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Chapter 1: Introduction

1.1. Motivation

The rapid increase in atmospheric greenhouse gas concentrations due to anthropogenic emissions poses
imminent threats to Earth’s climate system and its most vulnerable communities. There is no panacea for
climate change; instead, a comprehensive approach is required, with sweeping policy changes and

technological innovations to reform the way we generate, distribute, and use energy.

The implementation of renewable energy is widely regarded as an effective method of reducing CO- emissions.
In 2020, renewable energy sources accounted for just 20% of all energy generation in the United States.® This
number does not reflect the availability of renewable resources, in fact, less than 10,000 square miles of solar
arrays alone would be sufficient to power the entire U.S. over a year.? Rather, it reflects the costs and challenges
of integrating renewables into the power grid and the transportation sector.® The intermittent nature of wind
and solar can introduce instability into power systems which is exacerbated at higher concentrations. Using
energy storage for load-leveling plays a key role in increasing penetration of intermittent renewable energy

generators into both the electrical grid and vehicle fleet.*

In addition to establishing sustainable methods of power generation and delivery, reduced power consumption
is critical to any comprehensive approach to minimizing greenhouse gas emissions. Although certain
corporations have attempted to offload this responsibility onto individual consumers, urging families to turn
off the lights and recycle plastics, the amount of U.S. carbon emissions attributed to any individual is just 3 x

107 %.5 On the other hand, innovation of efficient devices and systems can have a significant global impact.

1.2. Introduction to Electrochemistry

Electrochemical methods are a broad collection of techniques that involve the relationship between electrical
energy and chemical reactions. In general, an electrochemical cell includes an ionically-conducting electrolyte,
a barrier to force electrons around an external circuit, and at least two electrodes.

Under conditions where there is no charge transfer across the electrode interface, the process is non-faradaic.
Energy is stored by a buildup of charge at the electrode interface in response to an applied bias, rather than in
a chemical reaction. This behavior is analogous to charging a capacitor and has been leveraged for rapid energy

storage and delivery, as in electrochemical supercapacitors.

When electrons are transferred across the electrode interface, the process is known as faradaic. For a faradaic
process, the equilibrium cell potential describes the energy available to drive charge from one electrode to the
other. It depends upon the change in Gibbs free energy, AG, between the initial and final states, as well as

temperature (T), charge (n), and the relative thermodynamic activities (a) of reactant and product. Adding
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additional energy to the system via external bias will shift the equilibrium between reactants and products,

dictating a change in activity, or concentration, as defined by the Nernst Equation:
P N RT, ay?
T TuF TaE ! af

Equation 1

where v is a stoichiometric coefficient®. When electrons are transferred, the valence state of the reduced species
changes, usually influencing the bonding arrangement of molecules or compounds”®. This could manifest as
the transformation from a metal ion to a zerovalent metal solid, as in electrodeposition, or the incorporation of

guest ions into a host matrix, as in alloying or intercalation

The rate of a heterogeneous reaction occurring at the electrode-electrolyte interface is reflected in the current
density, i, which is related to the amount of reacted material by,

i=FszNj

Equation 2

where N; is the molar flux of species j, z is the charge number of species j, and F is Faraday’s constant.’ The
total current density is determined by contributions from mass transfer, electron transfer, reaction kinetics,
and surface processes (e.g. adsorption). At steady-state, the rate of mass transfer is equal to the reaction

kinetics, such that current density can be expressed in terms of two effective resistances in series:

1
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Equation 3

where the first term describes mass transfer and the second describes reaction kinetics.® Here, km is the mass
transfer coefficient, crp is the concentration of reductants in the bulk, io is the exchange current density, o, is
the anodic transfer coefficient, and ns is the surface overpotential, which is the driving force for the reaction.
In the limit of high overpotential, as in electrochemical devices operated at high rates, it follows that current is
dominated by mass transport. In electrochemical systems, the contributions from ionic flux via migration,

diffusion, and convection can be summed in the Nernst-Planck equation.
]Vj = —ZJUJFCJV¢ - D}VC} + CjU

Equation 4
The first term represents migration, where u; is the mobility of species j, and —z;Fc;V¢ is the force of an

electric field on a charged species. The second term is derived from Fick’s law, where the diffusivity, D,

describes the rate of transport along a concentration gradient. The final term is for convection, where v is the
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molar average velocity of a fluid in motion. Together with Equation 2, the Nernst-Planck equation gives the

total electrical current.®

Power is given by the product of current and cell potential, equivalent to an amount of energy converted per
unit time. It is often desirable to optimize the power consumption or power delivery of an electrochemical
device. For example, an electric vehicle may require high power batteries to rapidly accelerate, though not at
the expense of energy density or cycle life. At the other end of the spectrum, an eco-friendly sensor may be
designed for low power consumption without sacrificing fast response rates. In this body of work, | seek to
analyze the relationship between structure and reaction rates in electrochemical systems. | find that many of
the devices in question demonstrate interesting behavior in the regime of high overpotential, where mass
transport is the limiting rate step. | then implement engineering strategies to optimize electrochemical devices

according to relevant metrics.

1.3. Sustainable Electrochemical Energy Storage

While energy storage comes in many forms, from pumped hydro to a pint of beer, electrochemical energy
storage has enabled the safe, efficient electrification of vehicles and portable consumer devices. The
considerable energy density of rechargeable lithium-ion batteries (LIBs) makes them the standard power
source for cell phones, the Internet of Things, electric vehicles and more. However, to encourage uptake of
renewable energy sources at home and on the road, battery costs must fall while energy density climbs, leading
researchers to continue the pursuit of lithium (Li) metal batteries, next-generation lithium-sulfur and lithium-
air chemistries, and “beyond-lithium” batteries utilizing the reversible migration of alternative elements, like

sodium (Na) and magnesium (Mg).

In recent years, the rapid expansion of the LIB market has strained global supply chains,® an issue exacerbated
by the fact that less than 5% of used LIBs make it to recycling centers.*! Whereas it remains controversial to
predict how this will impact LIB pack cost, the development of batteries utilizing alternative alkali and alkali-
earth metals could improve the cost stability of raw materials under extreme scaling conditions. As the fourth
most abundant element in the world, there exist over 47 billion tons of sodium precursor (soda ash) reserves
worldwide, compared to only 62 million tons of lithium. In turn, sodium is a target for the extreme high volume
scaling associated with penetration of grid-scale energy storage at residential levels.'> Another promising
alternative is magnesium, which is not only 300 times more abundant than lithium, but also stores nearly twice
as much energy per volume (3833 mAh/cm?® vs 2046 mAh/cmq) due to its divalent charge.'® This may be an
attractive chemistry for space-limited applications, like augmented reality and other wearable devices.
Considering the limited availability and geopolitical complications® of materials essential to LIB production,
the development of both Na, Mg, and other alternative-ion batteries (i.e. K, Ca, Al) is important for ensuring

clean energy security for years to come.



1.4. Using Less Energy: Electrochemistry for Low-Power Devices

Despite the plethora of recent advances in renewable energy, there is no substitute for simply consuming less.
Photonics research is overflowing with opportunity for such energy-saving technologies. For example, state-
of-the-art quantum computers have demonstrated five orders of magnitude less energy consumption than
traditional supercomputers for equivalent operations . Another recent illustration is the scalable formulation
of metamaterials for radiative cooling during both day and night as a zero-energy alternative to air conditioning
15, In an increasingly electrified world, innovation of energy-efficient systems is crucial to ensuring a

sustainable future.

Electrochemistry and photonics go hand in hand. Their union led to the invention of the dye sensitized solar
cell, artificial photosynthesis, and photocatalytic hydrogen generation, among other sustainable systems
dedicated to the reduction of anthropogenic emissions. Inspired by these breakthrough technologies, | have
applied my experience in electrochemical energy storage systems to the study of low-power active and adaptive

metamaterials.

Metamaterials are made up of periodic arrays of scatterers with subwavelength dimensions called “meta-
atoms” which independently manipulate the phase, amplitude, and polarization of passing wavelets in a way
which depends principally upon geometry and effective permittivity, €. For a metallic meta-atom much smaller
than the free space wavelength, coupling to a localized surface plasmon resonance (LSPR) can impart an abrupt
phase shift on the incoming light. In dielectric and semiconductor nanostructures, both magnetic and electric
resonances are supported when a critical dimension is comparable to the wavelength of light inside the particle.
In each case, the metamaterial is limited to interaction with a narrow band of incident electromagnetic energy

by its geometry and material components®®.

As fabricated, geometry and permittivity are static properties, but it is often desirable to tune the scattered
spectrum or intensity for a particular application. For this reason, metamaterials that actively respond to
external stimulus are a burgeoning field of interest, particularly if they possess the property of self-adaptation.
Adaptive metamaterials are a subset of active metamaterials that automatically adjust to the environment, either
through a mechanism intrinsic to the structure’*°, or through digital reconfiguration informed by external

sensors2%:2t,

From a mathematical standpoint, approaches to modulation can be separated into two categories: 1) mechanical
reconfiguration of the geometry and arrangement of scatterers to induce a coordinate transformation of the
phase profile; 2) manipulation of the optical properties of the scatterer or its environment for a resulting change
in resonance frequency.??> Although there are many paths to achieving modulation (i.e. liquid crystals?324,
mechanical strain?-%’, electrostatic gating?®-=°, phase change materials®*3, etc.), electrochemistry is the only

method that belongs to both categories of active metamaterials.

When applied to optical materials, electrochemical methods can trigger both electrical gating and phase change

mechanisms to change the permittivity of a scattering nanostructure or its environment®+*, while geometry of
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nanostructures can be modified by electrodeposition and stripping®® or volume changes of a host material in
response to ion insertion®”. The power of this technique is that large changes in carrier concentration are made

possible by ionic diffusion and charge compensation, therein overcoming Debye screening effects®,

Despite its many merits, electrochemistry has limitations when it comes to speed or refresh rates for photonic
applications. Although charge compensation by ions at an interface can improve dynamic range, it typically
necessitates the transport of ionic species to said interface. Depending on the properties of the electrolyte and
electrode, such processes could take anywhere from milliseconds to days, but they cannot compete with the
picosecond timescales of other approaches, like optical pumping®. For this reason, electrochemical modulation
has not yet proven appropriate for telecommunications, although properly engineered systems, designed with
principles of electrochemical transport in mind, may be well suited for applications like thermoregulation,

stealth, encryption, sensing, or displays.

Given the widespread deployment of electronic displays to disseminate information, reflective displays are a
promising alternative to their emissive counterparts for promoting energy savings. The power density of
reflective technologies like e-paper can be reduced by an order of magnitude over OLED, LCD, and ELD
screens®®, although a number of challenges remain. As a flexible platform for structural color generation,
metamaterials are a promising approach to overcome limitations in brightness, contrast, chromaticity,
resolution, and viewing angle.*>! In chapters 5 and 6, | apply engineering strategies to optimize mass transport
in electrochemically actuated photonic devices, addressing issues of dynamic range, response time, and power

consumption.

1.5. Outline

This dissertation is organized as follows:

Chapter 2 describes the complex interplay between kinetic and mass transport processes during the
electrochemical deposition of metallic Mg for next-generation batteries. | uncover the relationship between
sluggish diffusion and non-equilibrium growth morphologies that threaten cell safety. The overarching themes

are relevant to electroplating of other multivalent metals.

Chapter 3 presents the upcycling of lead alloys from a used lead acid battery into a next-generation sodium-
ion system for ultra-low-cost rechargeable batteries. Through evaluation of sodium storage capacity and rate
capability, | unravel the rich interplay of alloy microstructure and properties which can be controlled through

simple heat treatment of directly recycled electrodes to optimize power and cycle life.

Chapter 4 leverages the reversible electrochemical intercalation of lithium in TiO, to enable low-power,

dynamic photonic devices with spectral shifts over 100 nm in the visible spectrum.

Chapter 5 evaluates opportunities for electrochemical, as well as photochemical, doping of TiO; nanoparticles

to design tunable all-dielectric metasurfaces. The resulting devices achieve modulation depths up to 70% with

5



switching speeds on the order of 1 s and can be controlled using optical addressing.

Chapter 6 provides concluding statements.



Chapter 2: Kinetic versus Diffusion Driven Three-Dimensional Growth in Magnesium Metal Battery
Anodes

2.1. Introduction

A key barrier toward realizing a high energy density Mg?* battery has been the limited understanding of
mechanisms governing multivalent metal electrodeposition. This, compounded with recent observations of Mg
dendrites, highlights the need for better fundamental insight into multivalent systems. In this chapter, | present
a comprehensive study of electrodeposition in practical coin cell configurations to evaluate the mechanisms of
growth from common Mg(TFSI).-based electrolytes. | find that a transition from charge transfer-limited to
diffusion-limited electrodeposition processes governs the morphological evolution of Mg deposits. My results
highlight synergy with classical electrochemical theories for growth and lay groundwork for future approaches

to achieve stable electroplated multivalent metal electrodes

2.2. Background

The defect that nearly destroyed the lithium battery following its debut — the dendrite — has been the target of
persistent engineering efforts over the last forty years. In the area of lithium batteries, the transition to anodes
incorporating metallic lithium has required researchers to identify, understand, prevent, eliminate, and most
recently predict dendrites in batteries and this remains an ongoing area of rich scientific and applied interest.*?
Now, as researchers begin to venture from studying metallic lithium to alternative alkali and alkali-earth metal
chemistries, the lessons learned regarding electrochemical nucleation and growth provide a blueprint from
which to draw new ideas and direction. Of all alkali metals that have promise beyond lithium, magnesium
stands out as it stores twice the volumetric energy as lithium, and it was originally lauded for enhanced safety
over lithium when early studies suggested resistance to dendrite growth during electroplating.***> These
properties positioned magnesium rechargeable batteries (MRBs) as the ideal candidate for compact, high-
performance energy storage systems relevant to electric vehicles, aerospace systems, or Internet of Things

applications.

Although dendritic growth of Mg metal was reported by Gregory et al in 1990%, recent studies from the
Banerjee group and the Passerini group have reminded us that Mg metal dendrites remain a threat to the future
of MRBs*, Despite strong evidence that dendrites exist, however, there remains controversy over the
galvanostatic signature of failure in this and similar systems. With this said, common electrolytes for Mg
electroplating such as the family of halogen-free electrolytes comprising magnesium bis(trifluoromethane
sulfonyl)imide [Mg(TFSI),] in ether-based solvents, have been observed to exhibit galvanostatic transients
featuring a high initial overpotential period which suddenly disappears after some duration.*%9-53 Studies have
shown that while Mg(TFSI); is a popular electrolyte that is easily accessible and possesses excellent anodic
stability (>3 V vs Mg/Mg?"), it is also highly sensitive to contamination by water and prone to Mg surface
7



passivation.5-55" In turn, early studies attributed the high overpotential to breakdown of such surface
passivating films, likely under the assumption that Mg was resistant to dendrite formation during
electroplating®#*. However, following recent observations of dendrite formation during Mg metal
electroplating, there is a need to reevaluate growth mechanisms and understand the factors controlling non-

equilibrium growth in halogen-free electrolytes.

