cathodic dOD/d¢ peak appears at significantly more negative potentials (by 350 mV), the
peak splitting is approximately 480 mV, and iop /iop.. = 2.5. The significant peak shift on the cathodic scan
suggests that there is a large overpotential for the formation of (W>*-Li) color centers. The significantly
larger peak splitting and iop,/iop,. values indicate that the nanorod in Figure 4.18c exhibits significantly
more irreversible electrochemical behavior than the other particles. The irreversible behavior could be due
to atomic-scale features on the particle surface that are hidden in the SEM images. High resolution TEM

images (Figure 4.10) reveal the surface structural heterogeneity of these h-WQOj3 nanorods. The irregular
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surface structure exposes more and more HW and TC sites (OD active and inactive sites, respectively) that
could lead to significant particle-to-particle OD heterogeneity. Another possible explanation for the
irreversible electrochemical behavior is that there is a particle-dependent contact resistance at the
particle/ITO interface that could induce a larger potential drop for some particles. In this scenario, an
additional driving force is needed to drive the electrochemical reaction in Equation 2-1 because some
fraction of the applied potential drops across the particle/ITO interface. The OD onset could occur at more
negative potentials for those particles with a significant contact resistance. In summary, single nanoparticle-
level measurements reveal the influence of particle-averaging effects on the apparent onset potential and
peak currents in optically detected CVs. Particle-dependent behaviors cause optically detected CV peaks to

broaden and shift; these behaviors are hidden in ensemble-average measurements.

Comparing the electro-optical response of single particles to particle clusters reveals particle-
particle impact on ion insertion dynamics. Figure 4.18d-f shows dOD/dt responses of three particle clusters
and their corresponding SEM images. Their dOD/d¢ responses represent three different behaviors that were
observed from 10 total particle clusters. The dOD/df response in Figure 4.18d exhibits a symmetric peak
shape, small peak separation, and peak potentials that are consistent with single particles. This single
particle-like behavior was observed for 2 of 10 particle clusters. On the other hand, the dOD/d¢ response of
the particle cluster in Figure 4.18e shows widely separated asymmetric peaks and a large iop./iop.. ratio
(2.9). This irreversible behavior was observed most often for particle clusters (6 of 10). The third type of
dOD/dt behavior is shown in Figure 4.18c and is characterized by significant irreversible behavior (i.e.,
iop occurs at significantly more negative potentials than the ensemble-average value and the peak splitting
is 500 mV, iop/iop, of 2.2). In summary, the electro-optical behavior of nanoparticle clusters can mimic
that of single particles. However, on average, the peak potentials and peak separations of particle clusters

are more heterogeneous than that of single particles.

Figure 4.18g-h illustrates the impact of particle-averaging on the electro-optical response by

comparing the single particle-average and cluster-averaged dOD/dt. The single particle-average dOD/d¢
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response exhibits a quasi-reversible wave with an Ei» of —0.46 V and a small second peak with a peak
potential of —0.81 V. The quasi-reversible wave occurs 90 mV more positive than that of the particle-
average response in Figure 4.18e (—0.48 V vs —0.57 V). The more positive peak position indicates that, on
average, a lower driving force is required to drive the electrochromic reaction in single particles than in
particle clusters. The second peak in the single particle-average data is due to particle averaging effects
(i.e., the particle in Figure 4.18c) rather than a second electrochromic reaction. The same multi-peak effect
appears in the electro-optical response of the cluster-averaged data (Figure 4.18h). In general, the electro-
optical behavior of particle clusters is more irreversible than single particles (larger peak separation, Ei/, of
—0.49 V and larger iop,c/iop. ratio 1.75). The irreversible behavior is likely due to particle-particle interfaces
that trap Li-ions and impede electron/ion transport. The broad waves for the particle clusters could be due

to surface sites at particle-particle interfaces that have different redox potentials than intrinsic surface sites.

4.3 Conclusion

In summary, measurements reveal underlying electro-optical processes that contribute to
performance heterogeneity across large area electrochromic nanoparticle films. Importantly, the electro-
optical signal is de-coupled from the electrochemical signal and allows for elucidation of underlying
electrochemical processes that are hidden in ensemble-level measurements. First, the particle-dependent
waiting time for coloration contributes to a delay time for window tinting and diminishes electrochromic
coloration efficiency. The overall performance effect is that the window tints gradually in space and time
as particles stochastically switch one-by-one from the transparent to colored state. Second, individual
nanoparticle building blocks can tint up to 400% faster than a nanoparticle film assembled from the same
building blocks. Finally, ion trapping sites are introduced at particle-particle interfaces that cause long-term
optical performance degradation. A mesoporous thin film architecture is proposed, where fast-switching

electrochromic nanoparticles are deposited onto a high surface area transparent conductor (Figure 4.19).
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Figure 4.19 — Proposed smart window device architecture for improved performance. Side and top
views of isolated WO3; NRs deposited on a high surface area transparent conductor (e.g., ITO). The
ITO/WO; layers could be stacked between layers of liquid or solid-state electrolyte.

Figure 4.19 shows a proposed thin film architecture where fast-switching electrochromic 4-WO3
NRs are deposited onto a high surface area transparent conductor. The ITO/WOs layers could be stacked
between layers of liquid or solid-state electrolyte to maximize optical density. The layer stacking procedure
should be optimized to avoid particle-particle interactions, thereby increasing electrochemical ion
insertion/extraction reversibility. This strategy would enable high light absorption with well separated WO3
particles, thereby avoiding deleterious particle-particle interactions. This strategy would enable total light
absorption with single layers of WOs3 particles, thereby avoiding deleterious particle-particle interactions.
Single particle electrochromism imaging approach can be generally applied to transition metal oxides*"'!°,
graphite®**” and Ni(OH), battery materials*' whose optical properties change during ion insertion. Single

particle electro-optical imaging of ion insertion/extraction processes can guide applied research related to

batteries, fuel cells, electrochemical capacitors, and sensors.
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CHAPTER 5: SURFACE FACET-DEPENDENT ELECTROCHROMIC PROPERTIES OF WO;
NANOROD THIN FILMS™

The influence of nanoparticle surface facets on electrochromic properties remains largely
unexplored in nanostructured “smart” materials. The particle length dependent optical change is a major
result discussed in CHAPTER 4: INVESTIGATION OF STRUCTURE-PROPERTY RELATIONSHIPS
IN HEXAGONAL WO3; NANORODS. Long nanorods tended to have more step edge defects which would
expose a different crystalline facet on the surface, leading to the hypothesis that facets have an impact on

electrochromic performance.

Facet-dependent electrochromism has been studied in nickel oxide because the coloration
mechanism is thought to occur through redox chemistry at the NiO surface®**; changing the surface facet
should directly impact tinting and bleaching. The facet orientation alters ion insertion rates because it
determines the activation energy for ion diffusion across the interface, which could differ from the bulk.”'
However, surface facet-dependent electrochromic properties of WO3 nanoparticles are lacking. In a h-WO3
battery that also relies on Li-ion insertion, Lian et al. observed that h-WO3 nanoribbons with an exposed
(120) plane exhibited superior electrochemical stability relative to particles with (100) planes.** High

resolution electron microscopy analysis suggested that a surface step edge gradient on the long NRs exposed

more {001} facets along the length and {120} facets along the width.

Motivated by single particle-level studies*** and WOs battery literature*****, the hypothesis that
exposing more {120} facets will improve electrochromic properties and stability of electrochromic h-WO;

nanorod (NR) thin films is tested. h-WOsis a good model system for this study because it does not undergo

iii This chapter contains adaptations from Evans, R. C.; Austin, R.; Miller, R. C.; Preston, A.; Nilsson, Z. N.; Ma, K_;
Sambur, J. B. Surface-Facet-Dependent Electrochromic Properties of WO 3 Nanorod Thin Films: Implications for
Smart Windows. ACS Appl. Nano Mater. 2021, 4 (4), 3750-3759. https://doi.org/10.1021/acsanm.1c00215.
citation('!!). R.C.E. performed experiments, analyzed data, and wrote the manuscript. R.A. synthesized materials and
performed experiments. R.C.M. analyzed TEM data and provided valuable insight into the facet assignments. Z.N.N.
performed SEM and TEM imaging experiments. A.P. performed SPM experiments. A.P. and K.M. analyzed SPM
data. J.B.S. and R.C.E. developed the experimental setup, analyzed data, and wrote the manuscript.
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a phase transition** or large volume expansion during lithiation**, minimizing the possibility that changes
in bulk structure could complicate data interpretation. Two WO3 NR samples with the same hexagonal
crystal structure were synthesized, but one sample exhibited {120} facets. In situ electro-optical
measurements of ensemble thin films showed that h-WO; NR samples with {120} facets exhibited lower
coloration efficiency (CE), but higher optical modulation stability compared to NR samples with {100} and
{001} facets. The reduced optical density changes in the {120}-dominant sample could be due to a greater
fraction of optically inactive trigonal cavity sites on the {001} end caps. The results indicate surface facet
and particle morphology engineering are viable strategies to enhance CE and long-term stability / lifetime

in electrochromic thin films for smart window applications and resulted in a publication.'"!

