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ABSTRACT

INSIGHT INTO ALTERNATIVE BATTERY TECHNOLOGIES USING 3D
CONFIGURATIONS, PROTECTIVE COATINGS, AND CHARACTERIZATION OF

RESISTIVE PROPERTIES

The omni presence of lithium-ion batteries (LIBs) have revolutionized the modern world
due to this technology’s implementation as an energy storage device in smart phones, wearable
electronics, and electric vehicles. Lithium-ion batteries are well suited for these applications owing
to the light weight of these systems and their ability to store a large amount of charge. For these
reasons, LIBs are classified as energy dense systems, which describes the amount of energy a
technology can store per unit mass. A battery metric where LIBs struggle in terms of performance
is power density, or the amount of power a technology can produce per unit mass. These systems,
also, require expensive feedstock materials that are geographically isolated which has profound
impacts on economics and supply chain considerations for LIBs. Thus, if rechargeable batteries

are to continue to advance, alternative battery configurations and chemistries must be studied.

Chapter 1 describes the field of LIBs, in terms of the advantages and disadvantages of this
technology. This discussion is followed by brief mentions of some of the champion materials found
in the anodes, cathodes, and electrolytes currently implemented in LIBs. The discussion on the
champion materials for LIBs also covers the drawbacks of each material, and ways in which future
investigations can improve their performance. This is then followed by a section which highlights

how alternative battery configurations and chemistries can address some of the inherent
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disadvantages of the LIBs system. This chapter concludes with a discussion on some important

soft skills the author learned during the completion of this degree.

Chapter 2 covers the development and advances made in the field of 3D batteries. This
chapter begins with an introduction of the 3D battery field and includes a section which discusses
the current advances made in the literature. This is then followed by a discussion on the
computational advances made in the field of 3D batteries, where there is a critical need to develop
digital twins of 3D batteries to better understand the chemo-mechanical dynamics of these complex
systems. The following portion of this chapter covers the development of 3D batteries through the
lens of critical performance metrics, being power density, energy density, and cyclability and
scalability. For 3D batteries, this chapter identified that improvements in energy density is the area
where further advances are most needed. Finally, this chapter discuss efforts being made in

industry toward the commercialization of these 3D battery systems.

Chapter 3 covers an investigation into the fundamental effect of a polymer protective
coating, cyclized-polyacrylonitrile (cPAN), on the Na-ion (de)insertion chemistry of antimony-
based anodes in sodium-ion batteries (NIBs). This investigation was able to determine that the
cPAN coating had the most pronounced effect on the early cycle (cycles 1-10) Na-ion (de)insertion
chemistry of the antimony-based anodes. The interfacial resistance was, also, diminished by the
presence of the cPAN protective layer which implies that the cPAN helps to facilitate Na-ion

transport at the electrode-electrolyte interface.

Chapter 4 discusses a practical and beginners’ approach to the learning electrochemical
impedance spectroscopy (EIS) for rechargeable batteries. This chapter begins with a simple
deconvolution of the EIS acronym, such that the reader has a deeper understanding of how each

component of the acronym combines to create this technique. The chapter continues by discussing
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how to preform both qualitative and quantitative EIS analyses on rechargeable batteries, and

finishes with a discussion on the EIS specifics of rechargeable battery systems.

Chapter 5 covers the future areas in which the work presented in Chapter 3 can be extended.
In particular this chapter discusses the critical need to quantify the SEI products of a cPAN coated
antimony electrode, as early cycle numbers, and ways in which cPAN can be applied to high

surface area substrates to ideally formulate a 3D sodium-ion battery.
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CHAPTER 1: Introduction

1.1 Rechargeable batteries, what are they and how do they work?

Since the development of the lithium-ion battery (LIB) by Whittingham, Yoshino, and
Goodenough, LIBs have become an omnipresent part of the modern world. This technology is
usually found in consumer electronic devices such as smartphones, wearables, and electric vehicles
(EVs). Given the ubiquity of smartphones and the increase in the number of EVs on today’s roads,
it is no surprise that the market for LIBs is quite large. Specifically, the global LIBs market is

about $54.6bn/year and should only grow in value as more EVs hit the road.!