To explain the mechanism for Mg dendrite formation, it has been shown that with high current density and
poor surface properties, the electrochemical reaction rate can surpass the self-diffusion rate leading to dendritic
growth of magnesium.*% In addition, concentration gradients can be critical in dictating morphology,
especially under constant current conditions so commonly used for the study of novel electrolytes and storage
materials. Drawing a parallel to Li metal plating studies, it has been shown that electrolyte diffusion limitations
are responsible for triggering the transition from root-growing mossy lithium to tip-growing dendritic lithium
which penetrates separators to cause catastrophic failure.5°% In this area, recent work by the Dasgupta group
used a combination of advanced galvanostatic techniques and microscopy to distinguish kinetic limited growth
in early cycling of a Li-Li symmetric cell from mass-transport limited growth induced by accumulation of dead
lithium in later cycles.®** The transition from kinetic to mass-transfer limited growth is characterized by
Sand’s time, Tsand, Which proceeds as the inverse square of current density. For times greater than the Sand’s
time, onset and growth of ramified deposits are well-described by the models of Fleury, Chazalviel, Rosso,
and colleagues, which expand upon the theory that dendrites result from diffusion limitations that create a
space charge region.®>%" Further, depletion of cations near the interface results in preferential deposition at
regions of high curvature.®5%8.8 |t is also possible to observe Sand-like behavior at unexpectedly low current
densities due to inhomogeneities on the electrode surface causing local fluctuations in ion concentration.5%"*
3D growth due to cation depletion can in turn be avoided by increasing the electrolyte concentration?23, pulse

charging’7, or homogenizing ion flux™-"8,

Translating such ideas to Mg is challenging since existing studies of metallic magnesium electrodeposition
either do not investigate the mechanistic underpinnings of shorting, or study processes in harsh Grignard
reagents which are incompatible with conventional battery components, and purposely push the system to
extreme limits.*° In this article, we explore the regimes of the galvanostatic Mg metal electroplating curve
and correlate voltage fluctuations to nucleation, growth, and shorting phenomena in practical coin cell
configurations. Notably, our findings indicate that Mg metal nucleation and deposition from TFSI-based
electrolytes does occur within the high polarization region previously attributed to Mg passivation layer
breakdown, leading to eventual shorting of the cell. Our work shows that intermittent resting can modify the
formation and growth of 3D Mg structures, supporting the hypothesis that slow Mg diffusion leads to partial
electrolyte depletion at the substrate interface. Further, although there exist more liberal definitions of the term,
we exercise the strict definition of “dendrite” as a fractal structure with well-defined branches in order to
distinguish these from hemispherical deposits in describing magnesium morphologies deposited from halogen-

free electrolytes, as the growth kinetics and prevention mechanisms are contradictory to those expected of
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dendrites.

2.3. Experimental Methods

2.3.1.

Electrochemical Testing

Galvanostatic testing was conducted in SS316 coin cells using an MTI BTS8-MA 8-channel Battery Analyzer
using 0.1 M Mg(TFSI); electrolyte in 1:1 v/v diglyme/dimethoxyethane. Mg(TFSI). salt was purchased from
Solvionic and dried under vacuum (1E-2 torr) overnight at 250°C. Diglyme and dimethoxyethane (Sigma
Aldrich) were dried over 30% m/V molecular sieves for 48 hrs before electrolyte preparation in an argon
glovebox (< 1 ppm O,). Electrolytes were used within 48 hours of preparation. Electrolyte quality was assessed
via cyclic voltammetry using polished Mg foil counter and reference electrodes, a polished Pt disc working
electrode with diameter 0.25 mm, and a scan rate of 20 mV/s from -1 to 3V. The first cycle Coulombic
efficiency was determined to be 32.6% with plating and stripping peak onsets of -0.65 V and 1.68 V,
respectively (Figure 1). This result is consistent with other studies which measured water content less than 20
ppm."®8 For coin cells and three-electrode tee cells, 0.1 mm thick magnesium foil (MTI) was punched into 8
mm discs and polished using 220 grit, 400 grit, and 1000 grit sandpaper sequentially. Celgard™ 2325 trilayer
separators were dried under vacuum overnight before inclusion in coin cells or tee cells. EIS was performed
on coin cells prepared in the same manner using a Metrohm Autolab PG810 with FRA32M frequency response
analyzer in the frequency range 0.1 MHz - 0.5 Hz with amplitude 10 mV.
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Figure 1: Cyclic voltammetry of 0.1 M Mg(TFSI)2 in 1:1 dimethyl ether:diglyme with Pt disc working
electrode, polished Mg reference electrode, polished Mg counter electrode. Scan speed 20 mV/s.



2.3.2. Morphological Analysis

Coin cells were de-crimped, the electrode or separator of interest rinsed twice in dry DME, and stored in a
sealed vial for transport to SEM. Samples were exposed to air during transfer. Imaging was conducted using a
Zeiss Merlin SEM with EDS detector.

2.3.3. Measurement of Diffusion Coefficient

A potential step experiment was performed in a sealed, flooded, 3-electrode cell using polished Mg foil counter
and reference electrodes, a polished Pt disc working electrode with diameter 0.25 mm. The voltage was set to
-0.5 V vs Mg/Mg?* for 300 s, then the resulting current was integrated over time to produce a line with slope

related to the diffusion coefficient as defined by the Cottrell Equation:®88:

1
nFAD2C; (1
i(t) = —2= (—1>

i3 t2
Equation 5

The transference number is extrapolated from data acquired by Sa et al using atomic absorption spectroscopy

for t. vs concentration of Mg(TFSI), in diglyme with a standard deviation of 0.108.

2.4. Results and Discussion

2.4.1. Electrodeposition Behavior in Mg Symmetric Cells

In recent years, multiple reports have demonstrated the electroplating of Mg metal onto surfaces using
galvanostatic methods with very similar electrochemical responses.*”°®-% The first step in our study was
therefore to evaluate the electroplating behavior of Mg metal batteries under constant current discharge testing.
The shape of a typical galvanostatic electroplating curve for a Mg/Mg symmetric cell is depicted in Figure 2a.
Notable features include an initial spike followed by a period of negative potential which abruptly jumps to
almost 0 V after some duration. Although the precise origin is unclear, the magnitude of the high overpotential
plateau has been shown to be sensitive to a number of factors, including anode/cathode surface
characteristics®%, electrolyte concentration®!, or contamination due to water.5"° Its sudden disappearance
has been previously attributed to the first instance of magnesium stripping from an inhomogeneously
passivated anode®®5? or from the sudden removal of adsorbed species at the Mg-electrolyte interface which are
overcome in the presence of large bias.5:%3% However, recent observations of Mg dendrites*”*® invite a third
possible interpretation of this behavior; it is therefore hypothesized that stripping and plating begin with the
onset of applied current and proceed throughout the plateau until three-dimensional growth reaches the counter
electrode, creating a short circuit. (Figure 2b)
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Figure 2: Electrodeposition Behavior in Mg Symmetric Cells. A) Typical galvanostatic plating curve for a
Mg-Mg symmetrical cell at 0.2 mA/cm? in the presence of 0.1 M Mg(TFSI)zin 1:1 glyme:diglyme by volume.
The boxed section encloses the overpotential plateau, which is thought to be a region of either passivation layer
breakdown or nucleation and growth of 3-dimensional Mg deposits. B) Schematic describing aforementioned
processes possibly occurring during plateau region. C) Resulting galvanostatic profiles after varying the
number of Celgard 2325 separators used in same Mg-Mg symmetrical cell configuration.

To better understand and isolate the true meaning of this plateau, we performed galvanostatic plating
experiments in Mg-Mg symmetric cells with increasing layers of separators. Here, a negative current was
applied such that reduction of Mg?* occurs at the working electrode, resulting in a negative plating voltage.
Galvanostatic plating curves from Mg/Mg cells incorporating one, two, and three separators are shown in
Figure 2c. We emphasize that the same electrode and electrolyte preparation practices were employed for all
three cells. Overall, the three curves shown in Figure 1c have similar features except for the duration of the
plateau. Adding a second separator increased the time to breakdown by 113%, and adding a third increased
time to breakdown by an additional 122%. Since the anode and electrolyte were held constant, the changing
separator thickness must exert control over breakdown time. The hypothesis that the plateau represents the

breakdown of a passivation or adsorption layer therefore cannot explain the strong correlation.

To better understand this observation with increasing separator thickness, each coin cell in the separator study
was subjected to electrochemical impedance spectroscopy (EIS) before and after electroplating through the

high overpotential regime, as shown in Figure 3a. The results for the single separator case in Figure 3b show
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a significant reduction in interface resistance (Rin) and the imaginary component of impedance. Additionally,
a Warburg impedance component is expected at low frequencies for systems which undergo mass transfer,
usually manifesting as a linear tail at low frequencies. Its absence implies a path for electron transfer which
bypasses polarization of the electrolyte. In contrast to a perfect resistor, the system maintains some capacitive
elements, signifying an intact passivation layer at either the counter electrode surface, deposit surface, or both,

qualifying the phenomenon as a soft short circuit.#7:62:82.83
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Figure 3: Identification of Short Circuit Signature in Mg Electrodeposition. A) Galvanostatic plating curve
for a Mg-Mg symmetrical cell at 0.2 mA/cm? B) EIS of symmetrical cell before and after plating through high
overpotential regime. See also figure S2. Spectra acquired with 10 mV amplitude in frequency range 0.5 Hz —
100 kHz. C) Constant current electrodeposition of Mg on Mg substrate at 0.2 mA/cm?, stopped after 45 minutes
for disassembly and SEM analysis. D) Electron micrograph of trilayer PP/PE/PP separator from cell subjected
to constant current routine shown in (C) and peeled away from substrate, showing strong adhesion of Mg
hemispheres to separator. E) Electron micrograph of bases of Mg deposits left behind on Mg substrate after
electrochemical metal plating as in (C). F) EDS map of Mg, confirming that Mg is the primary element in
observed deposits.

To further elucidate the processes occurring during Mg metal plating on polished Mg substrates, a cell was
stopped in the midst of the plateau region, decrimped, washed, and analyzed to identify the presence or absence
of Mg deposits (Figure 3c). As shown in Figure 3d, SEM imaging of the separator revealed numerous
polycrystalline islands extending up into the porous scaffold with undersides sheared off the bases. The bases
remained fixed to the substrate as sections of hemispheres, occasionally coalescing into dumbbells (Figure 3e)
with flat topside appearance attributed to mechanical shearing during separator removal. In the specific case

of electron dispersive spectroscopy (EDS), gold was used as the current collector in order to enhance contrast,
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but polished Mg is used as a substrate in all other experiments. Whereas gold itself may undergo limited
alloying with magnesium®, the relatively high applied current density (0.2 mA/cm?) and low temperature (298
K) prohibits diffusion into the bulk material. Supporting this hypothesis, the voltage trace possesses the same
general shape as with magnesium substrates, lacking any plateaus early in the plating period that might indicate
a phase transformation (Figure 4). As a caveat, it is important to note that subtle differences in surface
roughness, crystal structure, and nucleation sites can produce differences in deposit morphology. EDS mapping
of the hemispherical deposits on gold confirmed that magnesium was the primary constituent (Figure 3f),
accompanied by trace fluorine and sulfur (Figure 5). The detection of magnesium demonstrates conclusively
that nucleation takes place prior to the sudden reduction in polarization at the end of the plateau. Accordingly,
we conclude that after a period of growth, 3D magnesium deposits protrude through the separator and produce
a soft shorting event, to which we thereby attribute the rapid decrease in overpotential in the galvanostatic
discharge profile. The presence of fluorine and sulfur points to the existence of an interfacial layer on the
deposits, the precise composition of which has been noted to contain MgO, Mg(OH)», MgCOz and MgF; in
other reports.4”5*5° Detailed characterization of surface chemistry and the influence of operating conditions

remains underexplored in the literature and requires further attention from the community.
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Figure 4: Comparison of deposition on Mg and Au substrates. A) Galvanostatic curves for deposition at 0.2
mA/cm? for 45 minutes; B) SEM image of resulting morphology on polished Mg substrate, scale bar = 50 pm;
C) SEM image of resulting morphology on Au substrate, scale bar = 30 pm.
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Figure 5: Energy Dispersive Spectroscopy (EDS) maps of magnesium deposits on gold substrates. A) Electron
image; B) Map sum spectrum; C-H) Element specific maps.

Diffusion Limitations in Mg(TFSI)2 Electrolytes

In the study of electrodeposition, hemispherical island-type growth often results from mixed kinetic and
diffusion controls.®%>-%" To gauge the extent of diffusion control, we measured the diffusion coefficient using
an instantaneous potential step method.® From the slope of the resulting Anson plot in Figure 6, the diffusion
constant, Do, was determined to be 1.03 x 10”7 cm?/s for the 0.1 M electrolyte solution, a full order of magnitude
lower than typical lithium ion electrolytes.® It follows that with sluggish diffusion kinetics, rapid depletion
can occur at the substrate-electrolyte interface during bulk electrolysis. For any current density exceeding the
limiting current density, it is well understood that the interfacial cation concentration is rapidly depleted and
species are reduced as quickly as they reach the surface, typically resulting in non-equilibrium morphologies
which can be dendritic in nature.*®>%686° The limiting current density, Jiim is defined as
_ FD 2c*
Jum = -6, L
Equation 6
where F is Faraday’s constant, t+ is the cation transference number (extrapolated to be 0.272 for a dilute
solution of Mg(TFSI); in diglyme®), D is the diffusion coefficient, c* is the bulk cation concentration, and L
is the diffusion length. For D = 1.03 x 10”7 cm?/s and an approximate cation transference number of 0.272%

across a 25 um separator, the limiting current density is about 1 mA/cm?, which is within an order of magnitude

of the currents typical for electrochemical analysis of Mg anode and cathode materials.
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Figure 6: Extraction of diffusion coefficient from potential step experiment performed in 3-electrode flooded
cell. A) Current response to sudden voltage step to -0.5 V vs Mg/Mg?*; B) Corresponding Anson plot, the
slope of which was used to calculate the diffusion coefficient in 0.1 M Mg(TFSI)..

To better evaluate the transition to diffusion limited growth at current densities within a few orders of
magnitude of Jiim, we focus on a transition time, 1, at which the concentration of reactants at the surface, co,
equals zero during extended electrolysis. This can be calculated using the Sand Equation, first derived by H.J.S.

Sand in 1901°%8 and represented by

N[ =

1
nFADjmzc”
2i(1—ty)

1
T2 =

Equation 7

For times greater than z, non-equilibrium plating is probable and other species — like solvent molecules — may
be consumed by the excess electrical current. Here, n is the number of electrons transferred (assumed to be 2
for Mg?"), A is the electrode area, i is the applied current, and the other variables are defined as in Equation 1.
Using Equation 2, we calculate Sand’s time for experiments performed at 0.2 mA/cm? to be 1519 s, or about
25 minutes, which corresponds well to a local voltage maximum in the high (negative) overpotential regime
from data in Figure 7a, denoted with a circle. This signifies the point where decreasing concentration of
reacting species at the growth front dictates a more negative reduction potential, consistent with the Nernst
equation.®®® To more broadly evaluate this concept, we analyzed this transition time at all current densities
shown in Figure 7a ranging from 0.02 mA/cm? to 2.0 mA/cm? and found that the time corresponding to the
minimum overpotential correlates closely with the i2trend of transition time calculated according to Equation
7, achieving an R? value of 0.990 (Figure 7b). To further define what the transition time means for this
system, we used the diffusion coefficient to simulate the theoretical concentration profile at the substrate
surface over time for three different current densities (Figure 7c). For all the sampled current densities between
0.1 mA/cm? and 2 mA/cm?, both above and below the limiting current density, there is an experimentally

apparent transition to purely diffusion-controlled growth modes preceding an ultimate shorting event.
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Experimentally, the relationship falls off at current densities much smaller than Jjim, when solid-state diffusion
and reaction kinetics dominate over mass transport in the electrolyte.®%° Besides its outlying breakdown time,
the galvanostatic transient for 0.02 mA/cm?in Figure 7a also has a unique feature at short time scales: the
voltage decreases gradually over 10 minutes to a minimum point. In lithium electrodeposition, analogous
behavior has been attributed to simultaneous nucleation and formation of solid electrolyte interphase, therein
requiring extra charge to supply sufficient activation energy.® Although Mg(TFSI),-based electrolytes are not
known to form SEI, it is speculated that the solvent reacts with surface defects to form a passivating film
instead, which could further impede self-diffusion.54558%.89
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Figure 7: Diffusion Limitations in 0.1 M Mg(TFSI)2 Electrolytes. A) Galvanostatic transients of Mg-Mg
symmetrical cells plated at current densities from 0.02 mA/cm? to 2 mA/cm?2 B) Local maximum of
overpotential plateaus extracted from curves in (A) plotted alongside Sand’s time calculated according to Eqn
2. C) Computed concentration profiles at the substrate interface after constant current plating at 1 mA/cm?, 0.5
mA/cm?, and 0.1 mA/cm? for extended time periods. D) Galvanostatic intermittent titration technique applied
to Mg-Mg symmetrical cell with current density 0.2 mA/cm? applied for 15 s with 180 s of rest between pulses.