5.1 Results

Nanorods with {120}, {100}, and {001} facets (Figure 5.1a) were prepared via a hydrothermal
reaction as modified from Ding et al."'* First, 0.415 g ammonium tungstate (Sigma) were dissolved in 13.8
mL of 18.2 MQ-cm (MilliPore NanoPure) water and the pH adjusted to 1.5 with dropwise addition of ~3M
HCI under continuous stirring (>300 rpm). The solution was then transferred to a 23 mL Parr Instruments
Acid Digestion hydrothermal reactor (model number 4979) and placed in an oven at 180 °C for 24 hours,
then removed and cooled to room temperature in a fume hood. The slightly yellow product was filtered and
washed twice with 18.2 MQ-cm water and twice with reagent grade ethanol (Fisher Scientific). The solid
product was then dried at 80 °C under vacuum overnight followed by heating at 300 °C in air for 5 hours
before being stored in reagent grade ethanol. The sample undergoes structural changes after two months;
unidentified peaks in PXRD appear at this stage. The median and median variance of particle lengths and
widths were 120 + 50 nm and 20 nm + 5 nm, respectively, as measured from SEM images. Nanorods with
{100} and {001} facets were prepared as in 3.1 Material Synthesis (and were the same as used in used for
the study in CHAPTER 4: and CHAPTER 6:). Briefly, heating an aqueous solution of 0.15 M sodium

tungstate precursor in the presence 0.26 M NaCl produced h-WO3 NRs with {100} and {001 } facets. Figure
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3.1 is shown again in Figure 5.1b for facile comparison. Samples are referred to as WO;-{120} and WOs-

{100}, according to the unique or dominant surface facet for each sample.

a) Q) H,O rinse
180 °C, 24 hr, H,O pH = 1.5 @ EtOH rinse

| hydrothermal WO,-{120}

—

1 M (NH,),H,(W,0,),

80 °C vacuum

@ overnight E

300 °C, air
5hr

store in EtOH

b)
180 °C, 24 hr, H,0 pH = 2.0

—

0.26 M NaCl
0.15M Na,WO,

~hydrothermal

® H,O rinse

store in EtOH

4
/WO {100}

Figure 5.1 — Synthesis and fabrication of h-WQ3 electrochromic samples. Synthesis scheme for (a)
WO3-{120} NR and (b) WO3-{100} NRs.

Figure 5.2a shows the powder X-ray diffraction (PXRD) pattern for the WO3-{120} and WOs-
{100} samples. The diffraction pattern for WO3-{120} and WO;-{100} were indexed to hexagonal WO;
(P63/mcm, JCPDS 04-007-2322 and P6/mmm, JCPDS 00-033-1387, respectively). The PXRD peak heights
and widths differ between the two samples, suggesting preferred facet orientation among the particles in
each sample. The high intensity (100) and low intensity (002) peak for WOs-{100} indicate particle growth
along the [001] direction with exposed {100} symmetry related planes.*® However, the PXRD data alone

is insufficient to reveal the exposed planes and growth direction of WO3-{120}.
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Figure 5.2 — Crystal structure and morphology of h-WO; NRs. a) PXRD patterns for WOs3-{120} and
WOs3-{100} samples (black data points). Red dashes indicate reference peak patterns (top: P6/mmm, JCPDS
04-007-2322 WO3-{120}; bottom: P6/mmm, JCPDS 00-033-1387 WO5-{100}). b-c) Representative SEM
images of b) WO;-{120} and c) WOs-{100} films.

Scanning electron microscopy (SEM) images of the WO3-{120} and WO3-{100} samples exhibit
a one-dimensional particle morphology (Figure 5.2b,c). The median and variance length (/) and width (w)
values for the WO;-{120} and WOs-{100} samples were / = 120 nm + 50 nm and w = 20 nm # 5 nm and /
=980 nm 480 nm and w =71 nm # 15 nm, respectively. The smaller WO3-{120} NRs contribute to peak
broadening in the PXRD data in Figure 5.1a. The aspect ratio of both samples were >1 and <20 and,

therefore, the particles can be categorized as NRs.'"

The NR growth direction and surface facets were determined using high resolution transmission
electron microscopy (HRTEM). Figure 5.3a,b show HRTEM images for two different NRs from the WO:-
{120} sample. Each NR in the film is a single crystal. The lattice spacings in the HRTEM image produce
bright spots in the fast Fourier transform (FFT) image (Figure 5.3a,b-inset). The distance between the
bright spots in the FFT image correlates to a lattice spacing of 3.73 A, which can be assigned to planes of
atoms along the [001] growth direction. Lattice spacings of 6.31 A (Figure 5.3a) or 3.64 A (Figure 5.3b)
perpendicular to the growth direction each appear roughly half the time and imply rectangular prism

geometry; rotating the particle 90° changes the plane of atoms perpendicular to the TEM grid.
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Figure 5.3 — Surface facet characterization and illustration. a) HRTEM image of a single NR from the
WOs-{120} sample, observed via a top-down view of the {100} surface. b) HRTEM image of a different
single NR in the WOs-{120} sample, observed via a top-down view of the {120} surface. c) HRTEM of a
single NR in the WO3-{100} sample. Insets of (a-c) represent FFT images. d-e) Cartoon illustration of
WO3-{120} and WO;-{100} samples drawn to scale (note: 3.5x for WO3-{120}).

Figure 5.3c shows a HRTEM image of a single NR in the WO3-{100} sample. The FFT analysis
revealed a lattice spacing of 3.83 A with no distinct perpendicular spacing, indicating growth along the
[001] direction, which is in agreement with literature for WO; NRs grown as hexagonal prisms.*® In
summary, these hydrothermal reactions produce 1D hexagonal WO3; NRs with different length, width, and

exposed surface facet orientation.

The cartoon illustrations in Figure 5.3d,e compare the particle morphology and surface facets of
the WO;-{120} and WO;-{100} samples. The NRs in the WO;-{120} sample have a square rectangle
morphology. The end caps are made from {001} planes and the sidewalls are made from {100} and {120}
planes. The {120} planes account for 45% of the total NR surface area and the particles likely lay with the
long axis parallel to the transparent electrode surface. In this configuration, either the {120} or {100} facet

contacts the ITO electrode and the majority of the NR surface area exposed to the electrolyte is from the
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remaining facets (either {120} or {100}). This configuration is potentially significant for electrochromic
thin film electrodes because the facet in contact with the ITO electrode participates in electron transfer
whereas those facets in contact with electrolyte undergo interfacial ion insertion processes; the contact
resistance and activation energies of these processes could be facet-dependent.'*!'> On the other hand,
single NRs in the WOs3-{100} sample exhibit a hexagonal prism morphology, in agreement with literature
reports.*® The sidewalls are composed of symmetrically equivalent (100), (010), and (110) planes (i.e.,
{100} planes) and the end caps are composed of {001} planes. These particles also likely lay with the long
axis parallel to the ITO electrode. However, the {100} facets are always in contact with the substrate and
the electrolyte. Hence, the exposed facets of these two NR samples enables us to study the influence of the

{120} facet on electrochromic performance of h-WOs3 NRs.

Note that these facet assignments can be denoted using several different Miller Indices due to the
symmetry of a hexagonal crystal system. Figure 5.4 and Table 1 describe the alternative symmetry related

planes for a hexagonal system using WOs corner sharing octahedra as an example.

Figure 5.4 — Illustration of symmetry related planes in the hexagonal WO3; system.
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Hexagonal systems contain many symmetry related planes. Though these planes can be referred to
differently (e.g. (010) vs (100), see Table 1) they contain the same atoms in the same arrangement (Figure
5.4). In this manuscript we group all planes (010), (100) and (110) all into the notation {100}. Similarly,

we group all planes that could be identified as (210), (120), (110) into the notation {120}.

Table 1 — Table of the lattice planes that exist in parallel or perpendicular to the hexagonal sidewalls
of the nanorod.

Planes || to hexagon sides | Planes L to hexagon sides
(010) (210)
(100) (120)
(110) (110)

Each row contains the planes that are perpendicular to one another. The left column contains planes
that expose hexagonal faces while the corresponding pairs in the right column contains the corresponding

planes that have the hexagonal vertices

WO3-{120} and WO;-{100} NR thin films were prepared by drop casting 3 mg of sample on ITO
substrates. Scanning probe microscopy measurements revealed the film thicknesses were 474 + 170 nm and
1315 + 300 nm for WO;-{120} and WOs-{100}, respectively (Figure 5.5). Thin films of equal thickness
were not prepared on ITO substrates, likely due to the different wettability of the NRs on the ITO surface.
Figure 5.2b,c shows representative SEM images of the film morphology, where the 1D NRs lie with their

long axes parallel to the ITO substrate.
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Figure 5.5 — Scanning probe microscopy analysis of NR films. a-b) Representative height profiles
showing the height change from the bare ITO substrate to WO3-{120} and WO3-{100} NR films,
respectively.
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Next, we evaluated the electrochromic and electrochemical properties of the thin film electrodes.
The optical density (OD) at 940 nm was measured while cycling the films between —1.0 V for 30 s and 0.5
V for 30 s in 1 M LiClOy (all potential values refer to the Ag/AgCl reference electrode). Figure 5.6 shows
transmission spectra before and after cycling. Optical density at 940 nm was measured as described in

Equation 2-3.

a) b)
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74 40
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70 WO,-{120} , WO,{100}
500 700 900 500 700 900
Wavelength (nm) Wavelength (nm)

Figure 5.6 — Facet dependent transmission spectra. Percent transmission spectra for (a) WOs3-{120}and
(b) WOs-{100} films one cycle coloring at -1.0 V and bleach at 0.5 V vs Ag/AgCl.

Figure 5.7a,b shows the AOD(¢) behavior for WO3-{120} and WO;-{100} films for cycles 3-5 and
498-500. The initial electrochromic response was not surface facet-dependent and, therefore, cycle 1-2 data

was omitted from Figure 5.7a,b to emphasize the electrochromic behavior after repetitive, long-term

cycling.
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Figure 5.7 — Optical changes at 940 nm. a) AOD changes versus time of 474 nm + 170 nm WOs-{120}
films for cycles 3-5 (black filled circles) and 498-500 (red open circles). b) same as (a) but for a 1315 nm
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+ 300 nm WOs-{100} sample. Horizontal gray lines represent maximum and minimum AOD values in
cycle 3 and serve as a visual guide for differences between AOD in early versus late cycles.

Initial (de)lithiation of both samples produced irreversible electrochromic behavior (Figure 5.8)

that could be attributed to ion trapping inside the WOj3 bulk, as discussed and quantified below. 34
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Figure 5.8 — Facet-dependent electrochromic properties. a) Thickness corrected OD changes, AODy,
versus time of 474 nm + 170 nm WO3-{120} films for cycles 1-2 (black filled circles). b) same as (a) but
for a 1315 nm + 300 nm WOs-{100} sample.