A LIB is classified as a rechargeable (or reversible) electrochemical energy storage device,
where charge (in the form of Li" ions) is stored within the lattices of solid-state electrode materials.

A traditional LIB, as seen in Figure 1.1, consists of an anode (graphite), a cathode (lithium cobalt

Charge

Cathode:
Li,CoO,

Anode:
Graphite

Key:
O =Li*

‘_ =
Redox
event

electrolyte (ex. EC/DEC 1 M LiPF)

Separato

Figure 1.1: Schematic representation of a lithium-ion battery during the charge process. The anode material
is graphite, the cathode material is lithium cobalt oxide (LixCoO2), the electrolyte is a formulation of 1 M
lithium hexafluorophosphate (LiPF¢) in ethylene carbonate (EC) and diethyl carbonate (DEC) in a 1:1 ratio by



oxide aka LCO), and a liquid organic electrolyte. Electrolytes in LIBs are usually formulated with

carbonate-based solvents and lithium salts (e.g. LiPF¢ or LiC104).2

When a LIB is being charged the graphite anode is negatively polarized, and the positively
charged Li-ions travel through the electrolyte toward the anode due to electrostatics. The Li-ions
are inserted into the lattice of the graphite anode, where they can be stored. Due to the
electrochemical requirement of charge balance, as Li-ions are inserted into the anode they must
also be removed from the cathode at the same time. This process occurs until the anode has
accepted as many Li-ions as is physically possible for the graphite anode. At this point the battery
is classified as being fully charged. When the battery is discharged, Figure 1.2, the ions travel

toward the LCO cathode.

Discharge

Anode:
Graphite

Separato electrolyte (ex. EC/DEC 1 M LiPFy)

Figure 1.2: Schematic representation of a lithium-ion battery during the discharge process. The anode material
is graphite, the cathode material is lithium cobalt oxide (LixCoOz), the electrolyte is a formulation of 1 M
lithium hexafluorophosphate (LiPFs) in ethylene carbonate (EC) and diethyl carbonate (DEC) in a 1:1 ratio by
volume.

This process can be thought of as the “downhill” reaction, where it is more energetically favorable

for the Li-ions to reside in the lattice of the LCO cathode compared to the graphite anode. As ions



are inserted into the LCO cathode, ions are removed from the graphite anode, once again to
maintain charge balanced in the electrochemical system. As ions are removed from the graphite
anode, electrons are generated and are shuttled into the external circuitry of the system. The
electrons generated from the removal of Li-ions from the anode are used to do work (i.e., the

electrons generated from the removal of ions from the anode are what powers a cell phone).

Since LIBs are classified as an energy storage device, the total amount of energy stored by
these systems is incredibly important. To gauge a LIBs ability to store charge, investigators must
assess both the operating voltage and specific capacities of the battery and electrode materials,
respectively. The operating voltage defines the total amount of energy that can be stored by the
battery. A battery with a high operating voltage allows the systems to release more stored energy
than if the operating voltage was smaller. LIBs, for example, generally have a high operating
voltage (roughly 3 V) which is one of the reasons this system is often applied as the energy storage
device in portable electronics. The specific capacity of the electrodes provides insight into the
amount of charge each electrode can store (with units of mAh/g or C/g). This metric is a crucial
proxy for the energy a battery can provide, as the amount of charge each electrode can store is
directly related to the amount of energy the battery can provide. Batteries that cannot store a lot of
energy will require lots of recharging, making them ineffective for commercial application.
Another important metric to gauge the performance of a battery is to understand how the battery
behaves when cycled at a very high rate. This metric is classified as the rate performance and has
profound implications on the amount of power a battery can provide. A battery that can provide
high power is crucial for applications where a quick release of energy is needed (e.g. batteries in
electric vehicles). Batteries with poor rate performance lead to systems with slow charge and

discharge times, limiting the amount of power the system can provide. Finally, the interfacial



stability of the interfaces within a battery is critical to understand if a battery is to perform well.
The significance of the interfacial stability arises due to the various detrimental side reactions that
occur between the electrodes and the electrolyte as the battery is cycling. For the anode, reactions
with the electrolyte in LIBs form an interfacial layer termed the solid-electrolyte interphase (SEI)
which has profound effects on the cycling performance of the battery. Poor interfacial stability in
a battery has profound effects on the energy and rate performance of the battery and can lead to

premature death of the system.