Building from experiments so far, the influence of mass transfer limitations on the shape of the galvanostatic

profile was further analyzed using galvanostatic intermittent titration technique (GITT). GITT is often used to

study kinetic behavior because periodically resting the cell establishes near-static equilibrium conditions via

minimization of concentration gradients through the electrolyte during short “on” periods.®® If mass transport

effects play a significant role in electrochemical behavior, the envelope formed by the minimum point in each
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pulse should have a different shape than the steady state galvanostatic transient. GITT results are plotted in
Figure 7d with respect to charge transferred, allowing for direct comparison to the original plating curve.
Using a pulse time of 15 seconds (much less than the transition time of 25.3 minutes) at 0.2 mA/cm? followed
by a 3-minute rest period, the GITT envelope forms an extremely flat plateau, lacking any statistically
significant local maximum which was previously established as an indication of transition to pure diffusion
control. Additionally, the overpotential was slightly reduced, and the total charge passed was improved by a
factor of two.

It is evident from experiments discussed herein that Equation 2 provides insight into the mass-transfer limited
growth of Mg metal nuclei at practical current densities commonly present in electroplating studies. In this
way, one can utilize Equation 2 as a blueprint to control parameters in the cell which can postpone the reaction
processes occurring beyond the transition window to mitigate 3D growth and eventual cell shorting, an idea
supported by GITT measurements. Since it is generally impractical to introduce rest or re-equilibration times
during battery operation, other modifications that can bear similar outcomes include increasing the transference
number and modifying the electrolyte concentration, providing multiple ways to control and moderate shorting
effects. Using longer chain glymes*” and inclusion of additives®°®%! have also been effective in preventing
shorting, although care must be taken not to shrink the electrochemical stability window. Further, the
coulombic efficiency of Mg stripping and plating may be improved by avoiding diffusion-limited regimes

where cation depletion could lead to surface passivation via reduction of solvent, anions, or contaminants.

2.4.3. Three-Dimensional Island Growth of Magnesium

Despite the fact that ramified dendritic growth is not expected when a system is driven below the critical
current density, the observation of soft shorting phenomena under mild conditions emphasizes a need to
unravel the true growth mechanisms dictating magnesium growth. Even at current densities that are two orders
of magnitude below Jiim, we observe an eventual soft short during electroplating. One would naturally correlate
a shorting effect to be correlated to dendrite formation since this has been observed with other alkali metals
like Li and Na and dendrites have most recently been demonstrated to occur for Mg. In the context of metal
electroplating, a dendrite is defined as a fractal structure in which the growth front proceeds at the rate of anion
migration in order to preserve electroneutrality®®5-67.7092 The velocity of dendrite growth is related to the
applied bias, V, by the mobility, u%7, which is independent of time. In contrast, revisiting the observations of
Figure 2c leads to the conclusion that velocity of propagation through one, two, and three separators at 0.2
mA/cm? (J < Jim) does not analytically match the rate of traditional dendrite propagation. In fact, as shown
herein, this is more accurately modeled as the growth of a three-dimensional island under diffusion control
(Figure 8a). Taking the growth velocity as the total separator thickness divided by the time spent under
diffusion control, we find that the velocity decreases with time according to the classic solution for 3D
hemispherical growth under diffusion control®2é:
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Equation 8
where R is the radius for a hemisphere with 90° wetting angle, M is the molar mass of Mg, p is the density of
Mg, and the other variables are as previously defined in Equations 1-2. This result is surprising because it
implies that the electrodeposited metallic Mg was unperturbed by the presence of multiple trilayer PP/PE/PP
separators and in fact used the separator as a scaffold for growth. This scaffolding effect is immediately clear
from SEM imaging studies of Mg deposited at 0.2 mA/cm? through glass fiber separators (Figure 9), which
preferentially break apart before shearing the deposit itself. In cross section, the islands are pictured engulfing
the fibers, while a top view from the perspective of the counter electrode shows them penetrating all the way
through. Some possible reasons for wetting of the separator by zerovalent magnesium could be high Mg surface
tension®®, or the complex rearrangement of solvation structures throughout the process of multiple electron
transfer.3%3 This implies that the 3-D propagation of Mg metal growth could at least in part be moderated by

separators with controlled surface properties.®*
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Figure 8: Three-dimensional growth of Mg is controlled by current density. A) Experimentally determined
rate dR/dt of Mg hemispherical island growth from 0.1 M Mg(TFSI). compared to rate predicted by diffusion
controlled model of 3D growth®%, B) Histogram of radii of individual Mg islands deposited on Mg substrate
at 0.2 mA/cm?, derived from electron micrograph shown in inset, scale bar = 200 um. C) Dependence of
transition time on fraction of the limiting current density and morphologies deposited at 0.02 mA/cm?, 0.2
mA/cm?, and 2 mA/cm? as a result of competition between kinetic and diffusion control.
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50 um

Figure 9: SEM images of hemispherical Mg growth through glass fiber separator at 0.2 mA/cm? in 0.1 M
Mg(TFSI)2. A) Cross section of separator, showing flat bases where deposits were lifted off of substrate; B)
Higher magnification showing deposit engulfing glass fibers; C) View from “top” of a hemispherical Mg
deposit, i.e. the side closest to the counter electrode.

Figure 10: SEM images of Mg morphology when deposited at current densities of A) 0.02 mA/cm?, B) 0.2
mA/cm?, and C) 2.0 mA/cm?

To further analyze the Mg morphology that forms under different current densities and understand these
observations, we imaged deposits formed on magnesium substrates at 0.02 mA/cm?, 0.2 mA/cm?, and 2
mA/cm?. Figure 8b shows a histogram of 137 individual islands grown at 0.2 mA/cm?, demonstrating that
90% of deposits have a radius less than 25 microns, which is the thickness of one separator. Assuming a general
hemispherical model where the height is equal to the radius, this would mean that the cell short circuited when
some of these deposits grew to R =25 um, cutting off the driving force for any further reduction. We attribute
this hemispherical growth mechanism of Mg deposits to diffusion control, and we delineate this from dendrite
formation that would otherwise yield a similar shorted device outcome. At 0.02 mA/cm? — much lower than
the critical current density — the bases of deposits left behind after separator removal deviate from circular
geometry and grew significantly larger before shorting, indicating enhanced kinetic control. At 2 mA/cm? —
above the limiting current density — we find a multitude of small nuclei that pile on top of each other like
caterpillar segments, realizing a more traditional dendrite conformation since significant diffusion limitation
drives preferential nucleation at protrusions. The average nucleus size and density follow trends consistent
with those established for galvanostatic deposition of lithium metal, where higher current densities resulted in

smaller, more numerous spherical nuclei which uniformly cover the substrate. Direct comparison is presented
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in Figure 10. Overall, SEM images showing representative deposits formed at these three current densities are
included as insets in Figure 8c, demonstrating the competition between charge transfer and mass transfer at
current densities within 2 orders of magnitude of the critical current density, Jim. At very low current densities
applied in the Mg(TFSI),-ether system, strong interactions between adjacent Mg adatoms>® over large nuclei
lead to three-dimensional growth which eventually traverses the separator to cause a soft short at times less
than the transition time, t, calculated according to Equation 7. At moderate current densities, mixed control
gives way to mass transport limitation at times greater than t, and deposits behave according to diffusion-
controlled three-dimensional island growth. For high current densities J > Jiim, the concentration of cations is
depleted at the surface almost instantaneously and protruding deposits of stacked spheres rapidly bridge the
separator. In all cases, electrolysis concludes with a soft shorting event. By applying SEM analysis alongside
GITT and traditional electrochemical models of nucleation and growth, we highlight a comprehensive picture
of 3D growth that brings together past observations drawing from dendrite formation occurring due to solid
state/surface diffusion mechanisms as well as our results that highlight 3D growth controlled by sluggish

transport in commonly used electrolytes.

2.5. Conclusions

Overall, our results paint a picture that demonstrates key advances in understanding of Mg metal electroplating.
First, our results indicate that the origin of the high overpotential commonly observed in Mg metal
electroplating occurs subsequent to Mg metal nucleation, meaning that this cannot be attributed to common
arguments of passivation layer removal. Second, our results highlight a competition between different
mechanisms for electroplating over a full range of current densities practical to Mg battery operation — none
of which form smooth layer-by-layer deposits that were previously assumed to be the case for electrodeposited
Mg layers. Third, our results distinguish uniform 3-D growth of Mg scaffolded by the separator from that of
traditional, ramified electrodeposits known as “dendrites” — both of which rely on different mechanisms but
lead to the same symptomatic result in a battery of a soft-shorting effect. Although extended electrolysis tests
have been extremely rare in Mg electrolyte studies to-date, we suspect that 3-D growth is not limited to TFSI-
based electrolytes; anomalous voltage changes in early cycling accompanied by major reduction in impedance
and/or SEM images of hemispherical growth have also been reported for TFSI with triphenolateborohydride
additive®®, Mg(CB11H12)2 (MMC)34%, Mg(HMDS),%, and Mg[B(HFIP)4]. electrolytes®.

Moving forward, understanding the different mechanisms behind Mg growth enables modification of the
process. In the regime of 3D hemispherical growth at moderate current densities, one can leverage the insight
of solution transport properties to control the mechanism of growth to some degree. Further, in the regime

dictated by solid state/surface diffusion*®3%97

, one can seed the surface with abundant nuclei using a short high-
overpotential pulse, or moderate surface properties of the current collector in a manner that has been recently
explored for Na and Li metal batteries?®'%. Finally, the weakness of traditional separators in impeding Mg

growth may catalyze conversation about unique engineering solutions for multivalent systems, and possibly
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open the door to solid electrolytes as a practical option for Mg'?', despite pervasive transport challenges in
solid-state systems. Collectively, we assert that understanding and manipulating the strong electrostatic
interactions characteristic of multivalent ions, and the mechanisms distinguishing observed behavior from that
of monovalent alkali metals like Li and Na, are key steps toward realizing next-generation energy dense storage

media.

Chapter 3: Leveraging Impurities in Recycled Lead Anodes for Sodium-lon Batteries

3.1. Introduction

Like magnesium, sodium is a promising alternative ion for secondary batteries due to elemental abundance
and the low cost of raw materials; however, the development of sodium ion batteries is limited by the
availability of stable anode materials with sufficient energy density. In this chapter, | investigate the upcycling

of lead acid battery electrodes into sodium ion battery anodes.

3.2. Background
In 2012, lead acid battery (LAB) production accounted for 85% of global lead demand °2. About 80% of this

demand is met with secondary lead recycled from spent batteries, exemplifying a largely closed-loop
manufacturing cycle which keeps the toxic heavy metal out of waste streams . Through the year 2022,
demand for LABs is expected to continue growing alongside motor vehicles at an average annual rate of 3%;
however, rechargeable lithium ion batteries (LI1Bs) account for increasing shares of the transportation and grid
storage sectors, growing at a much faster annual rate of 9% 1419, Ultimately, with the price of LIBs expected
to fall below $100/kWh by the year 2024 1%, a surge in electric vehicle popularity could destabilize the
dominance of LABSs, leading to a decline in the price of scrap lead 1%, and a potential scenario where the
broken loop of lead recycling has a detrimental environmental impact on wastewater streams and natural

resources.

Lead-based electrodes may find new life in low-cost, rechargeable sodium ion batteries (SIBs). As the fourth
most abundant element in the world, there exist over 47 billion tons of sodium precursor (soda ash) reserves
worldwide, compared to 62 million tons of lithium. In turn, sodium is a target for the extreme scaling associated
with penetration of grid-scale energy storage at residential levels 2. Alloying anodes such as Sn 108-113 Bj 114
118 gGh 116.119-123 ‘and Ph 114124128 haye garnered much attention for application in sodium ion batteries due to
high specific capacities and low operating voltages. Since Jow et al first established reversible alloying of
sodium with lead (Pb) in 1987, the material was largely excluded from rechargeable battery design due to
toxicity concerns. Recently, Darwiche et al studied the reversible alloying of Pb with sodium using diglyme
as the electrolyte solvent, observing capacity retention of 464 mAh/g after 50 cycles in half cells 124 These

findings re-established lead as a promising anode material, despite being relatively under-explored.
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In this work, we seek to establish a pathway for the recycling of Pb-based materials directly from used LABs.
In this regard, recycled materials unlike raw pure materials contain impurities which can be troublesome for
practical rechargeable battery design. Within the growing body of research in recycled battery cathodes!?®-1%2
and alloying anodes!33-1%, there is little understanding of the effect of residual impurities on electrochemical
performance. In light of a recent analysis by Ciez and Whitacre showing that direct recycling of electrode
powders has potential to reduce greenhouse gas emissions in battery manufacturing at competitive costs*®,
studies of impurity impact are imperative to improve recycling initiatives. Our work demonstrates that recycled
Pb alloys containing antimony (Sb) and tin (Sn) can be thermally processed to control the stability, rate
performance, and storage capacity of sodium battery anodes. This highlights the ample potential in defect

engineering of recycled and high-value materials for next-generation energy storage devices.

3.3. Experimental Methods

3.3.1. Pb Recycling

A previously used lead acid battery in fair condition was recovered from a totaled vehicle as shown in Figure
11. The battery was opened and dismantled to recover Pb materials. After draining the cell of sulfuric acid
electrolyte, the components were neutralized by soaking in sodium bicarbonate solution. Then, the spongy lead
from anode plates was scraped off before melting down the lead alloy in a smelting furnace above its melting
point of ~330°C. Remaining lead oxides and sulfates floated to the surface and were removed with the dross
before cooling slowly in the furnace. Recycled Pb powder was produced by sanding the resulting ingot with a
file or 220-grit SiC-based sand paper and sifting the shavings through a 325-mesh stainless steel sieve. The
powder was neutralized a second time by soaking in sodium carbonate solution for ~12 hours before rinsing
and drying under vacuum. At this point, powders undergoing heat treatment were annealed in a tube furnace
at 4300C in reducing atmosphere for 30 minutes or 2800C for 2 hours and cooled slowly to room temperature.
Heat treated powders were immediately processed into slurries and incorporated into coin cells within one

week to avoid the recurrence of aging.

22



C.
¢ 3.
- & i 3 =it B ‘5‘
» :}#iiyg"!~‘§"ﬁ
4 :’; j* xy“?"”’ s,
fﬁiﬁsi’ 3 F¥ % »
*pngPRERc e
G ERER 5 %
”.c;%wn&ﬂx . e
2 1 L B 8 R L S
=~ 1 .1 i L L b A 2
e o T N TN s W
ppErrinsasdaliialGg g
E.