The h-WOs samples exhibit different OD magnitudes and cycling behaviors. The AOD magnitude
of the WO3-{120} sample is an order of magnitude lower than the WO3-{100} sample. One factor that
contributes to the large AOD magnitude difference is film thickness. The AOD magnitude differs by a factor

of 3.0-4.5 after correcting for film thickness (Figure 5.9).
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Figure 5.9 — Thickness corrected optical changes at 940 nm. a) AODy changes versus time of 474 nm +
170 nm WOs-{120} films for cycles 3-5 (black filled circles) and 498-500 (red open circles). b) same as
(a) but for a 1315 nm * 300 nm WOs-{100} sample. Horizontal gray lines represent maximum and
minimum AODy in cycle 3 and serve as a visual guide for differences between AODy in early versus late
cycles. Opaque areas represent error within on standard deviation.

The time required to reach 90% of maximum AOD during the cathodic coloration pulse (£53°°") is
~20 s for both films and the time required to decay by 90% from maximum AOD during the anodic bleach
pulse (£50¢%") is ~15 s for both films (Table 2).

Table 2 — Response times of WO3; NR films. t31°7 is the time required to reach 90% of maximum AOD

during the cathodic coloration pulse. t2}¢4" is the time required to decay by 90% from maximum AOD
during the anodic bleach pulse.

tgglor tg(l)each
WOs-{100} 18s+0.3s 17s+1.0s
WO;5-{120} 235+05s 13s+0.6s

Hence, the surface facets do not appear to play a major role in AOD kinetics. The tinting behavior
of the WO3-{120} sample does not change after the initial cycle. On the other hand, the maximum AOD
achieved by the WOs3-{100} sample during the tinting pulse decreases by 5% after 500 cycles. Then, upon
de-lithiation, the WOs-{100} sample does not return to the same transparent state (see gray dashed lines in

Figure 5.8). Specifically, the minimum OD achieved during the bleaching pulse increases by 30% after the
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initial cycle. The irreversible behavior of WO3-{100} during the bleaching process suggests that more (Li-

W) color centers remain trapped in the material after anodic polarization cycles.

The difference between the charge inserted during the cathodic coloration pulse and the charge
extracted during the anodic bleaching pulse for cycle 3 was calculated to quantify the ion trapping in both
films. The difference in charge was —9.63 x 10~ C and —2.71x 107 C for WO;-{120} and WO;-{100},
respectively. The negative sign indicates more charge was inserted in the films during the cathodic pulse
than extracted during the anodic pulse. Under the assumption that 1 Li-ion inserts in the film per injected
electron, then the mole fractions of trapped Li-ions in the films are 0.0015 and 0.0028 for WO;-{120} and

WOs3-{100}, respectively. Ion trapping is more significant in the WO3-{100} sample.

The coloration efficiency (CE) was calculated according to Equation 5-1 to explore the origin of

the AOD magnitude difference between the two samples.

CE =A0D/Q Equation 5-1
where Q is the total charge density passed as a function of cathodic polarization time (in units of C/cm?;
the area is the geometric area of the film). A large, positive CE value indicates a large optical modulation
at 940 nm per number of electrons inserted into the oxide.®” CE was determined for each cathodic

polarization cycle by fitting AOD versus Q with a linear function (Figure 5.10).
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Figure 5.10 — CE fitting. AOD versus charge inserted charge density, O, to determine the coloration
efficiency. Linear fit is in red.

Figure 5.11a-b shows CE versus cycle number for the first 30 cycles of each NR film. The CE
values of the WO3-{120} and WOs-{100} films during the first cycle were 24 cm> C ' and 25 cm* C ',
respectively. Upon cycling, the CE of the WO3-{100} sample increases steadily with cycle number and
plateaus at 80 cm? C' after 45 cycles (Figure 5.11c). This trend indicates that a significant fraction of
charge inserted in WOs-{100} does not contribute to OD modulation at early cycles. The CE of the WOs-
{120} sample increases slowly with cycle number and the relative AOD change (optical modulation relative
to the first cycle) stays constant after the first cycle. After 500 cycles, the CE value of the WOs-{100}
sample increased by a factor of 233% whereas the CE value of the WO3-{120} sample only increased by
40%. The large CE increase of the WO3-{100} film is accompanied by a continuous decrease in AOD
(Figure 5.11b). Hence, after 500 cycles, the efficiency of optical modulation increased but the film tinted
less. The CE of these NR films differ by a factor of 3, but are within the range reported by Besnardiere et
al for h-WO; nanoparticle films (11 cm? C') and Kondalkar et al for a conformal nanostructured h-WO;

film (87.23 cm? C").74116
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Figure 5.11 — Coloration efficiency of NR samples. a-b) CE (black filled circles) and relative change in
AOD (open red circles) for WO3-{120} and WOs-{100} for the first 30 cycles. Solid lines are a guide for
the eye. (c) CE versus cycle number for WO;-{120} and WO3-{100} films.

The electrical characteristics of the NR film electrodes before and after cycling were characterized
to further understand how the surface facets influence electrochromic properties during long-term cycling
using electrochemical impedance spectroscopy (EIS). Figure 5.12a,b shows Nyquist plots for WO;-{120}

and WOs-{100}, respectively, before and after cycling.
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Figure 5.12 — Electrochemical impedance spectroscopy. a-b) Nyquist plot for the WO3-{120} and WOs-
{100} samples before and after 500 cycles. Data acquired at —1.0 V vs Ag/AgCl over the range of 20 Hz to
150 kHz. The inset in panel (a) shows the Randle circuit used for fitting EIS data.

Both samples show a semi-circle at high frequencies and a linear response at low frequencies.

Interestingly, these features did not change after 500 cycles for WO5-{120} (Figure 5.12a). In contrast, the
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WOs-{100} EIS data exhibits significant changes after 500 cycles (Figure 5.12b). The data shows a larger
semi-circle over the 1700 Hz to 85 Hz frequency range and a shallower slope at low frequencies after 500
cycles, implying larger charge transfer resistance (Rc) and ionic diffusivity. To quantify the changes in EIS
data before and after cycling, the Nyquist plots were fit with the Randle’s circuit (Figure 5.12a inset),

6774117 yielding Re and the

which has been used to fit EIS data of electrochromic nanoparticle films,
Warburg diffusion element (Zy). Note that this equivalent circuit assumes semi-infinite diffusion and a

planar electrode surface. Relative trends, rather than absolute numbers, are used to compare the materials

since the circuit likely oversimplifies these systems.

Table 3 shows that R of the WO;3-{100} sample is initially three-times larger than the WOs-{120}
sample. The larger R could be due to differences in packing density, film thickness, and porosity of the
larger NRs. The R of the WO;-{120} sample does not change after 500 cycles whereas R of the WOs-
{100} sample doubles after 500 cycles. In addition, Z of the WOs-{100} quadruples after 500 cycles. The
changes in fitting parameters indicate that the WO3-{100} electrode conducts both electrons and Li-ions

less effectively after 500 cycles.

Table 3 — Summary of EIS fit result using a Randle’s circuit to fit EIS data in Figure 5.12. Z, was
calculated from the fit Warburg constant at 23 Hz.

R pristine () R.i cycle 500 () | Z pristine () Zy cycle 500 (Q2)
WOs-{120} 7.7+£0.01 8.8 £0.01 23.0 £0.01 22.0 £0.01
WOs-{100} 22. £0.3 49. £0.9 15. £04 65. £1

To understand the origin of the optical and electrical properties of the WO;-{120} and WO;-{100}
electrodes before and after cycling, we examined the surface chemical composition of pristine and cycled
films using X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary-ion mass spectroscopy

(TOF-SIMS). Figure 5.13 compares carbon, lithium, oxygen, and tungsten XPS data for pristine and cycled
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WO:-{120} and WO3-{100} films; all data normalized to the W 4fy, peak. The trends in XPS data before
and after cycling were qualitatively similar for both samples. The changes in XPS data before and after
cycling the WO;-{120} film in 1 M LiClOy, in propylene carbonate solvent is discussed as a representative

example of the surface chemical changes that occur in both h-WOs; NR film electrodes.
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Figure 5.13 — XPS analysis. a-h) XPS data before (black, filled) and after 500 cycles (red, open) for Cls,
Li 1s, O 2p, and W 4f regions for WOs3-{120} and WO;-{100} films. W 4f data (d,h) were fit to W 4f;,, and
4fs; peaks at 35.4 eV and 37.6 eV (green), corresponding to W, W 4f;, and 4fs, peaks at (d) 34.0 eV and
36.1 eV and (h) 34.3 eV and 36.5 eV (blue) were assigned to W>*. The composite fits are shown in gold.
All peak intensities are normalized to the tungsten 4f;,, peak for each sample.

The pristine WO3—{120} film exhibits intense W 4f7, and 4fsp peaks at 35.4 eV and 37.6 eV,
respectively, due to W®. A prominent oxygen peak at 530.2 eV can be attributed to W-O bonds found in
oxides.'"® A small adventitious carbon peak appears at 284.8 eV. After cycling, substantial changes occur
in the carbon, lithium, oxygen, and tungsten XPS data. The C 1s data of the WO3-{120} film shows an
increase in the adventitious carbon peak at 284.8 eV as well as new peaks at 286.7 eV and 290.0 eV (Figure
5.13a). The new peaks can be attributed to C-O and C=0 bonds from the carbonate species, respectively,
likely due to SEI layer formation as a result of propylene carbonate solvent decomposition.'"” Prominent
lithium and oxygen peaks appear at 55.4 eV and 531.7 eV, respectively Figure 5.13b-c), further suggesting

the presence of lithium carbonate species in the SEI at NR surfaces.''* However, we were unable to quantify
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the SEI composition because deconvolution of the O and C 1s signals from propylene carbonate and WOj3
is challenging for these nanostructured films.'” Nonetheless, the Li XPS data indicates Li-ions are a
component of the SEI layer. No significant W>* was expected since the cycling experiments ended on an
anodic polarization pulse. However, a W>* shoulder at 34.2 eV is evident in XPS data after 500 cycles
(Figure 5.13d). Therefore, Li-ions are likely also trapped at reduced W sites in the NR interior. The relative
amount of residual W>* after cycling is 14.6% for WOs3-{120} and 20.0% for WOs-{100}, as determined
by peak area comparison. Note a shift in the W and O binding energy after cycling, which could be due to
surface charging during the XPS experiment as a result of excess insulating SEI on the {100} facets. TOF-
SIMS mapping experiments show qualitatively similar distributions of C, Li, and CI across the surfaces of
both films. Figure 5.14 shows the 2D distributions of negatively charged species detected by TOF-SIMS

on the surfaces of WOs-{120}.
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Figure 5.14 — 2D TOF-SIMS spectra for WO;-{120}. Top, left to right: total, C, O. Bottom, left to right:
F, Cl, optical image. Brighter colors indicate larger abundance.
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Figure 5.15 — 2D TOF-SIMS spectra for WO3-{100}. Top, left to right: total, C, O. Bottom, left to right:
F, Cl, optical image. Brighter colors indicate larger abundance.