Another performance metric important for LIBs is associated with the safety of these
systems. The safety concerns relate to the flammability of LIBs, which results from the volatility
of the organic solvents traditionally used in the electrolyte.> These constituents can ignite from
physical penetration of the battery or thermal runaway of the system and are compounded by the
oxygen rich LCO cathode, functioning to fuel the fire. The result of these factors is that if a LIB
catches fire, it will burn for a long time. An example of this can be found in the experience of TV
presenter Richard Hammond. In 2017, Hammond was participating in a hill climb challenge and,
unfortunately, crashed an electric supercar. The car shortly ignited and although Hammond was

able to escape, the car burned for five whole days.*

Despite these safety concerns, the LIBs technology has become ubiquitous in the modern
world due to the system’s ability to reversibly store a high amount of charge with low weight.
Current LIBs systems have decent rate performance and have been optimized to control the
interfacial interactions between the electrodes and the electrolytes. The next section will discuss
the materials currently included in LIBs, as well as ways in which these materials can be
manipulated/changed to improve the energy, rate performance, interfacial stability, and safety of

LIBs.



1.2 Current materials in lithium-ion batteries, and ways to improve them

Cathodes

Cathode materials in a LIB are classified as the positive electrode during the charge process
(Figure 1). These materials must have high operating potentials to ensure a large voltage window
for the battery and must also store Li-ions reversibly, participating in both oxidative and reductive
reactions with Li-ions. As mentioned above, LCO is the traditional cathode material used in LIBs,
and generally has the chemical formula of LixCoO,.> The layered rock salt (isostructural to a-
NaFeO,) structure has edge sharing [CoOs] octahedra which link to from sheets of CoO», which
are separated by sheets of octahedrally coordinated lithium ions.® These lithium ions can travel via
two-dimensional pathways, which allows for the insertion (intercalation) or removal
(deintercalation) of Li-ions from the CoO> sheets.>® Equation 1.1 displays the reversible Li-ion

(de)intercalation reaction from/to LCO.

LiCo0, & Li,Co0y, + (1 —x)Lit + (1 — x)e” (1.1
The presence of the LixCoOz in the right-hand side of Equation 1 indicates that the Li-ions
are not fully removed from the cathode structure during deintercalation.” This results from the
increased electrostatic repulsion from the CoO> sheets that act to bind some percentage of the Li-
ions within the cathode structure.® The stability of the layered LixCoO: structure during
deintercalation provides for a wide voltage window (up to 4.25 V) for this material.® The high
operating voltage and reversible (de)intercalation chemistry are reasons behind LCO vast

application in LIBs.

There are, however, some disadvantageous aspects of the LCO system for LIBs cathodes.

First and foremost, the feedstock materials for the LCO system are expensive and geographically



isolated.” Cobalt is quite expensive with a price point of $22,044/ton and is mostly mined in the
Democratic Republic of the Congo.!® These aspects of this material combine to greatly affect the
environment and people who live in this region due to the economic factors driving the
consumption of these materials.!! In addition to the broader downsides to using LCO cathodes,
this system also suffers from intrinsic properties of the material; such as the low electrical
conductivity of LCO and its sluggish ion diffusion kinetics (5x10° ¢m? s!), which lead to poor

rate performance for this cathode.’

Given the disadvantages of the LCO cathode system, much work has been conducted in
the field aimed at improving this system to be cheaper and have better rate performance. A
common approach toward doing so is by substituting a certain percentage of Co from the LCO
structure with different transition metals. There are a plethora of systems like this, however this
discussion will focus on lithium nickel manganese oxide (LiNi,MnyCoi-,-yO, or NMC).® This
system reduces the extent of Co incorporation by substituting for certain percentages of Ni and
Mn. The Ni also participates in several redox reactions (Ni**/Ni** and Ni**/Ni*"), which helps to
improve the achievable capacity of the system.!? High Ni content NMC, like LiNigsMno.1C00.102
(NMC-811), has been shown to provide excellent rate performance and capacity (roughly 210
mAh g, even at 3.8 V.!* The high Ni content NMC, however, suffers from poor cycling stability
when cycled to 4.2 V due to parasitic interactions with the electrolyte and dissolution of the
transition metals from the NMC cathode.!'*!> Modifications of the surface of the NMC particles
are a viable approach toward mitigating the poor performance of high Ni content NMC at high

voltages.