Figure 11: An overview of the recycling process: A) Used battery showing partial charge (11 V) at time of
disassembly. B) Battery with electrolyte removed and neutralized and top cut off to expose the anode and
cathode plates. C) Lead anode plate, commonly referred to as “spongy lead”. D) Lead dioxide cathode plate.
E) Lead mesh from an anode plate with the spongy lead removed. This material was used as the recovered lead
to eliminate the need for extensive smelting and refining processes which are easily undergone in industrial
settings yet are difficult at the lab scale. F) Final melts obtained from the lead mesh which was then filed,
mechanically separated, characterized, and used in lead anodes.

3.3.2.  Coin Cell Assembly

Anodes were prepared via slurry casting from an aqueous solution of either the prepared powder or 325 mesh
elemental Pb (Sigma Aldrich >99%, trace metals basis) with 2 wt% carbon black (TIMCAL Super C45)
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additive, 4 wt% sodium carboxymethyl cellulose (CMC) binder, and 1 wt% xanthan gum as a viscosity
modifier. The anode slurry was applied to a carbon coated aluminum current collector and dried in a vacuum
oven at 800C for 24 hours before half cell construction. Active material loadings were between 4.5-5.5 mg/cm?.
Half cells consisted of the Pb electrode, two CelgardTM 2325 separators, and a sodium metal reference
electrode (Sigma Aldrich 99.95%) housed in CR2032 coin cells. The electrolyte was 1M NaPF6 (99+%, Alfa
Aesar) in diethylene glycol dimethyl ether (“diglyme”, >99.5%, Sigma Aldrich). Before electrolyte synthesis,
NaPF6 was dried at 1000C overnight on a hotplate in the glovebox and diglyme was dried over 4 A molecular
sieves for at least 48 hours. Electrolytes were used within 48 hours of preparation. Electrochemical Testing:
Galvanostatic charge/discharge tests were performed on an 8 Channel MTI battery Analyzer between voltages
of 0.00 to 1.00 V with the sodium metal electrode as the reference. All cells were cycled at a low rate of C/10
during the first cycle then brought to the testing rate. C-rates were determined based on the theoretical capacity
of pure Pb: 485 mAh.g-1.

3.3.3.  X-ray Diffraction

Diffraction spectra were taken on a Rigaku SmartLab X-Ray Diffractometer. Background diffraction was
subtracted from the sample signal and crystallographic information was obtained through the Rigaku Data

Analysis software.

3.34. Imaging

Coin cells were de-crimped, the electrode of interest rinsed twice in dry dimethyl ether (DME), and stored in
a sealed vial for transport to SEM. Samples were exposed to air during transfer. Imaging was conducted using
a Zeiss Merlin SEM with EDS detector.

3.4. Results and Discussion

3.4.1. Recycled Alloy Characterization
Pb-based powder was directly recycled from a used LAB. As depicted in Figure 12a, the used anode grid

plates were neutralized, cleaned of PbO2/PbSO, sludge, and smelted above 330°C for 10 minutes to form a Pb-
based alloy ingot. After removing the dross, the melt was furnace-cooled and aged at room temperature for
approximately 12 months. Ageing of lead-antimony (Pb-Shb) alloys is known to result in the precipitation of
fine, Sh-rich B-phase particles within the Pb-rich a-phase matrix and has been previously studied for its
hardening effects. The aged alloy enables evaluation of a very fine microstructure, which can be subsequently
heat-treated to restore the equilibrium morphology as predicted by the Pb-Sb-Sn phase diagram . To establish
the alloy composition obtained from the recycled Pb electrodes, quantitative energy dispersive x-ray

spectroscopy (EDS) analysis was performed on a portion of the aged, recycled Pb ingot prepared by water-
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cooled sanding followed by polishing with 1 pm and 35 nm alumina slurry. The map spectra of three random
areas were averaged to find that the alloy contains 73.1 £ 0.7 % Pb, 21.3 + 0.6 % Sb, and 5.55 + 0.05 % Sn,
corresponding to a hypereutectic composition (Figure 12b). An antimony concentration of 21 at% is slightly
higher than reported values for grid alloys, which typically range from 0.5-12% depending on the brand,
application, and year of manufacture 13%14°, but may reflect the history of the used battery from whence it came.
As antimony is a more noble metal than lead, it resists corrosion at positive electrodes, while lead is first to
dissolve from the current collector grids*#. The influence of grid health on microstructural and electrochemical

properties of the recycled alloy could be an interesting area for further study.
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Figure 12: Process for direct recycling of Pb alloy powder from a used lead acid battery. A) Anode plates are
cleaned, smelted, and aged as an ingot; B) EDS spectrum for a flat, polished section of the ingot acquired at
20kV; C) Optical microscope image of Pb alloy filings; D) schematic phase diagram based on 2 showing the
regimes of heat treatment of the Pb alloy at the measured composition; E-G) EDS maps of the aged and heat
treated particles acquired at 20 kV, overlaid over SEM images.

Pb alloy powder with particle size <325 mesh was produced from the ingot by shaving and sieving, resulting
in oblong particles with sharp edges (Figure 12c). The powders were then heat treated in a tube furnace under
reducing atmosphere at 430°C for 30 minutes or 280°C for 2 hours and cooled slowly to room temperature.

Due to the relatively low concentration of tin, we approximate alloy rehomogenization in the context of the
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binary Pb-Sb phase diagram. 1*? The ternary Pb-Sh-Sn phase diagram outlines the existence of Pb, Sh, Sn, and
Sbh-Sn, but there is very little solid solubility for Sn in Pb and no ternary compounds are known 3, A schematic
phase diagram based on Okamoto'*? is included in Figure 12d, where the stars along the dotted line indicate
the chosen heat treatment temperatures at the measured composition. Upon rehomogenization at temperatures
exceeding the liquidus line, the phase diagram would suggest that a Sh-rich B-phase dendritic matrix is first to
precipitate from the melt at hypereutectic concentrations, followed by formation of a lamellar eutectic structure
between dendritic branches, with characteristic length scale dictated by the cooling rate. As predicted, EDS
performed on the aged particles revealed coarse, dendritic B-phase precipitates surrounded by a fine
distribution of more Sb and Pb, indicating that significant ageing had occurred (Figure 12e). Upon ageing, the
eutectic morphology restructures over time, favoring spheroidal precipitates of p near dendritic boundaries %,
After heating at 280°C for 2 hours and cooling slowly to room temperature (“PbR 280”), EDS maps reveal the
return of classical dendritic morphology in the form of small, branched Sb domains, with a reduction of Sb
concentration in the matrix (Figure 12f). Increasing the temperature to 430°C for 30 minutes (“PbR 430)
facilitated segregation of Sb into even larger B-phase dendrites (Figure 12g). Heat treated powders were
immediately processed into slurries and incorporated into coin cells within one week to avoid the recurrence
of aging.

The crystal structure of the aged, recycled Pb alloy (“PbR”) was compared to >99% elemental Pb from Sigma
Aldrich (“PbS”) using x-ray diffraction (XRD). Spectra were acquired before and after one full discharge at
C/10 in a coin cell versus a sodium metal counter electrode (Figure 13a). The numbered positions on the
discharge curves in Figure 13a correspond to the numbered XRD patterns in Figure 13b. The results for
micrometric lead purchased from Sigma Aldrich confirm that the composition is mostly metallic Pb with some
contamination by a-PbO, which is common in Pb manufacturing processes 1%2. After sodiation, weak peaks
corresponding to NaisPbs emerge at 26 = 37.8° and 63°, indicated by blue stars. The pattern for recycled Pb
proves successful processing of metallic Pb with elimination of most a-PbO and other oxides or sulfates.
Additional peaks match most closely with Pbg 1Sho.g, consistent with expectations for a Sh-rich a-phase cooled
at a finite rate. As with the commercial sample, alloying with sodium results in a peak at 37.8°, corresponding
to NaisPba.
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Figure 13: XRD analysis of commercial, 325 mesh elemental Pb (Sigma Aldrich >99%, trace metals basis)
compared with recycled alloy powders in pristine and fully sodiated states. A) Galvanostatic discharge of Pb
and Pb alloy at a rate of C/10 in coin cells versus sodium metal, with numbered circles to indicate charge state
at time of B) ex-situ XRD measurements.

3.4.2.  Electrochemical Comparisons of Recycled vs Refined Pb

Recycled and purchased lead anodes were electrochemically characterized in half cells versus sodium metal
(Figure 14a-b). In galvanostatic testing, the first cycle was measured at a current density of C/10, while
subsequent cycles were driven at C/2 (242.5 mA/gacive). For the purchased, refined lead, the first discharge
capacity was 522 mAh.g and the first charge capacity was 477 mAh.g™t. While the first discharge includes

contributions from irreversible SEI formation and intercalation in PbO, the charge capacity matches closely
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with the theoretical capacity of 485 mAh.g™* for NajsPb, 14, In contrast, the aged, recycled alloy had a high
first charge capacity of 497 mAh.g%, suggesting that Sh and/or Sn are also active within the voltage window.
Analyzing the differential charge with respect to voltage for the second cycle (Figure 14c-d) provides further
evidence for the electrochemical activity of Sb. The major peaks, which represent nucleation of a new
crystalline phase, are in good agreement with known voltages for NaPhs, NaPb, NagPbs, and NaisPby, 114124125,
however, the recycled Pb also produces a broad discharge peak around 0.55 V, accompanied by two sharper
charge peaks at 0.74 and 0.84 V. Such behavior is characteristic of Sb sodiation, in which an amorphous
intermediate phase is formed during discharge while desodiation proceeds through the definite evolution of
NasSb to NaSh to Sh 122143, Analysis of the galvanostatic transients reveal that approximately 81 mAh/Qaioy is
stored in these two charge plateaus during the first cycle. With a concentration of 21 at%, or ~14 wt%, antimony
in the alloy and a theoretical capacity of 660 mAh/gs, this result agrees well with the theoretical maximum

contribution from Sh of 90 mAh/Qaiioy.
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Figure 14: Comparison of first cycle behavior of commercial and recycled Pb-based anodes in half cells versus
sodium metal. A) First galvanostatic cycle of off-the-shelf elemental Pb powder and B) recycled Pb powder at
a rate of C/10; C-D) differential charge plots corresponding to (A) and (B), respectively; E) results of
galvanostatic intermittent titration to enable comparison of solid state diffusion coefficient, which is
proportional to the slope of voltage with respect to the square root of time (inset).

Early cycling behavior was further probed using galvanostatic intermittent titration technique (GITT) to
minimize the role of mass transport through the interphase. By applying the appropriate parameters for current
density and rest time, the concentration gradient of Na* across the cell is expected to approach quasi-steady-
state, such that the system becomes reaction-rate limited. More information regarding GITT is provided in the
Supplementary Material. A C/10 current (48.5 mA.g™*) was applied for 10 seconds, followed by a rest period

of 300 seconds, yielding the envelope patterns in Figure 14e. To first discuss the commercial Pb, a short

28



plateau emerges early in sodiation, beginning at approximately 0.48 V, which corresponds to the formation of
NaPbs. In this regime, the width of the envelope is related to polarization, which continuously narrows through
the formation of NaPb at 0.37 V, and is suddenly reduced with the formation of NagPbs at 0.19 V. These
findings are consistent with polarization calculations performed by Darwiche et al, who hypothesized that
electrochemical gridding during the first cycle facilitated future sodiation 1?4, In the case of aged, recycled Pb
alloy, sodiation begins with a solid solution regime at potentials between 1 V and 0.6 V vs Na/Na*. This cannot
be attributed to the carbon additive, since both the recycled and commercial samples contained 2 wt% carbon
black and this feature does not appear in both sets of data, but may represent limited activity in the minority
alloying element, Sn. In accordance with the binary Na-Sb phase diagram, it is unlikely that the solid solubility
of Na in Sh would be greater than 1 at%.'** The first plateau beginning at 0.60 V corresponds to the sodiation
of Sb through an amorphous intermediate phase, as previously described. This does not seem to be a result of
mass transport limitation, since pulses along this plateau still obey the linear relationship between potential
and the square root of time defined by the Sand Equation for times much less than the characteristic diffusion
time, and has been explained as a stress-balancing mechanism 12, The following NaPbs plateau is substantially
longer than that observed for the commercial counterpart, and the narrow envelope of the NaPb plateau

beginning at 0.32 V implies less polarization than the formation of this phase in pure Pb.

For times much less than the characteristic diffusion time (t << r?/D) and small concentration changes, there
should be a linear relationship between potential, E, and the square root of time, t, which obeys Equation 1 145
RT li]

B= - i4E
‘ F 0.5Fc,\aD "

Equation 9

where n designates the state before application of a current pulse, ¢, is the concentration of sodium in the alloy,
and Ej, is the potential before the pulse *°. This formula was applied to the two alloys at the same voltage, 0.33
V, which coincides with growth of NaPb. As shown in the inset of Figure 14e, the plots obey a linear
relationship, with an R-squared value of 0.994 for commercial Pb and 0.992 for recycled. Although the exact
diffusion constant cannot be determined explicitly, we assume similar electrode surface area and current
density to calculate an effective diffusion coefficient 3.62 times greater in recycled Pb. Details regarding this
calculation are available in the Supplementary Material. From this result, we hypothesize that the increased

interfacial surface area between alloy phases in the recycled Pb intrinsically enhances solid state diffusion.

3.4.3. Thermal Processing of Alloys to Control Electrochemical Properties
To support this argument of improved solid state diffusion, we evaluated the relationship between
electrochemical performance and interfacial surface area between phases in the thermally processed powders.
Heat treatment of the Pb-Sh-Sn alloys enabled significant tuning of power (Figure 15) and cycle life (Figure

16) properties through manipulation of phase boundaries and microstructural stability. Figure 17a compares
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the power performance of PbS with the recycled alloys at rates ranging from C/10 to 2C. The ranking of
samples in order of discharge capacity retention is as follows: PbR 430 < PbS < PbR 280 < PbR. In cycle life
tests over 50 cycles (Figure 17b), the order of capacity retention is nearly reversed: PbR 280 < PbR < PbS <
PbR 430. Although PbS tracks closely with PbR 280 in early cycles, it ultimately undergoes a recovery,

reaching a local maximum in specific capacity around cycle 45.