Figure 5.15 shows the 2D distributions of negatively charged species detected by TOF-SIMS on
the surface of WOs-{100}. The C’, O, and CI species are likely parts of the solid electrolyte interface (SEI)
on the WOs; films. The F, and likely some of the CI” signal may be from impurities in the exposed glass
substrate. The key point is that the distribution of SEI species is similar in both samples. The intensity of
the signal is higher across the entire sampled surface for the WO3-{100} which indicates an SEI layer that
covers more of the film. In addition, TOF-SIMS depth profiling measurements revealed similar spatial
distribution of Li, W, and C throughout the film thickness, but the carbonaceous layer may be thinner on
WOs-{120} (Figure 5.16). In summary, XPS and TOF-SIMS data indicate that lithium carbonate-
containing SEI layers form on these h-WO3 samples and the SEI composition does not vary among the

samples.
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Figure 5.16 — Sputter time TOF-SIMS. a) The intensity of In, Li, W, and C species as a function of sputter
time into the depth of the film for WO3-{120}. b) same as (a) but for WO3-{100}.

Figure 5.16 shows the intensity of In, Li, W, and C species in sputter time-dependent TOF-SIMS.
Sputter time is proportional to (not equal to) depth bored into the sample. Direct comparisons of SEI depth
cannot be made because the sputter time was not calibrated to depth for each sample. However, the C signal
in WO;-{120} falls to zero 10x faster than for WO;-{100} which implies the SEI is thinner. This is not due
to ablation through the thinner WO3-{120} film (474 nm % 170 nm vs 1315 nm #* 300 nm for WOs-{100});
the W signal is well above zero. Additionally, the Li signals begin at the same intensity for both samples,
but fall by two orders of magnitude for WOs-{120}. This indicated less Li* is trapped in the film. This is
consistent with the XPS results (Figure 5.13) showing less relative amount of reduced tungsten (W>"). The

above evidence seems to imply a thinner and smaller total surface area formation of SEI in WO;-{120}.

5.2 Discussion

Based on literature'*®

and previous single particle-level studies®, the h-WO; particles with
dominant {120} facets were hypothesized to exhibit enhanced optical modulation and stability. Particles
with {120} facets showed increased OD stability but decreased CE. The WO3-{100} sample shows two
types of optical modulation degradation: coloration degradation (i.e., maximum OD decays in the colored
state with increasing cycle number) and transparency degradation (minimum OD decays in the bleached
state with increasing cycle number). Both effects have been linked to ion trapping'® where Li-ions insert

in the WO; lattice during the coloration step and remain in the host lattice after the bleach step.'””'?"'?2 The

trapping mechanisms and chemical nature of the trapping sites are not entirely understood over a broad
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range of electrochromic materials.'?”'%122"127 These degradation effects are important for electrochromic
smart windows because the material is unable to consistently reach a colored or transparent state with
increasing on/off cycles. Interestingly, the WOs3-{120} sample does not show either coloration or
transparency degradation after the initial cycle (Figure 5.7a). Instead, coloration and transparency
characteristics slightly improve with cycling, though the magnitude of the modulation is always lower for

WOs-{120} than WO3-{100}.
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Figure 5.17 — Structure and binding sites in hexagonal WQOs. Top (perpendicular) eye view looking
down into the (a) (001) plane showing tri_gonal cavity and hexagonal window ion binding sites, (b) (100)
plane showing square windows, and (c) (120) plane also showing square window sites.

The lower AOD in WO;-{120} may be explained by a higher fraction of optically inactive sites.
Figure 5.17 shows perpendicular views into the (001), (100), and (120) planes that are present at the
surfaces of these NRs (see Figure 5.3). In addition, Figure 5.17 illustrates the three Li-ion binding sites in
h-WOs: trigonal cavities, hexagonal windows, and square windows. The hexagonal windows and square
windows contribute to OD changes whereas the trigonal cavity site contributes little or no optical
activity.’>** The trigonal cavity and hexagonal window sites are most easily accessed by the (001) plane
(Figure 5.17a) present on the endcaps of both samples (Figure 5.3d.e). The WO;-{120} sample has a larger
surface area of {001} planes than the WO3-{ 100} sample (8% vs 3% with the geometry illustrated in Figure
5.3) and, therefore, has more optically inactive trigonal cavity sites at the NR surface. Hence, the lower
AOD of WO;-{120} NRs may be explained by the fact that Li-ions prefer to occupy these optically inactive

trigonal cavities’>>* and those sites are more abundant on WO3-{120} NR surfaces.
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The CE increase of the WO3-{100} film can be attributed to the SEI layer formation process. In
this scenario, applying cathodic polarization to the pristine materials induces an interfacial charge transfer
reaction where solvent molecules are reduced at the NR surfaces. This SEI layer formation process reduces
CE because injected electrons reduce solvent molecules instead of contributing to an OD increase at 940
nm. SEI growth diminishes with increasing cycle number presumably because the insulating surface coating
inhibits the electro-reduction reaction.'”® This SEI formation process consumes more charge during initial

cycling of the WO;3-{100} sample than the WO3-{120} sample.

The WO3-{100} sample likely exhibits poor electrochromic stability due to a crowded path for Li-
ions via (100) planes. Figure 5.17b-c shows Li-ion insertion pathways via square window sites at the (100)
versus (120) surfaces. These planes make up the majority of the NR surfaces in the WO3-{120} sample.
We speculate that the energy barriers for Li-ion insertion via the different surface planes are not equal due
to the different orientation of square window sites. The (100) plane features parallel and perpendicular
repeating patterns of square window sites (Figure 5.17b). This crowded environment differs from the
square windows at the (120) plane (Figure 5.17c). The crowded square windows on the (100) plane are
hypothesized to increase energy barriers for Li-ion insertion, creating Li-ion trapping sites. In this scenario,
the overpotential for Li-ion extraction increases as more Li-ions occupy crowded square window sites. This
effect could explain the long-term optical degradation of the colored state in WO3-{ 100} NRs. The trapping
effect may prevent new Li-ions from inserting into the host, which also explains the transparent state

degradation in WO3-{100}.

Another explanation for optical degradation of the WO3-{100} sample could be growth of an
insulating SEI on {100} and {001} planes that induces an overpotential for ion insertion/extraction. EIS
data showed a significant increase in R¢ in the WO3-{100} samples that could be attributed to an insulating
SEI layer on the {100} planes that account for 95% (area) of WO3-{100} NR surface area. Depth profiling
via TOF-SIMS suggests the SEI layer may be thicker in the WO3-{100} films (Figure 5.16). In this

scenario, the SEI layer rapidly grows on the {100} planes, contributing to the low CE at early cycle numbers
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(Figure 5.11). Ion insertion becomes more difficult with increasing cycle number; increasing cathodic
polarization would be required to achieve the same total charge as the early cycle numbers. lon extraction
also becomes more difficult because increasing anodic polarization would be required to de-populate Li-
ions from stable, low energy binding sites. This would be unexpected because {120} have a higher surface
potential than both {100} and {001}'?, and the type/rate of electrolyte decomposition is directly related to
the surface potential."** However, the XPS and TOF-SIMS data showed no clear facet-dependent SEI
characteristics and the mechanism of SEI formation on the different facets of h-WQOs3 is not well
understood.'® An alternative hypothesis is that the high energy {120} facet reconstructs under
electrochemical conditions. An SEI layer with favorable charge/ion transfer characteristics could form on
the reconstructed surface. Surface reconstruction can impact interfacial ion (de)insertion kinetics and also
influence disorder in the bulk.'!' In this scenario, the {120} surface reconstructs into the lowest available
surface potential and influences the location, morphology, or relative abundance of the SEI. In situ TEM or

X-ray probe techniques may be necessary to test this hypothesis.

Particle size and shape have been shown to impact OD switching speeds and magnitude in
electrochromic WO; systems'**'** but systematic studies on the role of particle size and shape on
coloration or transparency degradation are lacking. One study by Yuan et al. suggested that particle size
has little influence on the stability of tetragonal tungsten oxide.'** There are conflicting reports in the
literature on the role of particle size on OD magnitude. Yuan et al. showed increasing particle size increases
OD magnitude in tetragonal tungsten oxide films of equivalent thickness'*?, but Kim et al. and
Subrahmanyam et al. observed the opposite effect for monoclinic'* and amorphous'*® systems,
respectively. While it is possible that the particle size could influence extinction spectra via confinement”,
our large h-WOs; NRs are not in the confinement regime. The porosity and packing density within the film
could influence electrochromic properties,'*”'* but crystallinity was shown to be more impactful."” We
conclude that particle size differences between these two samples is likely not the dominant contributor to

enhanced OD stability in WO5;-{120}, but this possibility cannot be excluded.
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Mechanical degradation (e.g. cracking, delaminating) of films are known to decrease lifetime of
electrochromic devices.'* SEM imaging before and after electrochemical cycling did not reveal mechanical
degradation for WOs-{100} (Figure 5.18). h-WO; exhibits minimum volume expansion (and no crystalline

140 triclinic’®, and monoclinic’’ WO; polymorphs.

phase change) during ion insertion*’, unlike amorphous
Hence, differences in mechanical degradation likely cannot explain the electrochromic stability

enhancement effect.