A straightforward approach to the surface modification of high Ni content NMC is to use

atomic layer deposition (ALD), which is a vapor-phase deposition technique with precise control



of the deposited chemistry, traditionally a metal oxide. This control arises from the fact that ALD
leverages self-mediated surface reactions between precursor gasses and the substrate, which are
cycled to achieve the desired thickness of the deposited coating.!'® Concerning NMC cathodes,
work in the field has been conducted which demonstrates improvements in the capacity and rate
performance in high Ni content NMC via Al,O3 and ZrPOy coatings.!*!7 These coatings serve to
passivate the surface of the NMC cathode, which improves the interfacial stability at this electrode

and helps reduce the amount of metal dissolution from the cathode into the electrolyte.
Anodes

Anode materials are classified as the negative electrode during the charge process. These
materials must have a low operating voltage, to ensure a large voltage window for the battery.
Traditionally, graphite is used as the anode materials in LIBs because it can stably and reversibly
store Li-ions between the carbon layer sheets within the electrode for many cycles.'® These aspects
of graphite are the reasons behind this material’s vast implementation in commercial LIBs.

Equation 1.2 displays the electrochemical (de)intercalation reaction of graphite with Li-ions.

Co+Lit+e” o LiCq (1.2)

Graphite has a theoretical specific capacity of 372 mAh g1, which is rather low for anode
materials.!® This low theoretical capacity can be visualized in the right-hand side of Equation 1.2,
where six units of graphite are required to store one Li-ion. Also, graphite has sluggish Li-ion
diffusion kinetics, where the Dy for graphite is on the order of 1012-10"'* cm? s1.1% As such,
graphite is that it is not able to store high quantities of charge (affecting the amount of energy that

can be stored) and struggles with rate performance.?



Given the desire to increase the energy density of LIBs, the field is aimed at developing
novel anode materials which can store more charge than graphite. One such class of materials is
called conversion electrode materials. Conversion electrode materials are classified as materials
that store charge (in the form of active ions) through the formation of a new phase between the
active ion and the host material. The canonical example of these materials is Si, where Equation

1.3 shows the (de)lithiation reaction of Si with Li-ions.

4Si + 15Li* + 15e~ © Li;sSi, (1.3)
Through this equation, 3.75 equivalents of Li-ions are stored per one unit of Si in the anode.
This feature of Si conversion electrodes provides Si with a theoretical specific capacity of 3579
mAh g!, almost ten times greater than graphite.?! The implication of this high theoretical capacity
for LIBs means a significant increase in the energy density of the battery. Implementation of Si
conversion anodes in LIBs is an incredibly popular and attractive approach toward improving the

energy density of this battery technology.

Conversion anode like Si have serious drawback concerning the cycling stability of these
systems. When Li-ions are reacted with Si a new crystallographic phase of lithium silicide (Li5Sia)
is formed (Equation 1.3). The change in phase of the anode from Si to Lii5Sis causes a change in
the unit cell volume of roughly 300%.2! The result of this large amount of volume expansion is
mechanical breakdown and fracturing of the Si electrode material. The mechanical pulverization
of Si electrodes leads to unfavorable interactions with the electrolyte and loss of contact of the
active material to the current collector; both of which contribute to a dramatic drop in the
achievable capacity of the anode as it is cycled.?? These factors lead to poor cycling stability of Si

electrodes as anode for LIBs.



Given the potential to increase the energy density of LIBs through the inclusion of Si
anodes, significant work in the field is aimed at improving the cycling stability of this system.
Investigators have studied the effect of nanoparticle (NP) Si electrodes and the formulation of
silicon-carbon (Si-C) composite materials on the cycling stability of Si. The benefit of using NP-
Si is that the NPs can alleviate the mechanical stresses of the inherent volume expansion Si when
it stores Li-ions.?® Various studies have shown that the application of NP-Si in carbon composite
electrodes greatly improves the cycling stability of Si anodes.?** This is done by applying a
conductive coating as a shell for a NP-Si core, or by including NP-Si in a high surface area carbon
matrix during processing.?? The improvement in the cycling stability if Si anodes through nano-
structuring has led to industrial efforts toward the commercial implementation of Si anodes in
LIBs. Companies such as Sila Nanotechnologies, Amprius Technologies, and Enovix are making

progress in this respect.