In order to elucidate the performance trends summarized in Figure 17a, we performed post-mortem analysis
on the electrodes after undergoing power tests. We found that all of the electrodes had gradually self-assembled
into highly porous networks supported by ligaments which increase in average thickness as PbR280 < PhR <
PbR 430 < PhS. Glymes are also known to cause gradual evolution of microstructure 126, Wang et al concluded
that ether solvent wets the electrode surface well enough to penetrate pinholes left behind during desodiation,
which eventually grow and force rearrangement of the surrounding material 5. In the case of PbR, nanoscale
domains, high interfacial surface area, and expansion mismatch of the elemental components#3146-148 may lead
to the development of many pinholes for diglyme ingress, creating a multitude of small pores. The thin
ligaments greatly enhance solid state diffusion and power performance, but ultimately form a fragile structure
with reduced capacity retention. An additional mechanism for loss is suggested by the gradual disappearance
of defined plateaus between 0.6 - 1.0 V in Figure 16, in combination with the fragmentation of Sb precipitates
observed in Figure 18; as Sb and Sn domains are stressed, broken, and dispersed, the small size creates a larger
barrier to nucleation of a second phase 4. The intermediate sample, PbR 280, evolved average strut thickness
on par with the aged sample, PbR, but exhibited rapid capacity loss. It was treated in a regime of the Sh-Pb
binary phase diagram very near the liquidus line, which was expected to ripen existing precipitates without
melting, forming blocky structures. The early failure could be related to domain size and shape effects which
maximize interfacial stress. In contrast, the fully rehomogenized PbR 430 demonstrated the best cycle life, but
performed poorly at high discharge rates. The lower interfacial surface area and extensive phase segregation
resulted in behavior very similar to pure Pb, although contributions from Sb and Sn secure a higher final
specific capacity. Altogether, we demonstrate that battery performance is sensitive to elemental distribution in
ternary alloys, and conventional metallurgical heat treatment can be applied to balance power and cycle life.
This work provides the basis for us to facilitate self-assembly of porous nanostructures with differing
electrochemical characteristics influenced by the original alloy microstructure, capable of both extending cycle

life through accommodation of swelling and enhancing rate capability by reducing diffusion lengths.
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Figure 15: Galvanostatic cycling curves comparing rate performance of >99% elemental Pb (Sigma Aldrich)
to recycled Pb-based alloys in half cells versus sodium metal with 1M NaPFs in diglyme. Anomalous charge
curves in the recycled Pb alloy materials may be related to internal loss of electrical contact during rapid
volume contraction at high C rates.
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Figure 16: Galvanostatic cycling curves comparing cycle life of a) >99% elemental Pb (Sigma Aldrich) to (b-
d) recycled Pb-based alloys in half cells versus sodium metal with 1M NaPFs in diglyme. A current density of
C/10 was used for the first cycle, followed by C/2 for subsequent cycles.
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Figure 18: Results from SEM (top row) and EDS (bottom row) analysis performed on Pb-based alloy
electrodes after 50 cycles at C/2 in half cells versus sodium metal. All scale bars are 10 um.
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3.5. Conclusions

In this work we demonstrate that the recovery of Pb-based materials from LABSs results in impurity phases that
facilitate a rich interplay of alloy properties that can be tuned to manipulate final electrode and cell
characteristics. The ternary Pb-Sh-Sn system is unique because the large differences in assumed crystal
structure and atomic radius of the elemental materials lead to very limited solid solubility, except for the
existence of a ShSn intermetallic compound. Thus, the constituents retain their independent electrochemical
properties, but are modified by the size and shape of domains, differential stresses, and interfacial surface area.
In the presence of glyme-based electrolytes, the result is a tunable self-assembled nanostructured alloy phase
with a high specific capacity of 522 mAh.g%. Although the final nanostructure enhances rate kinetics, GITT
was used to show the enhancement of solid state diffusion in the early stages of cycling via transport along
interfaces. We show that, despite very high impurity levels in the recycled alloy, extra temporal and energy
inputs for refinement were not only unnecessary, but would be detrimental to cell performance. Heat treatment
was utilized to modify alloy structure, and our findings indicate the time/temperature design space is extensive
to produce optimal electrode architectures. We envision this work to be applicable not only to Pb anodes, but
other alloying electrodes used in rechargeable batteries, such as tin or silicon. The approaches described in this
work to leverage impurity phases to mitigate volume expansion provides a unique design space for the design
of next-generation low-cost, and high performance electrodes. However, in the specific case of lead alloys, the
ability to produce low-cost stationary storage applications from recycled lead materials provides a sustainable
pathway to mitigate the leaching of toxic lead into wastewater streams and the environment as the transition

from combustion powered to electric powered vehicles evolves.

Chapter 4: Dynamic Color Tuning with Electrochemically Actuated TiO2 Metasurfaces

4.1. Introduction

In this chapter, | begin to explore ways in which electrochemistry can be applied to reduce the power
consumption of dynamic photonic devices, especially more reflective display applications. In the visible
spectrum, full spectral color tuning is inhibited by the large absorption that accompanies index changes,
particularly at blue wavelengths. Here, we show that the electrochemical lithiation of anatase TiO; to LigsTiO-
(LTO) results in an index change of 0.65 at 649 nm with absorption coefficient less than 0.1 at blue
wavelengths, making this material well-suited for dynamic visible color tuning. The dynamic range, speed,
and cyclability of the TiO,/LTO system indicate that it is competitive with established actuators like WOs,

with the additional advantage of reduced absorption at high frequencies.

4.2. Background
Color can be categorized as pigmentary or structural, and while pigmentary colors eliminate certain

wavelengths of light due to absorption at energies dictated by electronic transitions, structural color is
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generated from physical geometry. Since structural color does not directly rely on absorption, materials with
ultra-low loss can be harnessed to build vibrant colors through interference, diffraction, or scattering. Active
control over structural color is a burgeoning field of interest with applications in areas such as
anticounterfeiting, consumer electronics, thermoregulation, and camouflage.??4° Furthermore, decoupling the
electromagnetic response from intrinsic material properties allows for access to numerous modalities for
dynamic color tuning. Approaches to modulation can be separated into two categories: 1) mechanical
reconfiguration of the geometry and arrangement of scatterers; 2) manipulation of the optical properties of the
scatterer or its environment for a resulting change in resonance frequency.?? Although there are a variety of
paths to achieve modulation, electrochemistry is the only method that belongs to both categories as it can
provide large changes in geometry®® as well as modulation of the carrier concentration®*** made possible by

ionic diffusion and charge compensation, therein overcoming Debye screening effects.®*

Considering the vast arsenal of materials available for opto-electrochemical tuning, it has been particularly
challenging to find a continuously tunable material with high index and transparency throughout the visible
spectrum, particularly in the blue region. To date, only a few different materials systems have been leveraged
for electrochemical tuning of metamaterials, but they either experience high losses in the visible (i.e. Si,
metals), or have limited dynamic range (i.e. polymers, WQO3). Titanium dioxide (TiOy) is a popular material
for photonics due to its high index and low absorption coefficient, and while the electrochromic properties of
TiO; nanoparticles are well known,'%-15 there remain ample opportunities to further harness this phenomenon
for structural color tuning. In metasurfaces, the transition metal oxide has found a multitude of applications
including planar metalenses,*>*% perfect reflectors,>” subtractive color filters,'>® and aberration correction.>®
There has been a demonstration of a tunable TiO, metasurface using ion implantation in which the structural
color of an array was fully damped,'®® but many applications require functionality beyond amplitude

modulation.

Meanwhile, in the electrochemistry community, TiO: is a reliable anode material for lithium ion batteries,
known for excellent cycle life and minimal volume expansion.6¥16 The reversible reaction is well studied:
TiO2 + XLi* + xe- = LixTiOy, where x is the mole fraction of Li.'®® Upon Li* intercalation up to x = 0.5, the
tetragonal symmetry of anatase (I4i/amd) is broken, forming orthorhombic LiosTiO, (Imma) which is
accompanied by ~5% volume change.'%6-1%8 Between 0.05 < x < 0.5, TiO, and LiosTiO; coexist in a two-phase
system, resulting in a constant potential during charge and discharge. Insertion of additional lithium is possible
for nanostructures and thin films at low current densities, but results in reduced Li* ion mobility.161,166.169.170
To our knowledge at the time of writing, the dielectric function of electrochemically lithiated LiosTiO2

(henceforth referred to as LTO) has never been experimentally measured.

Here, we critically evaluate the TiO,/LTO system as an electrochemical tuning agent for active metamaterials

and demonstrate its efficacy for modulation of nanophotonic structures. In contrast to previous studies of

electrochromism in TiOg, the incorporation of resonant nanostructures harnesses both real and imaginary parts

of the complex dielectric function to produce vibrant structural color spanning the visible spectrum. We first
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demonstrate a simple Fabry-Perot nanocavity, which reflects frequencies of light that satisfy the resonance
criteria between two reflective surfaces.’™ In a second demonstration, TiO- serves as the dielectric in a metal-
insulator-metal (MIM) type gap plasmon metasurface, where enhanced electromagnetic fields’>173 lead to
smaller mode volumes and accelerated switching speeds. This work illustrates how nanophotonic design in

conjunction with electrochemically activated media allows flexible control over spectral response.

4.3. Experimental Methods

43.1. TiO:z Film and Device Fabrication

To form samples for ellipsometric characterization, a TiO- film was deposited directly onto a silicon wafer via
RF magnetron sputtering at room temperature from a target of 99.99% pure TiO; in an AJA ATC-2200
sputtering system. The chamber pressure was 3 mT with a deposition height of 110 mm under 45 sccm Ar and
3 sccm O,. After deposition, films were annealed in a tube furnace at 400 °C for 1 hour in air. To make simple
Fabry-Perot nanocavities, 50 nm of metallic Ti was deposited on a silicon wafer using electron beam
evaporation in an Angstrom Amod multimode deposition chamber. After, 100 nm of sputtered TiO, was coated
onto the Ti backplane and annealed between 400 — 600 °C for 1 hour in air. MIM-type metasurfaces were
prepared by sputtering 20 nm of TiO, onto a 100 nm aluminum backplane prepared by thermal evaporation on
a silicon substrate. Following one hour of annealing at 400 °C in air, a positive bilayer PMMA resist was
applied via spin coating and baked at 180 °C for 90 s. The top layer of pillars was defined using a Raith eLine
electron beam lithography system and developed in 1:3 MIBK:IPA. Finally, 50 nm of silver was deposited via

e-beam evaporation and excess material was removed by 5 minutes of sonication in acetone.

4.3.2. Electrochemical Measurements

For all electrochemical tests, the electrolyte was 1 M LiClO4 (ACS > 95%, Sigma Aldrich) in propylene
carbonate (PC) dried over 4A molecular sieves for at least 48 hours. All electrochemical cells were assembled
in an argon glovebox with < 0.5 ppm O2. To perform cyclic voltammetry and diffusion coefficient
measurements, a TiO,/Ti/Si sample annealed at 400 oC was used as the working electrode in a sealed, three-
electrode flooded cell with Ag/AgNO3 reference and platinum counter electrode. The reference electrode
solution comprised 0.01 M AgNO3 and 0.1 M TEA-TFB in acetonitrile. TiO, films were prepared for
ellipsometry and XPS in a two-electrode split cell from MTI using a polished lithium counter electrode and
Whatman GF/A glass fiber separator with a constant current discharge rate of 10 pA/cm?2. Coin cells for cycle
life studies were assembled in a similar fashion, with polished lithium anode and glass fiber separator. The
optical setup used to execute electrochemical-optical modulation is depicted in Figure S7. Incoming light
enters through a transparent ITO-coated glass electrode (Delta Technologies Ltd, sheet resistance 5-15
ohms/sq) which contacts a LiFePO4 cathode (MTI) as a lithium source. The cathode is electrically isolated

from the TiO-based device by a glass fiber separator soaked in 1 M LiCIO4/PC electrolyte.
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4.3.3.

4.3.4.

4.3.5.

4.3.6.

Material Characterization

Raman spectra were collected using a Thermo Scientific DXR confocal Raman microscope using an 100x
objective. Ellipsometry measurements were performed using a JA Woollam M-2000VI. After disassembly in
the glovebox, lithiated samples were rinsed in acetonitrile and dried under vacuum before loading into a
homemade air-free sample holder designed for ellipsometry measurements at a 600 angle. The lithiated
samples were never exposed to air. A Cody-Lorentz model was used to fit the pristine data with a mean square
error (MSE) of 1.028, while the lithiated sample data was fit using three Lorentz oscillators and a Drude
term.>™* A delta offset was included to compensate for window effects caused by the air-free sample holder.
The resulting MSE was 1.369. XPS analyses were performed using an Ulvac-PHI Versaprobe 5000. More

information about ellipsometry and XPS measurements is available in the supporting information.

Optical Measurements

Reflectance measurements were performed using a Zeiss Observer Al.m microscope. Light reflected from
samples illuminated with a white tungsten halogen light source was collected using a 50x objective and
analyzed in a Horiba iHR320 spectrometer (600 lines/mm, blaze = 500 nm, 0.1 mm slit, 0.03 s integration
time). Scans were averaged over three accumulations of the Horiba Symphony Il silicon CCD detector.

Background spectra were acquired from a silver mirror.

Numerical simulations

Numerical simulations were executed using commercial software, CST Studio Suite 2020 using the finite
element frequency domain (FD) solver. Fabry-Perot nanocavities were analyzed using a full structure with
electromagnetic boundary conditions (Et = 0 at xmin,xmax; Ht = 0 at ymin,ymax) in the frequency regime of
350 — 750 THz. Metasurfaces were analyzed using periodic boundary conditions with period equal to 250 nm
in the frequency regime 375 — 1000 THz. In both cases, the background permittivity was 2.0, representing the
major solvent component of the electrolyte, propylene carbonate. Optical constants for TiO, and LTO were
derived from spectroscopic ellipsometry measurements. Other complex permittivities were taken from Johnson
and Christy (1974) for Ti,'® Johnson and Christy (1972) for Ag,'"® Green (2008) for Si,*”” and Querry (1985)
for AI203.178

Ellipsometry

Annealed TiO; thin films were analyzed using a three-layer physical model comprising the silicon substrate, a
native oxide layer described by the Cauchy equation, and a dense TiO- film represented as a Cody-Lorentz
oscillator'™& with surface roughness. Fitting parameters are shown in Table S1. After lithiation, the film

properties are no longer consistent with a Cody-Lorentz model; rather, the data is fit with multiple Lorentz
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oscillators and a minor Drude term, reflecting the localized character of electrons in Ti-Ti zigzag bonds that
fill the Ti-3dyz levels at the bottom of the conduction band.2%%18! |_TQO fitting parameters are included in Table
S2.

4.3.7. DFT calculations

The optical constants of LTO and TiO, were calculated from first-principles using density functional theory
with local density approximation (DFT-LDA) as implemented in the Quantum-Espresso code.'® Calculations
were performed using the unrefined primitive cells for LiosTiO2* and TiO,.18 We used the local-density
approximation (LDA) exchange-correlation functional with Optimized Norm-Conserving Vanderbilt (ONCV)

pseudopotentials from http://www.quantum-simulation.org, constructed using the Perdew—Burke—Ernzerhof

(PBE) generalized gradient density functional. For TiO», a Hubbard U term of 7.5 was added to correct for
strong correlation in localized 3d and 4f orbitals.'®5% The plane wave cutoff energy was 40 Ry. A k-mesh of
4 x 4 x 2 under the Monkhorst-Pack scheme was used to sample the Brillouin zone. For LTO, the plane wave
cutoff energy was 50 Ry, and a k-mesh of 5 x 5 x 5 under the Monkhorst-Pack scheme was used to sample the

Brillouin zone.

The macroscopic complex dielectric function as a function of photon energy was calculated at the independent
particle level through solving the Dyson equation for susceptibility, X, as implemented in the YAMBO code.*®

The refractive index and extinction coefficient were calculated from €3 and €; using the following equations:

n =

\/(,/812 + &2 + 81)
2

Equation 10

k — \/(ﬂ 812 + 822 - 81)
2
Equation 11

438. XPS

After cell disassembly, each sample for XPS analysis was loaded into a glass vial while in the glovebox. The
vial was sealed with a cap which then was wrapped in tape to minimize air infiltration. The vials were
immediately taken to the XPS lab. Samples were removed from the vials and mounted onto the sample holder
by placing an edge of each sample under the head of a steel screw and tightening the screw. The samples were
exposed to air for less than five minutes between being removed from the vials and being placed into the intro
chamber. The mounted samples were pumped in the intro chamber until the pressure dropped below
approximately 1x10-6 torr. XPS analyses were performed using an Ulvac-PHI Versaprobe 5000.

Monochromatic Al Ka x-rays (1486 eV), a 100 um diameter x-ray spot rastered over an approximately 600
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pum by 400 um area, and a takeoff angle of 45 degrees off sample normal were used in each acquisition. Pass
energies of 187.7 eV and 23.5 eV were used for the survey and high-resolution acquisitions, respectively.
Charge neutralization was accomplished using 1.1 eV electrons and 10 eV Ar+ ions. Binding energies were

calibrated to -CH2- type bonding in the carbon 1s spectrum of 284.8 eV.