WO,-{100}

Pristine Cycled

13.5 um [

Figure 5.18 — SEM images before (pristine) and after 150 cycles. Top-down image of WO3-{100} before
(top left) and after (top right cycling) and cross-sectional image before (bottom left) and after (bottom right)
cycling. These thick films were not the same films as shown in the main text.

This facet-dependent study has implications for electrochromic smart windows based on nanoscale
materials. The stability enhancement observed for WO3-{120} make it a better choice for electrochromic
smart windows compared to WOs3-{100}. A device that can maintain constant optical changes over many
cycles is more desirable than one that shows significant degradation after the first 100 cycles. The major
benefits for the WOs3-{100} film are the larger OD modulation and increased coloration efficiency.
However, thicker WO3-{120} NR films and device optimization may mitigate these shortcomings. In
summary, h-WOj; particles with dominant {120} facets could improve the performance of electrochromic

smart windows.
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5.3 Conclusion

Two h-WO3 NR samples with distinct surface facet orientations were synthesized. The h-WO3; NR
sample with {120} facets exhibited more stable long-term electrochromic behavior than NR samples with
{001} and {100} surface facets only. The WOs-{100} film exhibited greater coloration efficiency but
diminished total optical modulation after 500 cycles. The type and arrangement of Li-ion binding sites
present at the different surface facets likely influence ion trapping and electrochromic reversibility. These
findings suggest that nanoparticle surface facets can be used to optimize performance of nanostructured

electrochromic thin films for smart window applications.
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CHAPTER 6: QUANTIFYING CAPACITIVE-LIKE AND BATTERY-LIKE CHARGE STORAGE
CONTRIBUTIONS USING SINGLE NANOPARTICLE ELECTRO-OPTICAL IMAGING"

Pseudocapacitors promise to combine the high-rate capability of electrochemical capacitors with
the high energy-density of batteries. A major challenge in the field is to demonstrate that
pseudocapacitors behave electrochemically like a capacitor and the charge storage process is faradaic in
nature. It is challenging to do so because pseudocapacitive charging has the same electrical signatures as
non-faradaic electrical double layer charging. Electro-optical imaging can measure Li-ion insertion
reactions in single WOj3 nanoparticles, as discussed in previous chapters, without being muddled by
contributions that plague electrochemical measurements alone (i.e. wide particle size distribution, pores,
and interfacial contact between particles). On average, these single WOs particles exhibit a hybrid charge
storage mechanism: both diffusion-limited (battery-like) and pseudocapacitive (capacitor-like) mechanisms
contribute to the total charge stored as detailed in CHAPTER 4:. It is widely assumed that surface chemistry
dictates the pseudocapacitive charge storage behavior for intrinsic pseudocapacitors like WOs but is not
rigorously quantified. Electrical double layer charging, electrochemical corrosion, and surface impurity
reactions could all contribute to the total current, but those processes have nothing to do with
pseudocapacitance. Donne and co-workers recently reviewed the challenges and presented an elegant and
reliable potential step method for deconvoluting the current-time response.'**!*> Their method comparison
study revealed how different electrochemical methods and data analysis procedures can influence the

interpretation and quantification of charge storage processes in ion insertion electrodes.'**'** A major open

¥ This chapter contains adaptations from Evans, R. C.; Nilsson, Z.; Balch, B.; Wang, L.; Neilson, J. R.; Weinberger,
C. R.; Sambur, J. B. Quantifying Capacitive-Like and Battery-Like Charge Storage Contributions Using Single-
Nanoparticle Electro-Optical Imaging. ChemElectroChem 2020, 7 (3), 753-760.
https://doi.org/10.1002/celc.201902011. citation('*!). R.C.E. performed experiments, analyzed data, and wrote the
manuscript. Z.N.N. performed SEM and TEM imaging experiments. B.B aided in mathematical modeling. L.W.
performed integral AFM measurements. J.R.N. performed Rietveld refinement and provide materials chemistry
insight. C.R.W. aided in the kinetics fitting routine development. J.B.S. and R.C.E. developed the experimental setup,
analyzed data, and wrote the manuscript.
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question in the field is how much, and on what time scale can charge be inserted into the bulk of a material

at a rate that is not limited by typical solid state diffusion kinetics.

The results in this chapter show that individual particles exhibit different charge storage
mechanisms at the same applied potential and that pseudocapacitve charge is stored at or near the nanorod
surface (not in the bulk). Longer nanorods store more pseudocapacitive charge than shorter nanorods,
presumably due to (1) a surface step edge gradient that exposes large hexagonal window Li-ion binding
sites along the nanorod length (different crystalline facets are exposed) and/or (2) higher structural water
content that influences the Li-ion binding energetics and diffusion behavior. Penetration depth of Li-ion
insertion during pseudocapacitive kinetics were quantified. Li-ions insert as deep as two-unit cells below
the surface. The methodology presented herein can be applied to a wide range of solid state ion-insertion

materials.

6.1 Results and Discussion

6.1.1 Materials Synthesis and Characterization

The h-WO3 nanorod sample was synthesized in the same fashion described in 3.1 Material
Synthesis. Additional characterization of the same material was done though thermogravimetric analysis
(TGA) and energy dispersive x-ray spectroscopy (EDS). TGA analysis results showed about 2.5% mass
loss from 90 °C to 200 °C, which corresponds to ~0.3 H,O per WOs3 (Figure 6.1a). The theoretical
maximum water content is 7.2% for the monohydrate. Figure 6.1b shows the derivative of sample weight
as a function of temperature in Figure 6.1a. The inflection points in the derivative (solid grey lines) were

used to define the range over which mass loss could be attributed to water loss.
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Figure 6.1 — Thermogravametric analysis (TGA). a) The weight of the nanoparticle sample as a function
of time. b) The derivative of weight with temperature plotted against temperature.

The TGA sample was prepared by first evaporating 1 mL of nanoparticle suspension, leaving
behind the white nanoparticle sample. About 4.7 mg of this powder was loaded onto a platinum pan for

TGA. The sample was heated from room temperature to 700 °C at 5 °C min"' under a nitrogen atmosphere.

Figure 6.2 — Energy dispersion x-ray spectroscopy (EDS) for a cluster of nanorods. a) SEM image of
nanorod cluster on nickel foil. b-e) W, O, Na, and NI element specific maps from EDS.

EDS samples were prepared by washing about 1 mL of nanoparticle suspension from the reactor
six times with 18.2 MQ-cm water and suspended in 200 proof ethanol before being drop cast onto a nickel
film. The sample was placed in the SEM (JEOL JEM-2100F) and imaged at 20 keV for EDS (Figure 6.2a).

Figure 6.2b-e shows the EDS maps for W, O, Na, and Ni, respectively. While the Na present in the
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nanorods is evident, it should be noted that the Ni La Peak at 0.851 keV is broad enough to increase the Na

Ka background signal at 1.04 keV. EDS showed that there is about 2.45% Na relative to W.

Figure 6.3 shows the PXRD data and Rietveld analysis accounting for water and sodium in the
composition with inclusion of strong preferred orientation ((200) and (210) orientations), as expected from

the anisotropic shape of the particles.

Electro-optical characterization was performed as described in CHAPTER 3: excepting at various
potentials rather than only —1.0 V vs Ag/AgCl for the coloring step. Here, a bleaching pulse of 1.5 V for

200 s and color pulses from —0.2 V to —1.0 V with 100 mV resolution for 200 s were used.
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Figure 6.3 — PXRD of WQ3 nanorods on a zero-diffraction Si puck. PXRD from 10 26 to 80 26.

Figure 6.4 shows a representative AODq(?) trajectory for a single nanoparticle during the normal
pulse voltammetry experiment. For £ more positive than —0.4 V, AODq(#) does not increase with time,
which indicates that those potentials are not sufficiently cathodic to drive the ion insertion reaction in
Equation 2-1. However, AOD,(¢) increases at E = —0.4 V. Onset potential (Eonser) is quantitatively defined

as the value of E that causes AOD(?) to exceed a value of three times the standard deviation of background
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noise plus the mean background noise, as described in previous chapters. Upon applying a potential more
negative (cathodic) than —0.4 V, AOD4(f) quickly increases, and then rises gradually with increasing
cathodic polarization time. The AOD(¢) decreases rapidly upon applying the anodic polarization step. The
AOD,(t) magnitude increases significantly with increasingly cathodic potentials, but the AOD,(¢) dynamics
are essentially independent of E. Fifty-four individual nanoparticles were analyzed in this study and 41
particles exhibited an Eone: value that was more positive than —1.0 V. The optically inactive particles (13
of 54, or 24%) may require a larger overpotential for the electrochemical reaction in Equation 2-1 or have

poor electrical contact to the ITO electrode.
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Figure 6.4 — Potential dependent single particle optical response. The particle thickness-corrected
change in optical density (AODy) of the single WOs3 nanorod shown in the inset during a normal pulse
voltammetry experiment. The potential was stepped from a constant anodic potential (+1.5 V) to different
cathodic potentials (from —0.2 V to —1.0 V vs Ag/AgCl).

6.1.2 Hybrid Charge Storage Mechanism

This section is meant to serve as a reminder of the details for the hybrid charge storage kinetic
model used to fit the optical density changes as described in 4.1 Kinetic Model. In 6.1.3 Single Nanoparticle

Charge Storage Behavior a modification will be discussed so it is helpful to quickly reiterate here.

Figure 6.5a shows the average AODy(¢) response from the optically active nanoparticles. The

AOD,(¢) data has the following dynamic features: (1) a short waiting time (#w.i) for color center formation
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due to Li-ion insertion at optically inactive sites (likely trigonal cavity sites)’**

, (2) an exponential burst in
AOD, at short times, and (3) a slow rise in AOD, that scales with " at long times. The exponential AOD,
increase can be attributed to a faradaic reaction (Equation 2-1) that occurs at a capacitive-like rate (i.e.,
pseudocapacitance). According to the Cottrell equation, the AOD, increase that scales with #* can be
attributed to the diffusion-limited ion insertion process in the nanorod interior. The scaling laws suggest
that these nanoparticles exhibit a hybrid charge storage mechanism where both pseudocapacitive and
diffusion-limited charge storage mechanisms contribute to the total charge, in agreement with literature.”"