An alternative system, the Li-metal anode, can store more charge than Si conversion

electrodes by leveraging the Li/Li" plating/stripping reaction (Equation 1.4).

Lit+e oLi (1.4)

The energy related to this redox reaction (-3.04 V vs. NHE) provides Li-metal anodes with
a theoretical specific capacity of 3860 mAh g!.26 While Li-metal anodes have the highest
theoretical capacity, the system suffers from extremely unstable cycling under standard conditions
several reasons. Firstly, the ductility of Li-metal results in a rough surface which leads to the
localization of current density at specific points, which causes the formation of Li-dendrites.?® Li-
dendrites irreversibly consume the Li in the battery which can cause a short circuit and have
produce profound safety implications.?’?8 Secondly, Li-metal anodes are extremely reactive with
traditional liquid electrolytes which results in the excessive formation of the solid-electrolyte
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interphase (SEI). This excessive SEI formation depletes the Li-content in the cell and leads to an
increase in the interfacial resistance at the anode-electrolyte interface.?’ The reactivity of Li-metal
anodes with organic liquid electrolytes indicate that these two materials are incompatible in a LIB.
To address this incompatibility, researchers have been studying the compatibility of solid-state

electrolytes (SSEs) with Li-metal anodes.

Similar to the Si system, the LIBs research field is focused on ways Li-metal anodes can
be stabilized to improve cycling performance of this anode system. A popular approach toward
doing so is increasing the pressure applied to the battery, particularly for all solid-state battery
(ASSB) systems.?’ Increasing the stack pressure applied to a Li-metal ASSB cell functions to
improve the uniformity of the electric fields driving Li-transport in the battery, and the contact

between the current collector and the Li-metal active material.?

Although the interactions between each battery component affects performance, the
interactions between the anode and the electrolyte can affect the battery for better or for worst. The
next section will cover electrolytes, and how their composition and reactivity can affect battery

performance.
Electrolytes

Electrolytes in a LIB are the media in which Li-ions can travel between the two electrodes
in the cell. An electrolyte must be an electric insulator to mitigate short circuiting between the
anode and the cathode. High ionic conductivity is advantageous in an electrolyte, so that there is
little resistance related to the movement of ions through this media. Traditionally, organic
electrolytes are used in LIBs due to their high ionic conductivities and low electric conductivity.?

These electrolyte formulations generally use carbonate-based solvents like ethylene carbonate
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(EC), diethyl carbonate (DEC), or propylene carbonate (PC) with lithium containing salts like
lithium hexafluorophosphate (LiPF¢) or lithium perchlorate (LiClO4). Electrolytes formulated
using lithium salts and carbonate-based solvents have ionic conductivities on the order of 103 S

cm!.2

While the ionic conductivity of organic liquid electrolytes is quite high, these systems are
unstable and decompose as a battery is cycling. This instability arises from the potential window
used for LIBs cycling being outside of the electrochemical stability window of organic liquid
electrolytes.?” The result of the discrepancy between the potential window of battery cycling and
the electrochemical stability of the electrolyte leads to reduction of the electrolyte components at

the anode, which produces the SEI.

The formation of the SEI is inherent to any battery system where the electrolyte
electrochemical stability window is inside the potential window of cycling. Formation of the SEI,
compositionally speaking, comprises both organic and inorganic phases.>® The characterization of
this interphase is extremely challenging and requires the use of various, complementary,
characterization techniques like XPS in conjunction with mass spectrometry.’! The SEI
passivation layer has a profound effect (for better or worse) on the performance of a LIB.> An SEI
layer, if behaving optimally, will be a very thin layer that is electrically resistive, ionically
conductive, and robust enough to remain intact during cycling. The result of an optimally
functioning SEI is a battery that can cycle stably without deleterious side reactions associated with
electrolyte degradation. If behaving detrimentally, the SEI can irreversibly consume Li-ions from
the bulk electrolyte which can increase the resistance of this layer.*? In addition, it can reform as
the battery is cycled which results in more irreversible reactions consuming Li-ions and increasing