Though the electronic structure of LTO is rather complex, it has been thoroughly examined in other works68.181
and the ratio of Ti atoms undergoing a change in oxidation state is a good indicator of the reaction extent. 81188
The XPS spectra presented in Figure S6 clearly show an additional Ti binding state is introduced upon lithiation
of the TiO,. The new binding state is present at a lower binding energy than TiO,, indicating that some of the
Ti atoms have been reduced. The fraction of Ti atoms present in this reduced state can be estimated by the
fraction of the total area under the curve and above the background of the top spectrum. A Shirley background
was used Gaussian-Lorentzian peaks to deconvolute the spectrum which indicates that approximately 41% of

the Ti atoms are in a reduced state compared to TiO; after lithiation.

4.3.9. Color Science
Simulated and experimental spectra were input into a Python script leveraging the Colour Science package®®,
Colour 0.3.16, freely available under the New BSD License terms. Tristimulus values were generated from the
interpolated spectral distribution using CIE 1931 2 Degree Standard Observer color matching functions (cmfs).
Standard illuminant D65 is simulated by the filtered tungsten halogen lamp. The tristimulus values were
converted to SRGB to create color swatches that could be displayed on screen. For chromaticity mapping,

tristimulus values were converted into CIE xy format and plotted onto the CIE 1931 color space.

4.4. Results and Discussion

4.4.1. Optical properties of electrochemically lithiated TiO2
In this work, the dielectric properties of TiO; are transformed by applying a voltage between the device and a
counter electrode, causing lithium ions to reversibly intercalate into the TiO,. When incorporated into
nanophotonic devices, the resulting phase transformation is expected to shift the resonant frequency as shown
in Figure 19a. To predict the breadth of optical modulation in the proposed configurations, we first
experimentally determined the dielectric function of TiO, and its lithiated counterpart using spectroscopic
ellipsometry. TiOx films were deposited on silicon wafers via RF magnetron sputtering, and subsequently
annealed in air at 400°C to yield anatase TiO,,17%1801%0-193 confirmed through Raman spectroscopy (Figure
20). Spectroscopic ellipsometry was used to determine the refractive index (n) and absorption coefficient (k)
and the results are presented in Figure 19b-c, respectively. A refractive index of 2.42 at 650 nm is consistent
with other reports of annealed Ti0.1%455180 The raw ellipsometry data (Figure 21) was fit with an MSE of

1.082 using the fit described in the experimental methods. The absorption coefficient is negligible throughout
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the visible spectrum, though it increases at lower wavelengths as photon energy approaches the band edge.
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Figure 19: Concept of electrochemical modulation using the TiO,/LTO materials system. A) Schematic
depiction of modulation mechanism, showing the change in resonant wavelength of gap plasmon structures
caused by lithium ion intercalation in TiO,. Crystal structures for anatase TiO,*®® and orthorhombic LTO*
were visualized using Mercury®®. B) Change in refractive index and C) absorption coefficient derived from
ellipsometry measurements.
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Figure 20: Raman spectra for 100 nm TiO; films sputtered on titanium metal evaporated on silicon wafer
substrates and annealed at various temperatures for 1 hour each. Temperatures above 400°C lead to rapid
oxidation of the 50 nm metallic Ti backplane, therein enhancing the signal of vibrations in the underlying Si
wafer,9319% indicated with asterisks. The anatase and rutile phases are identified by “A” and “R” respectively.
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Significant modification of the refractive index and extinction coefficient was achieved through
electrochemical lithiation of anatase TiO,. Orthorhombic LixTiO, (LTO) was formed through ambient
temperature galvanostatic discharge of anatase in 1 M LiCIO. electrolyte to a capacity of 168 mAh.g-1,
corresponding to x = 0.5, at which point the sample was rinsed in dry acetonitrile and transferred directly into
a homemade air-free ellipsometry compartment inside a glove box. The raw ellipsometry data (Figure 22) was
fit with an MSE of 0.993, resulting in a dip in refractive index with a minimum of 1.77 at 650 nm, generating
a maximum shift of An = 0.65 at 649 nm (Ag; = 3.15 at 707 nm), likely related to the interband transitions of
localized electrons previously identified at 700 nm (1.77 eV) by Wagemaker et al.*8* Nearing the band gap,
absorption remains very low due to the Moss-Burstein effect,'% suggesting the possibility of high-efficiency,
tunable metasurfaces across the entire visible spectrum. For reference, the absorption coefficient of LixTiO>
with x = 0.5 is 50% less than that of the popular transition metal oxide, LixWOs3, with x > 0.38 at blue
wavelengths.1%1% The resulting values of n and k are in agreement with optical properties extracted from DFT
calculations, as shown in Figure 23. The chemical underpinnings of the observed optical transitions were
verified using x-ray photoelectron spectroscopy (XPS), revealing that approximately 41% of the Ti atoms are

in a reduced state after lithiation (Figure 24).
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Figure 22: Method of acquiring ellipsometry data to extract complex refractive index of LTO. Galvanostatic
curve for anatase TiO, samples on silicon wafer discharged at 1 pA/cm? (top left); air-free ellipsometry cell
for measuring optical properties of LTO without exposure to oxygen or water (bottom left); raw ellipsometry
results for resulting LTO on silicon wafer at an angle of 60° (right).
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44.2.

Demonstration: Fabry-Perot Cavities
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Figure 25: Performance of Fabry-Perot nanocavities in optical cell. A) Theoretical reflectance spectra for a
cavity comprised of TiO, versus LTO film, simulated using measured optical constants. Line colors represent
color calculated from spectra. B) Experimental reflectance spectra for pristine film and lithiated film after
galvanostatic discharge to -2 V. Line colors represent color calculated from spectra. C) CIE 1931 chromaticity
map with points representing experimentally-measured and simulated color of TiO. and LTO films. D) Speed
of color change determined by plotting the magnitude of reflectance at 650 nm acquired every 10 s during
potentiostatic hold at -2 V. E) Reversibility of spectral shift over 10 cycles.

With the aim of demonstrating the dynamic tuning capabilities of anatase TiO- in simplest form, basic Fabry-
Perot nanocavities were fabricated through the deposition of 100 nm TiOy onto a titanium metal backplane,
which was subsequently annealed at 400°C in air to form anatase TiO». Reflections off the TiOz-air interface
and the metal backplane interact in a weakly resonant cavity that appears gold in the pristine state. Finite
element frequency-domain (FD) simulations executed using the experimentally-determined dielectric
functions for TiO; predicted broadband reflection of visible wavelengths greater than 500 nm in the pristine
state, with a local minimum around 410 nm due to destructive interference in the cavity, as shown in Figure
25a. By replacing TiO; with the lower-index LTO and increasing thickness by 5% to represent volume
expansion associated with the phase transformation, %% new resonance conditions dictated reflection of blue-

green wavelengths, peaking around 490 nm. In practice, spectral reflections in the pristine state agreed closely
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with simulations, despite being slightly damped by interfacial losses in the optical cell (see Figure 26) and
finite roughness of the TiO; surface. The experimental results shown in Figure 25b agree with simulations,
therein confirming the dielectric function for LTO derived from ellipsometry measurements. For the first
discharge, the full extent of tunability was achieved by slowly discharging at a constant current of 1 pA/cm?,
generating a 114 nm blue shift as the optical thickness of the cavity is decreased. Notably, the maximum peak
intensity of the lithiated film experienced a reduction of 38.7%, in line with predictions, supporting the
selection of the TiO,/LTO system for highly efficient tuning across the visible spectrum. The chromaticity was
calculated from the reflectance spectra and mapped in the CIE 1931 color space in Figure 25c. More
information about color identification and mapping is provided in the Supporting Information. The color purity,
represented as the radial component of chromaticity, is slightly lower than that predicted through simulation,
likely due to the nuances of nanostructured anatase when operated at high rates. For very small particles, high
surface energy may prohibit phase coexistence, causing individual grains to transform instantaneously rather
than proceeding through the film as a uniform phase front.*” This behavior results in an effective mixing of
TiO2 and LTO properties, broadening the resonance and reducing the color purity. Such phenomena can be
mitigated by slowing the reaction or by using thicker films with bulk properties.
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Figure 26: Schematic of optical cell used for in-situ reflectance measurements.

The greatest rate of change in reflectance spectra is observed in the early stages of intercalation (Figure 25d).
Immediately after applying voltage, a buildup of capacitance at the interface gives way to the solid solution
regime, followed by rapid nucleation of the LTO phase. Given the small nucleation energy barrier, the phase
boundary motion is fast compared with lithium self-diffusion, thus the reaction rate slows as the system
transitions into a diffusion-limited regime.*”® Accordingly, a large initial shift in peak wavelength after the first
30 seconds is succeeded by more and more subtle adjustments over the total holding period of 15 minutes. For
insertion, 50% of the total reflection change is achieved within the first 50 s. Upon reversal, the 50% benchmark

is achieved in just over 40 s. Such asymmetry has been evaluated in other works'6¢2% and is theoretically
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attributed to a higher energy barrier across the phase boundary during insertion.*6¢

Although significant spectral shifts are possible in short times, the device is cycled to the extent of its capability
using potentiostatic holds at —2 V (insertion) and 0 V (extraction) for up to 15 minutes each (Figure 25e). In
doing so, we find that the device demonstrates full optical reversibility over the first 10 cycles, following an
initial first cycle loss of only 5.5% the total reflected power. In the fourth and tenth cycles, the peak-to-peak
shifts in reflectance were 62.9 nm and 61.2 nm, respectively, indicating negligible additional loss after the first
few cycles. It should be noted that the external bias of only 2 V is an order of magnitude less than the voltages
applied to devices based on state-of-the-art phase change materials.?°22%® Furthermore, the lithiated and
delithiated states were highly stable after 20 minutes under open circuit conditions, suggesting the device is

non-volatile and exhibits bistability (Figure 27).
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Figure 27: Bistability (left) and optical cyclability (right) from in-situ optical testing of Fabry-Perot
nanocavities.

To better understand the limits of speed and cyclability for this material system, we measured the cycle life
and diffusion coefficient of lithium in the sputtered TiO- thin films. The capacity retention for a 20 nm anatase
film on an aluminum backplane cycled in a coin cell versus LFP is shown in Figure 28a. After 400 cycles of
galvanostatic charge and discharge at 3 pA/cm? (30 minutes per cycle) the lithium capacity remains stable,
despite initial capacity loss associated with solid electrolyte interphase formation and volume expansion.
Following this, the capacity is constant over the duration of cycling with a slight increase attributed to fine
adjustments in microstructure that allows accommodation of additional lithium ions. This observation is
consistent with the previously discussed opto-electrochemical cycling studies of Fabry-Perot nanocavities. The
excellent electrochemical cyclability of anatase thin films is expected to translate into dynamic photonic

devices which maintain full modulation depth over many switching cycles.
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Figure 28: Electrochemical characterization of TiO; films. A) Cycle life of 20 nm TiO, films on Al backplane
cycled at 3 pA/cm? in coin cells versus LFP cathode. B) Results of potential step experiment for 100 nm TiO;
films on Ti in 3-electrode flooded cell with platinum counter electrode and Ag/AgNO3; reference electrode.
The slope of the curve is proportional to the diffusion coefficient.

Switching speed is a critical parameter for most optoelectronic devices. In electrochemical systems, the speed
will primarily depend on film thickness and the intrinsic diffusion coefficient. The diffusion coefficient was
derived from the transient current response of a planar electrode to an instantaneous potential step, 2429 and
the results are shown in Figure 28b. When stepped from the open circuit voltage to -1.5 V vs Ag/AgNOs (1.67
V vs Li/Li%), the slope of current versus t2 is predominantly linear, curving slightly with increasing time to
indicate a minor dependence of diffusion characteristics on lithium content.662% Taking the average linear
slope (R? = 0.997), the diffusion coefficient for lithium insertion was calculated as 9.78 x 10-12 cm?/s. On the
reverse step, a much higher current at early times is associated with a greater diffusion coefficient of 9.31 x
101! cm?/s. These values agree with other measurements of lithium diffusion in anatase Ti0,'%6:16%206 and
establish an upper boundary on speed through the characteristic diffusion time, T4 = L%/D, where L is the film
thickness. For a 100 nm film, the characteristic diffusion time is 10.2 s for insertion and 1.07 s for extraction,
though speed can be dramatically improved by reducing thickness; for a 20 nm film, the characteristic diffusion
time is 0.409 s for insertion and 0.043 s for extraction. As this represents the ideal (upper bound) for speed,
the slightly longer measured switching speed (Figure 25d) is attributed to sources of impedance in the opto-

electrochemical cell, particularly non-negligible ionic resistance through the separator and electrolyte.
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4.4.3.

Demonstration: Gap Plasmon Metasurface

In order to realize faster actuation times, the same material system was incorporated into a gap plasmon
metasurface. For the metal-insulator-metal configuration with patterned nanopillars atop a thin dielectric layer,
strong absorption in the gap is enabled by the resonant behavior of excited gap surface plasmons.2"2% 20 nm
thick TiO; films were chosen as the dielectric layer between patterned silver nanopillars and an aluminum
backplane, simultaneously optimizing coupling and reducing the diffusion path length of Li+ ions to enhance
reaction speed. The final unit cell design is depicted in Figure 29a. For all tests, the period of the patterned
layer remains a constant 250 nm and the pillar height is 40 nm. As pillar diameter varies from 60 nm to 90 nm,
FD simulations predict a red-shift in the reflectance minimum (Figure 29b), as the resonance condition for
counter-propagating gap surface plasmon polaritons dictates destructive interference at increasingly long
wavelengths.?%® As shown in Figure 29b, inset, the electric field is concentrated in the gap between pillar and
backplane at the frequency of minimum reflectance. The reflected color is thereby tuned from gold to brown
with increasing pillar diameter. The positions of local minima at shorter wavelengths are not strongly
dependent on resonator width due to near-field coupling between neighboring surface plasmon polaritons.
Considering the case of 70 nm pillar diameter, changing LTO content was simulated as a uniform phase front
propagating along the depth of the film in Figure 29c. As the film is transformed from anatase TiO, to 100%
LTO, the reflectance minimum experiences a significant blue-shift of 135 nm, changing the expected color
from gold to green. An SEM image of the fabricated metasurface is included in Figure 29d. In experimental
demonstrations (Figure 29e), the position of the gap plasmon resonances are consistent with expectations for
the lithiated state, but the pristine spectra are slightly blue-shifted, potentially stemming from diffusion of
silver into the TiO; thin film during e-beam evaporation.?%°2%° Due to the sensitivity of plasmon polaritons to
the environment at the metal-dielectric interface, this introduces an offset in the initial state of the device.
Accordingly, the spectral shifts in reflectance minima are 59 nm, 39 nm, and 37 nm for the 80 nm, 70 nm, and
60 nm diameter pillars respectively. Though the minima for the 90 nm pillars are cut off by the detector
window, there is a significant blueshift in the peak edge measuring 108 nm. Figure 29e shows that the most
significant shift occurs in the first few seconds with diminishing returns at longer time scales. When
considering the change in reflectance over time at 650 nm, 50% change is realized in 7 s, a timescale which
compares favorably with similar devices constructed using LixWQ3.3#1%7 Though the transition is still slower
than the measured diffusion coefficient would suggest, the speed of ion transport is likely limited by elements
of device construction and can be optimized using different cell components and geometries. These results lay
the foundation for applications of the TiO/LTO material system in tunable nanophotonic devices for the

visible spectrum.
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Figure 29: Performance of gap plasmon device in optical cell. In all plots, line colors represent color calculated
from spectra. A) Schematic of device unit cell before and after lithium intercalation. B) Simulated reflectance
spectra for varying pillar diameter from 60 — 90 nm. Inset shows electric field distribution at the frequency
corresponding to the peak minimum. C) Simulated reflectance spectra for 70 nm diameter pillars with LTO
content ranging from 0 — 100%. D) SEM image of metasurface acquired at 5 kV, magnification = 100 kx,
working distance = 5.0 mm. E) Experimentally measured reflectance spectra showing shifts for four different
pillar diameters after galvanostatic lithiation. Insets are photographs of the arrays in each state. F) Speed of
reflectance change at 650 nm.