These OD measurements do not have underlying contributions from non-faradaic double layer charging

because those processes do not contribute to the OD change.
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Figure 6.5 — Particle averaged AODq(t) analysis. a) AODq(t) trajectories as a function of applied cathodic
step potential over the range of —0.4 V to —1.0 V vs Ag/AgCl. The red line represents fits to the data using
Equation 5. Error bars on the data points represent the standard deviation between three cathodic cycles. b)
Diffusion-limited (Quifr) and pseudocapacitance (Qpseudo) charge contributions to the total charge obtained
from the fits in (a). The error bars are as the value obtained when the mean square error of the fit doubles.
The red line represents a linear fit to the pseudocapacitance contribution, with an R? = 0.97 and a slope =
2.8 x 107 F, average capacitance is 6.4 x 10""*F/cm” + 5 x 10" F/cm®.

Equation 4-5 and Equation 4-6 are restated as Equation 6-1 and Equation 6-2, respectively.
Equation 6-1 was applied for potential dependent fitting as described for a single potential in 4.1 Kinetic

Model.

Equation 6-1

A
H(t - twait) <_ k

pseudo

xp(~Hpsasot) ~ 0 ipsensotuar)]) +204F
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Where A, Kpseudo, twair, and D are fitting parameters. D’ is given by Equation 4-5 below

D, : Equation 6-2
D' = Qmax Li
dvm
The fit result to the experimental data is shown in Figure 6.5a. Since the data could be fit with a
time independent Dy, value, the trajectory analysis suggests that Dyi. does not change significantly over

the time scale of the experiment. Change in charge for both kinetic regimes, AQuitt(f) and AQpseudo(?), can be

summed to obtain the total charge injected during each process, Quitr and Qpseudo-

Figure 6.5b compares Quitr and Qpseudo Versus E. The charge injected due to the diffusion-limited
process, Quirr, is generally independent of E for E more negative than —0.4 V. The small peak at —0.6 V in
Figure 6.5b (blue points) could be due to the fact that the applied potential is not sufficiently cathodic to
reduce all the electroactive sites in all the particles. This hypothesis is supported by recent optically-detected
single particle-level cyclic voltammetry (CV) measurements that showed broad CV peaks over the range
of —0.4 V to —0.8 V.® Thus, it is possible that the 100 mV steps in this potential range are not sufficiently
cathodic to reduce all sites in all the particles. The standard potential (E) estimated for the reaction in
Equation 2-1 is between —0.3 V and —0.4 V because of the observed dramatic increase in OD between those

potentials.

On the other hand, Qpseudo increases linearly with E (R* = 0.97, slope = 2.8 x 107" F, average
capacitance is 6.4 x 107" F/ecm* + 5 x 107" F/cm?). Linear behavior is expected for a capacitive-like
charging process in a normal pulse voltammetry experiment because the total capacitive charge scales

linearly with the magnitude of the potential step.'*

In summary, the single particle-averaged AOD,(f) data showed clear scaling relations with time
that could be attributed to both diffusion-limited and capacitive-like charge storage mechanisms, in
agreement with literature.”’ Since the origin of the OD signal is faradaic in nature, the capacitive-like charge

storage process is denoted as pseudocapacitance.
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6.1.3 Single Nanoparticle Charge Storage Behavior

Here AOD,(¢) data at the single particle-level is analyzed to understand how each nanorod
contributes to the average response. Figure 6.6c,d shows potential-dependent AODy(¢) traces (black circles)
for the two different nanorods shown in Figure 6.6a,b. Note that the nanorod surfaces appear rough and the
contrast is blurry in these ex-situ SEM images likely because the rinsing procedure did not completely

remove electrolyte residue from the ITO substrate.

-1.0V " 20D/ pm (x 102

1200

Time (s)

Figure 6.6 — Representative examples of single particle charge storage behavior. a, b) SEM images of
a single WOs3 nanorods. ¢) The corresponding AODy(t) traces at —0.4 V, —0.5 V, and —1.0 V respectively.
The red lines represent a fit to the data using Equation 5 and contributions from both AQqitrand AQpseudo. d)
same as (c), but for the other nanorod. The red line fit for —0.5 V data represents a fit to Equation 6-3 with
contributions from AQuirr only. The red line fit for —1.0 V data represents a fit to Equation 6-1 with
contributions from AQuirrand AQpscudo-

Single nanoparticle-level measurements show three important features that are hidden in particle-
average data. First, Eonse is particle-dependent. For example, the nanorod in Figure 6.6c exhibits an OD
change at —0.4 V whereas the nanorod in Figure 6.6d exhibits an OD change at —0.5 V. These two nanorods
exhibit distinct Eonser values even though they were synthesized in the same batch, have similar physical
properties, and are located just microns apart on the ITO electrode. Second, there is a particle dependent
overpotential for the pseudocapacitive process. For example, the nanorod in Figure 6.6d does not exhibit
an exponential OD burst at its onset potential (—0.5 V). The absence of the OD burst indicates that the

nanorod in Figure 6.6d does not undergo the pseudocapacitive charge storage process at the same applied
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potential as the nanorod in Figure 6.6b. Instead, the pseudocapacitive process onsets at more negative
potentials (see —1.0 V data in Figure 6.6d). Third, some particles exhibit diffusion-limited charge storage
mechanism only even though the particle-average measurements indicate that all particles follow the hybrid
charge storage mechanism (see —0.5 V data in Figure 6.6d). As a result, the AQpseuso component from

Equation 6-1 was not needed to fit the data. Equation 6-3 below describes the diffusion only fit.

t
AQgige(t) = Jaige(t) dt = H(t — tya)2D'V

twait

Equation 6-3

To gain statistically meaningful results from the single particle-level observations discussed above,
AOD,(?) trajectories from 39 nanoparticles were fit under two sets of conditions: (1) AQuit(#) and AQpseudo(?)
contribute to the total charge as in Equation 6-1 and (2) AQuis(#)contributes to the total charge as in Equation
6-3. Charge storage from only pseudocapacitive events were not observed, so no attempts were made to fit
under only AQpseudo(f) conditions. An algorithm was developed based on the mean squared error (MSE)
between the data and fit to classify whether a hybrid charge storage mechanism or a diffusion-limited charge
storage mechanism described the single particle behavior (detailed in 6.2.1 Mean Square Error Algorithm).
If the MSE exceeded a 1 x 10™* threshold value or the fits produced negative parameters (e.g., A, Kpsuedo, OF
D’), then the particles were classified as anomalous because their AODu(f) behavior could not be
quantitatively described by either mechanism. Figure 6.6 shows representative fitting results to the
experimental data (red line). The fit adequately describes the data for a large number of particles over a
range of applied potentials. This procedure allowed us to classify the charge storage behavior for each

particle as a function of the applied potential.

Figure 6.7a shows the particle dependent classification results, where the magnitude of each bar
represents the number of particles in the sample whose charge storage behavior could be described by a
hybrid (yellow bar), diffusion-limited (red bar), or anomalous mechanism (blue bar). Since there was no
OD change for particles at —0.2 V and —0.3 V, no particles appear in those bins. At —0.4 V, 53 % of particles

exhibit a hybrid charge storage mechanism and 30% exhibit a diffusion-limited mechanism. 17% of
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particles showed anomalous charge storage dynamics that could not be described by Equation 6-1 or
Equation 6-3. More and more particles transition from the diffusion-limited or anomalous mechanisms to
the hybrid mechanism with increasingly cathodic potentials. For E more negative than —0.6 V, almost every
particle exhibits the hybrid charge storage mechanism. Figure 6.7b classifies the charge storage mechanism
of each particle at Eonser. The single particle data shows a particle dependent onset potential for the hybrid
charge storage mechanism. For example, 54% of nanorods onset with pseudocapacitance at —0.4 V while
36% and 33% of nanorods onset with pseudocapacitance at —0.5 V and —0.6 V, respectively. Thus, these
single particle measurements reveal hidden behaviors that are not visible in the particle-averaged
measurements. The particle-averaged data showed a smooth increase in capacitive-like charge storage with
increasingly cathodic potentials, but single particles switch one-by-one from the diffusion-limited to hybrid

charge storage mechanisms.
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Figure 6.7 — Classifying charge storage mechanisms of single nanoparticles. a) Distribution of single
particles that exhibited a diffusion-limited (red bar), hybrid diffusion-limited and pseudocapacitive
mechanism (yellow bar), and anomalous mechanism (blue bar; see main text for description). No optical
changes were detected at potentials more positive than —0.4 V. b) Distribution of charge storage
mechanisms for single particles at their onset potential. Eqnser is defined as the most positive potential where
the AODq(t) signal exceeds three-times the limit of detection.

There are several possible origins of the particle dependent behaviors in Figure 6.7, such as
physical parameters or morphology. There was no correlation between Eone: and nanorod physical
properties such as length, width, height, and volume, as measured by Pearson’s correlation coefficient,

between Eonse: and the bulk physical properties of single nanoparticles.
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Figure 6.8 — Correlation of potential onset of optical activity (Eonst) with physical parameters. a-d)
show the Pearson’s correlation with Eonee and active particle area, length, width, and volume, respectively.
The Pearson’s correlation coefficients for (a-d) are p =-0.197 £ 0.10, p =-0.024 £ 0.11, p =-0.196 + 0.10,
p =-0.230 £ 0.10, respectively.