the resistance of the SEI layer.*
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Given the ubiquity of the SEI on anodes in LIBs with organic liquid electrolytes, serious
efforts have been made in the field to understand ways to improve the stability of the as-formed
SEIL. These approaches generally use sacrificial electrolyte additives that reduce onto the anode
surface prior to the reduction of the constituents of the bulk electrolyte. Two of the most popular
sacrificial additives used in liquid organic electrolyte formulations are fluoroethylene carbonate
(FEC) and vinylene carbonate (VC). These additives, in their own respects, clearly show an
improvement the stability of the SEI and in the performance of a battery in which these additives

are applied.>*3’

Organic liquid electrolytes, with sacrificial additives, are commonly applied in commercial
LIBs. These electrolyte systems still suffer from profound safety concerns related to the volatility
of the organic solvents in these electrolyte systems. To mitigate these concerns, significant effort
are being made in the battery field to develop solid-state materials that can function as the
electrolyte in LIBs. These materials are classified as SSEs (solid-state electrolytes) and can be
formulated via myriad different materials. Inorganic SSEs are multinary systems which contain
ion channels in which Li-ions can travel.>® The original example of an inorganic SSE is lithium
phosphorous oxynitride (LiPON) with a general chemical formula of LixPOyN,.> LiPON SSE is
not flammable and is electrically insulating enough to negate short-circuiting of the cell, making
it a significantly safer electrolyte than traditional liquid organic formulations .*® SSEs are well
suited to serve as electrolytes for Li-metal systems, owing to the hypothesis that the mechanical

properties of the SSE can alleviate the formation of Li-dendrites at the Li-metal electrode.?’

Despite the advantages of LiPON, this system has an incredibly low ionic conductivity for
Li-ions on the order of 1076 to 10®* S cm™.3*8 Low ionic conductivity of LiPON leads to poor rate

performance for the system in which the SSE is applied. However, sodium super ionic conductors
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(NASICON) can provide significantly higher conductivities than LiPON on the order of x10™* to
x1073 S em™.3¢ The high ionic conductivity of NASICON materials have the potential to make a
massive impact on LIBs, as these ionic conductivity values are on the same order of magnitude as
traditional liquid electrolyte formulations. These NASICON materials generally have the chemical
formula of AMM 'P3012, where 4 is an alkali ion or alkaline earth metal ion (e.g. Li* or Na*, Mg?*
or Ca?"), M and M’ are sites occupied by multi-valent transition metals (e.g. Zn?', Ti*', or V°")
which can aid with charge balancing in the lattice.*® The high ionic conduct ivies in these materials

results the ability of the 4 cation to migrate in multiple dimensions.®

Although SSEs can provide for safer batteries and, in the case of NASICON materials, can
also have high ionic conductivities, there is one aspect of these systems that still needs to be
addressed. The contact resistance, or the interfacial resistance between solid-state electrode
materials and SSEs, in batteries with SSEs can be quite high, serving to decreases the efficiency
of Li-ion (de)insertion and can increase the overall ohmic resistance of the cell.*® This issue can
be mitigated by increasing the stack pressure used in fabrication of an ASSB, however the
interfacial resistance between the SSE and the electrodes can still have a deleterious effect on

battery performance.*

Even though the current materials used in LIBs can still be improved, the LIB technology
is clearly very functional and applicable to modern electronic devices. In the energy storage field,
LIBs are classified as being energy dense. This performance metric has units of Wh/kg (Wh=J)
which is the measure of the amount of energy that can be stored per unit mass (horizontal axis in
Figure 1.3). The reason LIBs are an energy dense system is because a lot of charge can be stored

in the solid-state electrode materials; however, Lithium-ion batteries struggle in terms of the power
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they can provide. This metric is termed the power density, with units of W/kg, which is a measure
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Figure 1.3: Ragone plot representing the energy and power
densities of various energy storage systems. The star in the upper
right-hand portion of the plot relates to the ideal position of an
energy storage technology that is both energy and power dense.
This figure was adapted from the work of Windsor and Nieto et al.
2024 (ref 43).

of the power a system can produce per unit mass (vertical axis in Figure 1.3). The reason LIBs
struggle in terms of power density is that it is difficult to quickly insert/remove Li-ions from the
lattice of solid-state electrode materials. In an ideal world, a technology would be developed that
is both energy and power dense (yellow star in Figure 1.3). For this to occur with a battery system,
advances in the performance of electrode materials and the way a battery is configured is needed.
The following section will discuss materials commonly used in LIBs, as well as their limitations

and ways in which investigators have tried to improve these materials.