4.5. Conclusions

As shown here, TiO; is an attractive material for dynamic tuning of photonic devices in the visible spectrum,
leveraging a reversible electrochemically controlled phase transformation at biases less than 2V. This results
in a change in refractive index of 0.65 while maintaining a small absorption coefficient at blue wavelengths.
These properties, combined with measured diffusion coefficients on the order of 10-1* cm?/s and stable cycling
of lithium at high rates, enable this material system as a suitable platform for active modulation. Employed in
nanophotonic structures, this enables resonance tuning exceeding 100 nm. Employed as all-dielectric
metasurfaces, this material system could open new doors in applications such as anti-counterfeiting,

holograms, or tunable aberration correction.
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Chapter 5: Colloidal Fabrication of Hierarchical TiO2 Metasurfaces for Dynamic Color Tuning

5.1. Introduction

Having shown that electrochemical reactions are a powerful tool for generating permittivity changes in metal
oxides, | set out to address the barriers to practical implementation of this technology: speed, scalability, and
environmental stability. In this chapter, | evaluate hydrogen as a more agile ion for electrochemical modulation

of TiOz-based metasurfaces.

5.2. Background
Reducing the power consumption of electronic devices is a key element of the energy transformation required
to ensure global sustainability. In an age of ubiquitous access to information, reflective displays are a promising
low-power alternative to emissive displays for applications ranging from wearable devices and e-paper to
superlarge wall displays. Though the field remains fraught with challenges, major barriers to widespread
integration, including low brightness and limited dynamic range, may be surmounted through the development
of structural color technologies.** As opposed to pigmentation, structural color decouples perceived color from
intrinsic properties through engineered architectures.?*?*2 This dramatically expands the material selection

space to low-loss and environmentally durable substances with photobleaching resistance.

Metamaterials are a particularly attractive platform for structural color generation due to their high spatial
resolution and improved range of viewing angles. These subwavelength arrays of scatterers can be designed
for extremely high field confinement to maximize optical response to subtle stimuli according to first order
perturbation theory.??213214 While metallic resonators supporting a localized surface plasmon resonance
(LSPR) can be highly sensitive to changes in the dielectric environment, particularly when the modes are
geometrically confined,?4?% they also tend toward high dissipative losses at visible frequencies. In contrast,
dielectrics and semiconductors have wide bands of transparency and can support additional magnetic modes.®
The associated Mie resonances may be localized to the interior of a dielectric nanostructure, enhancing
sensitivity to internal changes in permittivity caused by electrical gating,?®-3%216 doping,?” or phase

transformations.3233

With a band gap of 3.2 eV, high refractive index (2.5 at 450 nm), and negligible loss throughout the visible
spectrum, titanium dioxide (TiO) is an ideal selection for efficient metasurfaces at visible frequencies?8-22;
however, there have been few demonstrations of the tunability required for reflective display technologies??
224 \Wu et al showed intensity modulation greater than 80% over 4 minutes of hydrogen ion implantation in
TiO; nanopillars??*, but the requirement for an inductively coupled plasma chamber prohibits practical device
integration. Alternatively, reversible hydrogen doping can be accomplished using electrochemical®?5-22° or

photochemical?®%-22 methods compatible with on-demand modulation.
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By compensating charge buildup with positive ions, electrochemical redox reactions circumvent Debye
screening to achieve high dopant concentrations at biases less than 2 V.343.233 |n prior work, we established
the efficacy of electrochemical methods for dynamic tuning of gap plasmon metasurfaces incorporating TiO-,
but the system was limited by switching speed and the atmospheric sensitivity of Li* electrolytes.?*> Here, we
leverage reduced diffusion path lengths in nanoparticles in conjunction with the higher diffusion
coefficient!®6.234 of hydrogen in anatase TiO, to enhance the speed and cyclability of a dynamic TiO;
metasurface fabricated via scalable colloidal processing methods. By forming hierarchical photonic structures
from pure TiO; nanoparticles, we also access photodoping mechanisms for all-optical switching capability,
circumventing the need for complex circuitry which can become preventative for very small, very large, or
three-dimensional devices. The system is completely reversible and incorporates environmentally-stable
electrolytes. The advantages of in-situ photochemical and electrochemical doping of TiO- are highlighted using
two forms of resonant cavity: the Fabry-Perot configuration for broadband response, and the all-dielectric
metasurface for extreme field confinement and modulation depth.

5.3. Experimental Methods

5.3.1. Nanoparticle synthesis

TiO2 nanoparticles were synthesized by controlled hydrolysis of titanium tetraisopropoxide (TTIP) (97+%,
Alfa Aesar) in deionized water adjusted with 0.1 M nitric acid (HNOg, Fisher Chemical) based on a procedure
by Prathapani et al?*%, which was originally modified from Choi et al?*®. 36 g of 0.1 M HNO3 was prepared
from stock solution in a round bottom flask suspended in an oil bath. While stirring at room temperature, 6 g
of TTIP was added dropwise to the acidic solution. Then, the temperature was raised to 80°C, where it was
maintained for 12 h before cooling to room temperature. Depending on the fabrication step, nanoparticles were
used as-is or diluted with 1-3 parts ethanol for processing.
5.3.2.  Nanoparticle characterization

To obtain crystalline phase information, nanoparticles were dried at 75°C in a vacuum oven and then annealed
in a tube furnace at 500°C for 30 minutes in air. Powder diffraction data was obtained using a Rigaku SmartLab
X-ray diffractometer with Cu Ka source. Optical absorption was evaluated using a Cary 5000 UV-Visible
spectrophotometer with a scan rate of 600 nm/min. To measure the response of nanoparticles to UV light, a
nanoparticle film was spin coated at 1000 RPM for 60 s onto an I1TO glass slide, then annealed for 30 minutes
at 500°C in air. The coated slide was inserted into a polystyrene cuvette, then the cuvette filled with glycerol.
For both the sample cuvette and the reference cuvette, the side facing the light source was covered with
polyimide tape with a 4 mm diameter hole as an aperture. Between measurements, the sample was illuminated
with a collimated beam of 365 nm UV radiation focused onto the 4 mm aperture. The UV illumination source
was a Thorlabs M365LP1 mounted LED 21.0 pW/mm?. For ellipsometry using a JA Woollam M-2000VI

spectroscopic ellipsometer, nanoparticles were spin coated directly on a cleaned glass slide to simplify analysis
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and modeling. Annealed TiO; thin films were analyzed using a two-layer physical model comprising the SiO;
substrate, and an effective medium approximation of a porous TiO layer with air-filled voids. TiO, was

represented as a Cody-Lorentz oscillator. 79180

5.3.3. Metasurface fabrication

Substrates for fishnet metasurfaces were prepared by sputtering 10 nm of ITO via RF magnetron sputtering at
room temperature from a target of 99.99% pure ITO in an AJA ATC-2200 sputtering system. The chamber
pressure was 5 mT with a deposition height of 110 mm under 20 sccm Ar. After deposition, films were annealed
by rapid thermal annealing at 500°C. To make simple Fabry-Perot nanocavities, 50 nm of metallic Ti was
deposited on a silicon wafer using electron beam evaporation in an Angstrom Amod multimode deposition
chamber. Then, a positive bilayer PMMA resist was applied via spin coating and baked at 180 °C for 90 s. The
fishnet structure was defined using a Raith eLine electron beam lithography system and developed in 1:3
MIBK:IPA. Following development, colloidal TiO, nanoparticles in DI water diluted with one part ethanol
were dropped on top of the structure. Excess material was removed by spin coating at 2000 RPM for 60 s and
drying at 150°C for 5 minutes. Liftoff was accomplished by sonicating in acetone for 10 minutes. Finally, the
structures were annealed at 500°C in air for 30 minutes.

5.3.4. Optical measurements

For reflectance measurements, samples were illuminated with a white tungsten halogen light source using a
50x objective and analyzed in a Horiba iHR320 spectrometer (300 lines/mm, blaze = 500 nm, 0.1 mm slit, 0.03
s integration time). Scans were averaged over three accumulations of the Horiba Symphony 11 silicon CCD
detector. Background spectra were acquired from a silver mirror. When required, electrochemical modulation
was executed using a Metrohm potentiostat in the presence of 0.1 M H.SO4in 50/50 DI water and glycerol by
volume. The counter electrode was Pt foil and the reference electrode was Pt wire. Reflectance spectra were
baselined in post-processing to clarify modulation depths.

5.3.5. Numerical simulations

Numerical simulations were executed using commercial software, CST Studio Suite 2020 using the finite
element frequency domain (FD) solver. Fabry-Perot nanocavities were analyzed using a full structure with
electromagnetic boundary conditions (Et= 0 at Xmin, Xmax; Ht: = O at Ymin, Ymax) in the frequency regime of 350
— 750 THz. Metasurfaces were analyzed using periodic boundary conditions in the frequency regime 375 —
1000 THz. In both cases, the background permittivity was 1.97, representing the average permittivity of a
50/50 volume-basis mixture of water and glycerol. Optical constants for TiO, and ITO were derived from
spectroscopic ellipsometry measurements. The complex permittivities of Ti was taken from Johnson and
Christy. 17

5.4. Results and Discussion

52



54.1.

Optical and electrochemical tunability of TiO2 nanoparticles

In this work, dynamic modulation of all-dielectric metasurfaces is achieved using electrochemical and photo-
induced doping methodologies, both compatible with on-demand switching of photonic devices. The
mechanism of electrochemical reductive doping is depicted schematically in Figure 30a. Electron transfer
from the cathode is compensated by the uptake of protons from the electrolyte, thereby reducing Ti* to Ti%*

according to the reaction??7:228.237
TiVO, + H* + & <> Ti"O)(OH"*)

where the process is easily reversed by applying a positive bias voltage to re-oxidize the TiO,, restoring the Ti

to its original valence state 222

While electrochemical switching operates on a pixel-by-pixel basis, optical addressing of arbitrary regions
may be enabled through photodoping, schematically illustrated in Figure 30b. In general, observed increases
in optical absorption are attributed to the photoexcitation of electron-hole pairs, where the hole is scavenged
by an adsorbate and the electron is compensated by reduction of Ti** to Ti®* via oxygen vacancy formation?30.231
along with potential incorporation of hydrogen in the anatase lattice.??* Here, glycerol is chosen a hole
scavenger due to its combined trapping energy and adsorption-induced surface dipole effect, which are
computationally determined by Valentin and Fittipaldi to be more effective than other organic scavengers.?®
The photoreduction process may be reversed by exposing the TiO. to oxygen®%Z! or pairing with

electrochemical oxidation for on-demand switching.
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Figure 30: Schematic representation of modulation strategies applied for dynamic tuning of colloidal TiO,
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metasurfaces. A) Electrochemical doping mechanism and potential pixel-by-pixel application in reflective
display; B) Photochemical doping mechanism, highlighting opportunities for optical addressing of arbitrary
patterns; C) Strategy for fabricating dielectric metasurfaces from colloidal solutions.

For effective optical addressing of dynamic metasurfaces, absorbance should be maximized by using TiO;
nanoparticles with radii on the order of the exciton diffusion length of anatase, approximately 3.2 nm.?%
Nanostructured electrodes are also known to exhibit enhanced rate capability in electrochemical devices.?*
Accordingly, hierarchical metasurfaces were fabricated from solution-based deposition of TiO, nanoparticles
as shown in Figure 30c. Briefly, a structure is defined in positive photoresist using electron beam lithography
(EBL). Following development, a colloidal nanoparticle solution is deposited into the pattern by spin coating
and dried thoroughly before liftoff. Unlike recent developments in nanoimprint lithography, this approach
avoids the incorporation of UV curable resins that may impede photochemical activity while still eliminating
the need for lengthy vacuum-intensive deposition methods and reactive ion etching. After liftoff, the films are

annealed at 500°C in air for 30 minutes.
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Figure 31: Characterization of TiO, nanoparticles. A) Tauc plot derived from UV-Vis absorption spectrum of
the colloidal TiO; suspended in water; B) X-ray diffraction of dried TiO, powder annealed at 500°C for 30
minutes in air, compared to PDF No. 154604 for anatase TiOy; C) refractive index of porous TiO: film
compared to dense TiO, particles, derived from ellipsometry using effective medium approximation; D)
changing extinction coefficient of porous TiO- film on ITO glass as a function of UV illumination time in the

presence of glycerol.
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Figure 32: Properties of colloidal TiO; thin films: a) atomic force microscopy scan of colloidal TiO, film
surface; b) UV-Vis measurement of changing absorbance as a function of UV illumination time for an 81 nm,
27% porous TiO: film on ITO glass

Anatase TiO; nanoparticles were synthesized through a one-step controlled hydrolysis approach modified from
a procedure described by Prathapani et al.?*® The resulting colloidal solution was opalescent, as shown in
Figure 31a (inset) and remained stable without coagulation for over 6 months. The bandgap was evaluated
using UV-Visible spectrophotometry to generate a Tauc plot (Figure 31a) from the absorbance of the colloid.
Fitting the curve below the band edge gives an x-intercept of 3.21 eV (386 nm), corresponding to a 10 meV
shift from bulk TiO,. Using the Brus equation to account for quantum size effects?36.24! suggests that the particle

diameter is about 9.6 nm, which is consistent with the AFM images in Figure 32.

Crystallographic information was acquired by executing x-ray diffraction (XRD) on an aliquot of solution
which was dried in an aluminum foil boat and subsequently annealed at 500°C for 30 minutes in air, yielding
a faintly yellow powder. The resulting diffraction peaks in Figure 31a closely matched powder diffraction file
No. 154603 for anatase TiO, and Scherrer analysis on the characteristic (101) peak reveals broadening

consistent with a crystallite size of 10.3 nm, in agreement with prior particle size measurements.
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Figure 33: Ellipsometry analysis of spin coated thin films. A) Raw ellipsometry data for measured psi value
and modeled result; B) Raw ellipsometry data for measured delta value and modeled result; C) AFM profile
of film edge and measured thickness.

Spectroscopic ellipsometry was used to extract the porosity and complex refractive index of undoped TiO, NP
films spin coated on glass and annealed at 500°C for 30 minutes in air. The porous dielectric was modeled by
an effective medium approximation of spherical TiO; inclusions interspersed with air-filled voids. Consistent
with other reports of annealed TiO,21%?? the dense TiO, component was best fit with a refractive index of 2.32
at 650 nm and negligible extinction throughout the visible spectrum (Figure 31c). In total, the composite film
was 81 nm thick with 27% porosity. Raw ellipsometry data is included in Figure 33a-b. In order to calculate
the dielectric function of such a film immersed in electrolyte, the Bruggeman effective medium approximation
was applied with an MSE of 5.37 assuming 27% porosity and a dielectric constant of 1.97 for a 1:1 mixture of
glycerol and water. For the composite film, we expect a refractive index of 2.07 at 650 nm, providing plenty
of index contrast against typical SiO; substrates with n = 1.5. Upon irradiation with 365 nm UV light at 21
uW/cm? the measured absorbance of spin coated TiO, NP films increases with illumination time (Figure 32b).
The change in extinction coefficient, k, can be calculated from the change in absorption, A, as k =
2.303*AA/(4nd),?*? where d = 81 nm as concluded from ellipsometry. The resulting curves in Figure 31 agree
with existing reports of hydrogen doped TiQ,.224230-232.243.244 The increase in k at longer wavelengths up to
0.078 at 700 nm is attributed to a combination of the Burstein-Moss effect, which appears the shift the band
gap and absorption edge as electrons fill the bottom edge of the conduction band, and a plurality of oxygen
vacancies compensating Ti®*.23024 The real part of the refractive index can be estimated from Ak through

Kramers-Kronig analysis, though the change was found to be negligible.
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Figure 34: Demonstration of dynamic tuning in simple Fabry-Perot cavities. A) Schematic representing setup
for opto-electrochemical measurements; B) FD simulation results for a pristine 135 nm TiO; film on Ti
backplane compared to a doped film using the extinction coefficient derived from UV-Vis spectrometry; C)
Experimental impact of photochemical doping by illuminating with 365 nm light in the presence of glycerol
over time; D) Experimental impact of bias voltage in the presence of 0.1 M H,SO4 electrolyte; E) optical
cyclability of dynamic tuning via electrochemical methods at different bias voltages; F) evolution of cyclic
voltammagram over 100 cycles at a scan rate of 50 mV/s; G) coloration and bleaching rates for electrochemical
doping with 0.6 V bias voltage.