Figure 6.8 shows that different particles not only have different potential onsets (Eonse) for showing
any optical changes, but can have onsets for certain types of charge storage behavior. Active surface area,
length, width, and volume do not correlate to Eonse: by Pearson’s correlation method, where the error in the
coefficient is given by Eells.'” Active surface area is defined as the area of the nanorod exposed to the
electrolyte (all sides of the rod except the one laying on the ITO electrode). Thus, the driving force needed

to induce optical changes is independent of the nanoparticle’s physical size.
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Figure 6.9 — Length distributions for different charge storage fits at 0.4 V vs Ag/AgCl. a) The
distribution of nanoparticle lengths that were fit with a diffusion plus pseudocapacitance component at —0.4
V. b) The distribution of nanoparticle lengths that were fit with a diffusion only procedure at —0.4 V.

Note that Eonser and the onset of a specific charge storage mechanism are not mutually exclusive.
Figure 6.9 shows that the distribution of lengths do not differ between particle fits with a diffusion only vs
a pseudocapacitance and diffusion fit at —0.4 V (the earliest onset seen). Therefore, the onset of a particular

charge storage mechanism is independent of length at a 100 mV step resolution.

One possible explanation for this lack of correlation is that atomic-level or nanoscale surface
structural heterogeneity induces the particle dependent Eonsee for pseudocapacitance. Ex situ TEM
measurements confirm that these WO3 nanorods have a particle dependent surface step edge density; the
subtle surface structural heterogeneities do not appear in the top-down view of the low-resolution SEM
images. Those features could expose different crystallographic facets and Li-ion binding sites. For these
hexagonal WO3; nanorods, there are three Li-ion binding sites: trigonal cavities, hexagonal windows, and
square windows— all of which result in different optical properties after ion insertion.”>>* It is possible that
the distribution of surface sites have different energy levels for the redox reaction in Equation 2-1.'*® This
hypothesis is supported by recent electro-optical cyclic voltammetry (CV) measurements that showed a

distribution of redox waves for different nanoparticles.”” Redox peaks in CV experiments are expected for
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surface-limited faradaic reactions such as pseudocapacitive reactions.'*” One possible explanation for the
particle dependent onset potential for diffusion-limited charge storage is that there is a significant contact
resistance at the ITO/WOs interface. This contact resistance could be due to the wetting behavior of the
WO; particles on the ITO substrate.'*® A significant contact resistance at the ITO/WOj5 interface could
induce a larger potential drop for some particles. In this scenario, an additional driving force is needed to
drive the electrochemical reaction in Equation 2-1 because some fraction of the applied potential drops
across the interface. The OD onset could occur at more negative potentials for those particles with a
significant contact resistance. Another possible explanation is that varying amounts of structural or surface
adsorbed water in these nanorods influences the Li-ion binding energetics at the WOs/electrolyte interface,

and diffusion behavior within the nanorod bulk 413!

6.1.4 Quantifying Pseudocapacitive Chare Storage at Surface and Sub-Surface Sites
Pseudocapacitance is generally referred to as a faradaic charge transfer process that occurs at
surface or near-surface sites. It is also possible that pseudocapacitance occurs throughout the material bulk.’
To determine the extent to which (Li*~-W?*) color centers form at the surface or throughout the bulk, the
total pseudocapacitive charge was compared with the total number of surface W sites. Total number of
surface W sites were calculated using the surface area of a hexagonal prism using the particle dependent
nanorod length and width from SEM. If the pseudocapacitive charge storage process is surface-limited,
then we expect that the total number of (Li*-W>*) color centers will not exceed the total number of surface

W atoms.

Figure 6.10a shows the total amount of (Li*-W>*) color centers produced during the
pseudocapacitive process at —1.0 V vs the total number of surface W atoms. Each dot in Figure 6.10a
represents a single particle (39 total) and the color scheme refers to the nanorod length. The red diagonal
line represents 100% Li-ion occupation of surface sites. Short nanorods (blue data points) lie at or below
the red diagonal, which indicates that surface sites are adequate to store all pseudocapacitive charge. Long

nanorods lie above the diagonal line. At most, the longest nanorods have 2.5x more Li-ions inserted than
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there are available surface sites. This trend indicates that sub-surface sites also participate in

pseudocapacitive charge storage in longer nanorods.
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Figure 6.10 — Quantifying surface and near surface sites that contribute to the pseudocapacitive
charge storage mechanism. a) Qpscudo versus the number of surface W atoms for a particular nanorod. from
0.9x to 3x the number of W atoms on the surface of a particular nanorod. The red line is the diagonal and
represents 100% Li* occupation of surface W sites. The color gradient represents the nanorod length. The
cartoon nanorod schematically show that short and long nanorods have less and more pseudocapacitive
charge storage contributions to the total charge, respectively. b) Li-ion insertion depth versus nanorod
length. See Supplementary Note 2 for insertion depth calculation details. The insertion depth scales linearly
with length (Pearson correlation coefficient is 0.43 + 0.6). Error bars in Li* inserted represent the standard
deviation from optical density propagated through the fitting procedure. The error in surface tungsten atoms
was calculated using 5% relative error in SEM imaging propagated through the calculation. The error in
nanorod length was calculated using 5% relative error in SEM, but the error in length was not used to
calculate the Pearson correlation coefficient.

Depth of Li-ion insertion in each particle is estimated by assuming a uniform ion insertion rate
from the entire nanorod surface that is in direct contact with the electrolyte (see 6.2.2 Quantifying Li*
Insertion Depth). Figure 6.10b shows the Li-ion insertion depth versus particle length. The data shows that
(Li*-W?*) color centers form 1 nm below the surface and there is a positive correlation between insertion
depth and particle length (Pearson correlation coefficient is 0.43 £ 0.6). The positive correlation indicates
that longer particles store more Li-ions in their bulk at a capacitive-like rate. The calculations also show
that the extent of sub-surface Li-ion insertion is limited to 1-2 unit cells. Longer nanorods could store more

pseudocapacitive charge than shorter nanorods because long nanorods could have more surface step

features along their lengths, which exposes a gradient of large hexagonal window sites along the particle
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(as described in CHAPTER 4:). In a perfect hexagonal prism morphology, the hexagonal window sites are
confined to the nanorod end caps. A distribution of hexagonal window sites along the nanorod length could
be more beneficial if an interfacial electric field at the step edge promotes the electrochemical reaction.®!%!
Surface adsorbed or structural water present in larger quantities on longer nanorods could also improve
kinetics.**'*’ Regardless of the origin of the length-dependent effect, we conclude that these hexagonal
nanorods due not exhibit intercalation pseudocapacitance. While it is possible that these calculations
underestimate the total number of surface sites because we assume a perfect hexagonal prism morphology,

that underestimation would still lead to the conclusion that less sub-surface sites participate in

pseudocapacitive charge storage.

6.2 Algorithms and Derivations

6.2.1 Mean Square Error Algorithm

In order to classify the charge storage mechanism of single particles, an algorithm was developed
to assign a mechanism to single particles. First, all particles are fit with Equation 6-1 and Equation 6-3.
Figure 6.11a,b shows a representative example of AOD fits at —1.0 V vs Ag/AgCl for a single particle
(shown in the inset) for diffusion only (Equation 6-3), and pseudocapacitance plus diffusion (Equation 6-1),
respectively. The MSE for the diffusion fit is 7.4 x 10 while the MSE for the pseudocapacitance plus
diffusion fit is 9.2 x 10, Since that fit has an extra equation and could potentially over parameterize the
data, the charge storage mechanism is classified as “pseudocapacitance plus diffusion” if the fit results in a
5-fold reduction of the error. In this case, the MSE for the pseudocapacitance plus diffusion fit is two orders
of magnitude smaller, so the particle was assigned to the hybrid charge storage mechanism. This procedure
is repeated for all particles at all potentials. Figure 6.11c,d show the MSE distributions for the diffusion
only fit and pseudocapacitance fit at —1.0 V, respectively. The MSE is significantly lower for the
pseudocapacitance plus diffusion fit, which is why almost all particles at —1.0 V are assigned to the hybrid

charge storage mechanism
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Figure 6.11 — Choosing a fitting routine. a,b) show a single particle AOD trace fit with diffusion only
(Equation 6-3) and pseudocapacitance plus diffusion (Equation 6-1), respectively at —1.0 V vs Ag/AgCl.
The fits are shown as red lines and the data points are black dots. Error bars represent the standard deviation
between three cathodic pulses. Inset shows the single nanoparticle. ¢) The distributions of mean square
error (MSE) between the fit and data points for diffusion fitting. d) The distributions of mean square error
between the fit and data points for pseudocapacitance plus diffusion fitting.

Figure 6.12a,b below shows a case at —0.4 V where the diffusion only fit is kept because the MSE
is virtually the same for both cases. Indeed, the distribution of errors is much closer at this potential than at
—1.0 V (Figure 6.12b,c), which accounts for the trends in Figure 6.7. If the fit produced negative
parameters or MSE values larger than 1 x 10, then the AOD trace for that particle at that potential was

considered anomalous.
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Figure 6.12 — Choosing a fitting routine. a,b) show a single particle AOD trace fit with diffusion only
(Equation 6-3) and pseudocapacitance plus diffusion (Equation 6-1), respectively at —0.4 V vs Ag/AgCl .
The fits are shown as red lines and the data points are black dots. Error bars represent the standard deviation
between three cathodic pulses. Inset shows the single nanoparticle. ¢) The distributions of mean square
error (MSE) between the fit and data points for diffusion fitting. d) The distributions of mean square error
between the fit and data points for pseudocapacitance plus diffusion fitting.

6.2.2 Quantifying Li* Insertion Depth

In order to quantify the ion insertion depth in single nanoparticles the following assumptions were
made: (1) The ion insertion depth is equal on all faces except the one on the electrode surface and (2) the
nanorods can be approximated as perfect hexagonal prisms. While it is generally thought that the large
hexagonal channels along the c-axis are the best for ion diffusion,™ it is assumed that those channels are
not orders of magnitude different from the (100) exposed faces. See section 3.2 Characterization for
confirmation of the aforementioned morphology. The approximation to hexagonal prisms ignores the step
edge defects on the nanorods but is close enough for relative comparison. The following derivation in how
the ion insertion depth was quantified by knowing the particle length, width, and percent lithiation based

on the optical trace.
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Lithium (Li*) ions driven into the W05 nanorods in a uniform manner from all directions with the
exception of one face of the prism which is in contact with the electrode surface. It is thought the ions
penetrate the surface of the nanorods and reach a depth d within the rod. Three physical measurements may
be obtained to calculate d, namely the length of the rod, the maximal width (or diameter), and the percentage
of the volume of the rod that contains Li* ions. The strategy for approximating the depth of Li* penetration

will be to translate the problem into a simple root finding problem.

The formula must describe the percentage of the volume of the rod that contains Li* ions. In order
to do this, slices of the rod that are devoid of Li* are subtracted from the volume of a hexagonal prism. The

underlying assumptions are the following:
1. The rods are regular hexagons with length [ and maximal width w,

2. The volume of the rod that contains ions is equal to PV where P € [0,1] is a percentage

and V is the volume of the entire rod.
3. The rods naturally occur with an aspect ratio I: w of about 1 or greater.

The last assumption is reasonable by observation of the rods, and plays a crucial role in determining

the correct depth of ion penetration, d.

The volume of a solid hexagonal prism depends only on the width of a face, which is denoted by a
and its length . Since adjacent faces of a regular hexagon form an angle of 120°, the triangle formed from

the center of the hexagon the vertices of any edge has angles each equal to 60° (Figure 6.13a).
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b)

Figure 6.13 — Cross sections of a nanorod. a) By symmetry, we have w = 2a (b) The situation shows that
b+2x=a.

This implies the triangle is equilateral and so each edge has length a. Since the maximal width w
of the rod is formed by the edges of two equilateral triangles, each with edge length a, it follows that w =
2a. The point of this argument is to show that given the measurement w and [, we can appropriately
compute the volume of any rod. Since w = 2a, we may write the volume of the rod as

33 2] Equation 6-4
=——a

|4
2

Next, the volume of a shell with thickness d will be described. A slight modification is needed to
describe the volume of the portion of a rod that contains Li* ions. The volume of the shell is obtained by
subtracting the volume of a slightly smaller rod which is coaxial to the original rod. Suppose the smaller
rod has length h and face width b. In this situation, each face of the smaller coaxial rod should be a distance
d from the faces of the outer rod. Thus, h = | — 2d. To find b in terms of a and d, it suffices to consider
coaxial regular hexagons with edge lengths a and b. First note that by symmetry, the side lengths a and b
differ by a small amount x on each side, giving 2x = (a — b) (Figure 6.13b). Note that the segment joining
the vertex of the outer hexagon to the inner forms a 60° angle with the base. A perpendicular line from a
vertex of the inner hexagon to the face of the outer hexagon then forms a triangle with height d and base

width x and base angle 60°. We then have
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2d Equation 6-5

d
V3 = tan60° = — =
X
Solving for b gives

h=q— 2d Equation 6-6

V3

Hence the volume of the smaller coaxial rod is given by

3V3 3V3 2d\* Equation 6-7
V' =—"b%h = —<a ——) (I - 2d)
2 2 V3

The volume of the shell is then given by subtracting Equation 6-7 from Equation 6-4.

The only thing that remains is subtracting the volume of the face which is protected from ion

insertion. The face is seen to have width b, depth d and length h. Thus the face has volume

2d Equation 6-8
Vesce = bdh = (a - ﬁ) d

Finally, the volume of the portion of the rod that contains ions is given by

d(l — 2d)

Vions =V = V' = Vigce Equation 6-9
33 3V3,  2d\’ 2d
=—a21——(a——) |- 2d —(a——)d I—2d
After some simplifying:
8 41 Equation 6-10
Vions = —=° = (10a + —) & + (3v3a? + 5al)d
ions \/'5—) \/§ ( )
Since V;qys 1S a certain percentage of V:
Vions = PV Equation 6-11

for 0 < P < 1. Rearranging and using Equation 6-4 and Equation 6-9 and the fact that w = 2a, the

following root finding problem arises:
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41 33 5 33 Equation 6-12
d3—<5 —)d2 —w?+-wl|d—P—w?[=0
W+\/§ + 4 w +2W 3 w

8
V3

All that is left is to decide which root gives the correct approximation of the (positive) quantity d.

Note that b is the width of a face of a rod and is therefore nonnegative. Then Equation 6-6 and w = 2a

together imply that d < v/3w/4. The case when | = v3a and P = 1 gives equality d = v/3w/4 and the

root occurs with multiplicity two.

6.3 Conclusion

In summary, this chapter explored the potential dependent Li-ion insertion in single WO3 nanorods
via optical detection of (Li*-W>*) color centers. Optical density measurements during normal pulse
voltammetry experiments showed clear scaling relations with time and the applied potential. Specifically,
the OD scaled exponentially with time at short times and with the square root of time at long times. These
temporal scaling laws could be attributed to capacitive-like and diffusion-limited charge storage. Since the
OD measurement reports on a faradaic charge injection reaction, the capacitive-like charge storage process
was denoted as pseudocapacitance. The pseudocapacitive charge storage process is both potential and
particle dependent, and individual particles can exhibit different charge storage mechanisms at the same
applied potential. The wide distribution of local environments on the surface likely leads to the particle
dependent onset for the pseudocapacitive process. In addition, the total amount of pseudocapacitive charge
in the particles could exceed the total number of surface W atoms. At most, Li-ions penetrate up to 2 units
cells below the surface. Longer nanorods store more sub-surface charge than short nanorods, presumably
due to a surface step edge gradient that exposes large hexagonal window Li-ion binding sites along the
nanorod length or more structural water. Understanding pseudocapacitive charge storage properties in
nanoparticles could lead to improved performance for electrochemical technologies such as batteries,
electrochromic smart windows, and fuel cells. The methodology presented herein represents a novel

approach to quantify pseudocapacitive charge storage in nanostructured electrode materials.
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CHAPTER 7: CONCLUSIONS AND OUTLOOK

Electro-optical imaging based on bright field microscopy and in operando electrochemistry, along
with a wide array of complementary techniques, gave fundamental insight into a model h-WO3 nanorod
system. This work demonstrates additional evidence for the importance of crystal structure in the ion
insertion processes. The local environment dictates where ions bind and move (or get trapped) inside a
crystal. Studying h-WOs at the single particle and film levels uncovered behaviors that were intrinsic to the
material but hidden at the ensemble. Importantly, exponential charge storage dominates at the single particle
level, in contrast with square root behavior in a film where particle-particle interactions appear to be the
major limiting factor. Further, longer nanorods with more step edge defects appeared to undergo more ion
insertion reactions. Step edge defects expose different crystallographic facets (new arrangements of atoms)
on the surface of the nanorod and prompted a facet-dependent study on ion insertion in h-WOs. The addition
of a new facet did not change the overall dynamics of ion insertion, but had a large impact on improved
reversibility due to less crowded channels at the surface. All charge storage in single h-WO3 nanorods can
be explained by surface or near surface interactions, rather than primarily interior bulk diffusion of ions,
highlighting the importance of surface facets. Lastly, there are a distribution of ion insertion kinetics across
many potentials. Some individual particles were able to store charge at an exponential rate with low
overpotentials, while others required high overpotentials for the slower square root rate. The phenomena

responsible for potential dependent kinetics is still up for debate.

Commercial implications center mostly on improved electrochromic smart windows. Single
particles tint 4x faster and cycle 20x more reversibly than thin films made of the same particles. A
nanostructured electrode architecture that optimizes optical modulation rates and reversibility across large
area smart windows was proposed. Further, surface engineering of the electrochromic material is vital to
the long-term stability of the smart window. The exposed crystallographic facet can limit the total optical

modulation of the film and change the ease that ions can be injected/extracted during repeated cycling.
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Applying the principles of the electro-optical microscopy and complementary techniques to gain
insight into charge storage dynamics of next generation charge storage materials is the most immediate
extension of this work. Orthorhombic Nb205 (T-Nb205) and Wadsley-Roth (WR) materials (ternary metal
oxides with alternating blocks of metal-oxygen octahedra) are capable of rapid and reversible
charge/discharge by ion insertion.”'*'® The exceptional kinetics of each material are attributed to different

5’16,152

pathways: diffusion along a atomic plane equivalent binding energy throughout for T-Nb20O and

diffusion though a specific crystallographic direction leading to subtle and reversible expansion/contraction

of the block structure characteristic of WR materials,'>*'%

respectively. Both classes of materials rely on
structural features for their performance yielding a rich opportunity to impact performance through
synthetic manipulation. Probing ion insertion dynamics of samples with different cation disorder or
transition metal vacancy in a particular atomic plane will lead to a more fundamental understanding of how
structure gives rise to high-rate performance. Note that the electro-optical approach is not limited to
transition metal oxides. MXenes are a class 2-D transition metal carbides and nitrides that are showing
promise in both the high-rate energy storage and smart window devices, whose electrochromic behavior

make them an ideal next target.*>'>

I predict electrochemical energy storage technology will advance through two different feedback
systems: (1) fundamental materials insight reworking our understanding of ion dynamics in solids that
inspire new material design, and (2) new material discovery that warrants novel experiments to understand
its seemingly unfounded performance. These processes may be recursive and are certainly not mutually
exclusive. Both directions will require development of new methodologies or combinations of existing

techniques in novel ways.
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APPENDIX A
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LIST OF ABBREVIATIONS

h-WO3 is hexagonal tungsten trioxide
TEM is transmission electron microscope
SPRM is surface plasmon resonance microscopy
FT-IR is Fourier transform infrared
NMR is nuclear magnetic resonance

ITO is indium tin oxide

OD is optical density

SEM is scanning electron microscope
PXRD is powder x-ray diffraction

AFM is atomic force microscope

DAAQ is data acquisition

LED is light emitting diode

CCD is charge coupled device

EM-CCD is electron multiplying charge coupled device
TTL is camera trigger signal

NP is nanoparticle

LOD is limit of detection

HW is hexagonal window

SW is square window

TC is trigonal cavity

XPS is x-ray photoelectron

CE is coloration efficiency

FFT is fast Fourier transform
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e EIS is electrochemical impedance spectroscopy
e SEl is solid electrolyte interface

e E,u is the onset potential
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