5.4.2. Demonstration: Fabry-Perot Cavity
Having established the optical properties of anatase TiO, nanoparticles, their real-time spectral responses to
electrochemical and photochemical doping were measured using the setup in Figure 34a. In the first
embodiment, nanoparticles were spin coated onto a Ti metal backplane to form a simple Fabry-Perot resonator.
Since the second partial reflector is formed by index mismatch at the electrolyte interface, the broadband
reflection of this leaky cavity enables evaluation of performance throughout the visible spectrum. To establish
expectations for visible color tuning based on a change in extinction coefficient of 0.04 at 700 nm, finite
difference frequency domain (FD) simulations were executed using the experimentally determined dielectric
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functions. For the proposed Fabry-Perot geometry, doping reduces reflectance throughout the visible spectrum,
reaching a maximum expected decrease of 13.4%, at 700 nm (Figure 34b). The experimental results for a 365-
nm illumination of a 140 nm film on Ti are shown in Figure 34c. After 10 minutes of exposure in the presence
of glycerol, the experimentally determined decrease in reflection is 11% at 700 nm. Additional illumination

time yields diminishing returns, reaching 11.4% decrease after 20 minutes.

When the driving force for oxygen vacancy generation is electrochemical gating, the experimentally
determined change in reflection at 700 nm is 6.1% for -1V, 19.4% for -1.1 V, and 23% for -1.2 V, close to the
value theoretically predicted using the extinction coefficient measured by UV-VIS spectrophotometry. Since
the open circuit voltage measured in Figure 35 is approximately -0.5V vs Pt, potentiostatically setting the
voltage to -1.1 V corresponds to a voltage bias (AV) of only 600 mV. Similar to the case of photochemical
doping, the optical response saturates with biases more negative than -0.6 V. After 15 opto-electrochemical
cycles at potentials down to -1.2 V, there is only 2.7% loss in on-state reflectance, as evidenced Figure 34e;
however, greater biases may negatively impact energy efficiency. The outlying reflectance point in cycle 12
may be an artifact of excess hydrogen generation in the electrolyte, creating bubbles that scatter light. While
the device continues to return to its original optical state even after 15 cycles, charge consumed in the water
splitting reaction to create hydrogen gas detracts from overall device efficiency. This is resolved by limiting
bias voltage to only 0.6 V. When electrochemically cycled to a minimum voltage of -1.1 V vs Pt at 50 mV/s,
the device exhibits stable performance for over 100 voltammetric sweeps (Figure 34f). Coulombic efficiency
may be quantified by taking the ratio of areas beneath the oxidation and reduction peaks, which is 87% for the
100" cycle.
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Figure 35: Open circuit voltage for a) TiO,on Ti and b) TiO,0on ITO with respect to a platinum wire reference
electrode.
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Excellent cycling stability is attributed to the small atomic radius of the hydrogen ion, generating negligible
volume expansion upon intercalation into the oxide lattice. The same property enables fast switching speeds,
especially considering the short solid state diffusion lengths in the nanoparticle network. Other work has
established the diffusion coefficient of protons in TiO, as 2.7x10° ¢cm?/s 2% According to the equation, t =
L?/D, where D = 5 nm for the nanoparticle radius, the lower bound on switching speed of a diffusion limited
reaction would be 92 ps. The experimental coloration and bleaching times, defined at 80% of the minimum
and maximum reflectance values, respectively, are shown in Figure 34g. The coloration time for a bias of 0.6
V was 3.5 s, while the bleaching time was less than 0.5 s. These rates offer substantial rate enhancement over
similar systems hinging on lithium ion intercalation.3*2'> The switching time could be further optimized toward
the theoretical lower bound by introducing conductive additives into the nanoparticle film to reduce charge

transfer resistance.
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Figure 36: Performance of dynamically tunable TiO, metasurfaces. A) Schematic of modified fishnet
metasurface; B) results of FD simulation for modified fishnet with period ranging from 325 nm to 425 nm,
before and after doping; C) electrical (top) and magnetic (bottom) field distributions for resonances in
simulated metasurface with 400 nm period; D) effect of 365-nm illumination of experimentally fabricated
metasurfaces with 350 nm and 400 nm period in the presence of glycerol; E-F) microscope images and
baselined reflectance spectra for experimentally fabricated metasurfaces before and after applying 0.7 V bias
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with respect to Pt foil in 0.1 M H2SO4 electrolyte; G) SEM image of fabricated metasurface acquired at 5 kV;

H) coloration and bleaching rates for electrochemical doping with 0.7 V bias voltage; 1) optical cyclability of
dynamic tuning via electrochemical doping at 0.7V bias.
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Figure 37: Current density in response to an instantaneous potential step of (blue) -1.2V vs Pt, or 700 mV
bias, and (red) -0.5V vs Pt, or -0.04 V bias.

5.4.3. Demonstration: All-dielectric metasurface

Due to the strongly confined electric fields in resonant structures with high quality factors like all-dielectric
metasurfaces, small changes in absorption can be leveraged for significant damping of transmission or
reflection. While the Fabry-Perot cavities were a useful verification of intrinsic material properties, the lifetime
of light in the cavity should be increased to achieve extreme color tuning. By structuring the nanoparticle films
into a fishnet metasurface (Figure 36a), we expect to achieve modulation depths up to 70% in the visible
spectrum. Figure 36b shows the simulated reflectance of modified fishnet structures comprising TiO, NPs
with 100 nm bar width, 200 nm bar height, and periods ranging from 350 — 400 nm on a 10 nm layer of ITO
for electrical contact. For each period, simulated field distributions in Figure 36¢ reveal that the larger peak at
longer wavelengths is associated with an electric dipole, while the extremely narrow peak comes from a
magnetic dipole. For the experimentally fabricated metasurfaces in Figure 36d, the resonance red shifts with
increasing period due to reduced coupling between parallel resonators; however, the measured intensities are
lower than predicted due to nonuniformities in bar height throughout the spin coated structure. For a 400 nm
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period, exposure to 365 nm illumination in the presence of glycerol results in 65% damping after 1 minute,
increasing to 72% damping after 10 minutes. For a metasurface with 350 nm period, the resonance is 53%
damped after 1 minute, and 74% damped after 10 minutes. It is important to note that the majority of damping
action occurs within the first minute of illumination. The damping may exceed expectations due
electromagnetic field enhancements by higher order modes at ultraviolet frequencies, improving absorption
and photochemical activity??*. The results of real-time opto-electrochemical experiments are included in
Figure 36e-f for the fabricated metasurfaces in 0.1 M H2SO4. A 700 mV bias was chosen to account for
increased overpotential caused by the high resistivity of a 10 nm ITO current collector. In the top right corner
of each plot, an optical micrograph is included to show the perceived color of the 100-pum square array before
doping. After electrochemical doping, the modulation depths for metasurfaces with 350 nm and 400 nm periods
are measured at 72%, and 64%, respectively, exceeding computationally determined expectations. Figure 369
shows an SEM image of an actual metasurface prepared by colloidal fabrication with 400 nm period. This
device demonstrates nearly perfect cyclability, retaining 99% of the original reflectance in the off state after
10 cycles (Figure 36h), with a coloration and bleaching time of approximately 1 s (Figure 36i). Despite higher
resistance in the thin 1TO current collector, improved speed over the Fabry-Perot configuration may be the
result of enhanced ion mobility at the electrolyte interface of the structured electrode. While there is still room
for optimization, electrochemical switching via hydrogen doping is an ultralow power process suitable for eco-
friendly reflective displays. Analysis of the current response to a sudden change in bias (Figure 37) reveals a
peak current of 26.6 uA/cm? for reduction, and 11.6 pA/cm? for oxidation. Since energy is stored during the
reduction process and spontaneously released during oxidation, as with discharging a battery, the peak input
power is 26.6 pA/cm?x 0.7 V, or only 18.6 pW/cm?,

5.5. Conclusions

Having achieved modulation depths from 64-74% across the visible spectrum, both electrochemical and
photochemical doping are powerful mechanisms for on-demand switching of all-dielectric TiO, metasurfaces
in practical device configurations. The fabrication method avoids lengthy vapor-phase deposition processes
without sacrificing cycle life and can be switched on the order of 1 s. With an ultralow power density of 1.1
uW/cm? for color modulation, this system is a compelling platform for next-generation dynamic reflective

display technologies.

Chapter 6: Conclusion

6.1. Summary

Energy storage is just one element in a comprehensive approach to the mitigation of greenhouse gas emissions.
In this dissertation, | investigated phenomena underlying engineered devices which change the way we

generate, distribute, and use energy, all connected by systematic analysis of mass transport in electrochemical

62



cells.

First, | probed the weak points of promising alternative-ion battery chemistries that utilize elements with higher
abundance than Li in the Earth’s crust. For magnesium ion batteries, progress was inhibited by poor
understanding of transport and plating from multivalent ion electrolytes. In Chapter 2, | used the
experimentally determined diffusion coefficient for Mg?* in 0.1M Mg(TFSI), in classical electrochemical
expressions for the limiting current density and Sand’s time to map the morphological space of Mg metal
electrodeposited as a function of current density. | brought attention to the shifting balance between kinetic
and mass transport control which resulted in nonequilibrium three-dimensional growth after extended plating
durations. In Chapter 3, | turned my attention to low-cost sodium ion batteries, which are limited by the
availability of anode materials with high energy density and sufficient durability to withstand repeated
incorporation of sodium ions, which have Shannon ionic radii 34% larger than Li* 2% | evaluated the possibility
of directly upcycling Pb alloys from LABs as anode materials for sodium ion batteries, and discovered a way
to tune the power and cycle life by applying heat treatments to redistribute the initial phase distribution of Pb
and Sh. | used GITT to show that solid state diffusion was enhanced along phase boundaries in aged, recycled
alloys. Further, | found that finer phase distributions self-assembled into finer ligaments in the presence of
diglyme electrolytes, leading to improved rate capability. In this way, | showed that the balance between power

and cycle life could be optimized using different heat treatments to redistribute the original alloy phases.

Having applied principles of mass transport to improve power delivery of batteries, | then leveraged similar
design strategies to reduce power consumption of tunable photonic devices. In Chapter 4, | revealed that Li*
intercalation in anatase TiO- generates a large change in refractive index of 0.65 at 650 nm with low loss at
blue wavelengths; however, switching speeds on the order of 50 seconds for 100-nm thick films impede
practical application. Unable to change the diffusion coefficient for Li* in sputtered TiO,, | designed a gap
plasmon metasurface to overlap strong electric fields within a 20-nm thin film of anatase TiO». This reduced
both the diffusion length and reaction volume to achieve switching in only 7 seconds at a peak power density
of 34 pW/cm? Compared to CRT displays which consume over 250 mW/cm? this work establishes

electrochemical actuation as a promising platform for reflective display applications.

While the lithiation of TiO; introduced a compelling method for broadband tunability of visible metamaterials,
the switching rate was limited by diffusion of lithium through solid dielectric films. In Chapter 5, I used TiO>
nanoparticles to fabricate all-dielectric metasurfaces which were electrochemically tuned to modulation depths
up to 72% in water-based electrolytes with sub-volt biases. By swapping lithium for the smaller protons and
using nanoparticles with approximately 10 nm diameter, switching speed was further reduced to ~1 s, with
ultralow power consumption of only 1.1 pW/cm?. Further, the nanoparticles respond to ultraviolet illumination,

enabling optical addressing of large-format devices without the need for complex circuitry.

6.2. Outlook for next-generation energy storage
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Despite the environmental and economic advantages of Na and Mg as earth-abundant metals for next-
generation battery systems, both technologies face substantial barriers to widespread commercialization. For
Mg the major barriers are related to the increased electronegativity and sluggish transport of the divalent Mg
ion. This complicates the development of electrolytes and high-voltage intercalation compounds that allow the
fast and reversible migration of Mg?*.246247 My work further destabilizes the future of Mg batteries by directly
connecting sluggish transport to three-dimensional growth and internal shorting events, dispelling rumors of
flat growth and intrinsic safety.***> For sodium, the major barriers are related to energy density and cycle
life.#® 1 have demonstrated the opportunity to further reduce costs by using low-purity, low-cost anode
materials with tunable performance, but long-term cyclability remains a challenge. In other work from the Pint
group, Dr. Adam Cohn circumvented the drawbacks of high-expansion anode materials altogether through in-
situ plating of sodium metal from the cathode directly onto the current collector, further reducing costs and
increasing energy density.?*® Regardless of which emerging energy storage chemistries become commercially
viable, the increasing dominance of secondary batteries comes with increasing urgency to innovate in the field
of battery recycling. Of the existing methods, direct recycling methods consume 78% and 86% less energy
than hydrometallurgy or pyrometallurgy, respectively; however, the process is complicated by the presence of
binders, conductive additives, and reactive liquid electrolytes found in commercial batteries.?> To achieve a

truly sustainable life cycle for secondary batteries, they should be designed for recyclability from the ground

up.

6.3. Outlook for low-power photonics

Electrochemical methods for modulation of metamaterials are powerful because they can enable coordinate
transformations of the resulting phase profile and/or generate massive permittivity changes in constituent
materials through a combination of electrical gating and phase change mechanisms. To-date, they have been
applied using electroplating®®::252, electrochromic polymers?%2-25 and intercalation in metal oxides?®®2¢2, but
most demonstrations have resulted in insufficient modulation depth, poor cyclability, or slow switching speeds.
The ideal material for electrochemical modulation might undergo a fast, highly reversible phase change from
an insulating to metallic state with an epsilon near zero (ENZ) point in the range of interest. With these
guidelines in mind, there is still a vast design space for exploration of optical transformations in other redox-

active materials.

6.4. Future directions
In the work chronicled here, | developed an expertise in electrochemical energy storage which | then applied
to the dynamic modulation of optical metamaterials. In the future, I think there are exciting opportunities to
address the multi-scale challenge of sustainable energy storage by applying photonics to the understanding and
enhancement of electrochemical systems; for example, integrating optical sensors with batteries to measure

materials properties (e.g. volume change) or cell-level properties (e.g. temperature). Further, since
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electrochemical cells are multiscale systems influenced by elastic, thermodynamic, diffusional, and electrical
processes, there may be a path toward a new class of metamaterials called “electrochemical metamaterials” to
separate and guide ionic species as in fuel cells, batteries, electrocatalysis, electroplating, etc. As we continue
to push the boundaries of what is possible with electrochemical methods, there is plenty of room for innovation

at the intersection of electrochemistry and photonics.
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