1.3 Alternative configurations and chemistries
Lithium-ion batteries currently excel as an energy storage option for consumer electronic

devices where high amounts of charge storage and light weight are important design criteria. There
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are application spaces, like micro-electronics and renewable energy storage, where LIBs are less
suited compared to alternative technologies. Concerning micro-electronics, a battery that is very
small while still storing high amounts of energy and producing high amounts of power is desired.
This is done by interspersing the battery constituents and increasing the active surface area,
forming what is classified as a 3D battery.*® Regarding internment renewable energy systems, like
a wind or solar energy, batteries are desired that can store high amounts of charge using cheap and
abundant materials. The use of Na-ions as the charge carrier in a rechargeable battery to form a
sodium-ion battery (NIB) is an excellent option for large scale charge storage owing to the cheap
and a abundant feedstock materials, and the weight of the battery is not a design criterion for this

system.
Alternative configurations

As mentioned above, current LIBs struggle to produce high power densities owing to the
difficulty of the movement of ions through a solid media. Using traditional battery materials, this
issue can be solved by reducing the thickness of the electrode materials which reduces the effect
of solid-state diffusion in the system. The downside of this is that the battery will not be as energy
dense because there is simply less material to store Li-ions. Thus, if a battery is to be both energy

and power dense, alternative ways in which to configure the constituents of a battery are needed.

Theoretically, shorter diffusion paths between electrodes while maintaining the same
general charge storage mechanism should provide for a battery system that is both energy and

power dense. In practice, this can be done by interspersing the anode, electrolyte, and cathode in
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multiple dimensions to shorten the diffusion paths for the active ions while maintaining the

advantageous energy density properties of LIBs. These battery systems are classified as 3D
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Figure 1.4: Configuration representation and performance metrics of 3D batteries. A) Schematic
representation of an interdigitated 3D battery, where pillars of the cathode (green) and anode (orange) are
interspersed amongst each other, separated by a solid-state electrolyte (blue). B) Ragone plot which
displays the position of an ideal 3D battery (yellow) and current 3D batteries (orange), where a real 3D
battery is positioned such that, it is more power dense than it is energy dense. This figure was adapted from
the work of Windsor and Nieto et al. 2024 (ref 43).

batteries. Figure 1.4a shows a schematic representation of an interdigitated 3D battery, where

pillars of anode and cathode materials are interspersed amongst each other, separated by an SSE.
Figure 1.4b displays a Ragone plot, where the ideal 3D battery is positioned to be both energy and
power dense. Literature examples have demonstrated power density improvements, yet there is

still a need to increase the energy density of these systems.*!

Alternative chemistries
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Lithium-ion batteries are not well suited for large scale energy storage applications due to
the expensive nature of this technology’s feedstock materials.”* There are alternative battery
chemistries that are better suited for larger scale energy storage requirements. Alternative battery
chemistries utilize a different active ion as the charge carrier and different materials for the
electrodes and electrolytes. Namely, these alternative chemistries are sodium-ion batteries and
potassium-ion batteries (KIBs), which leverage Na-ions and K-ions as the charge carrier,

respectively. Table 1.1 compares various properties of lithium, sodium, and potassium.

Table 1.1: Tabulated comparison of the physical properties and price points for lithium, sodium, and
potassium. This table was adapted from the work of Wu et al. (ref 44).

Properties Lithium Sodium Potassium
Atomic number 3 11 19

Atomic mass (g mol!) 6.94 22.99 39.09
Ionic radius (A) 0.76 1.02 1.38

Crust abundance (wt%) 0.0017 2.3 1.5

Crust abundance (mol%) | 0.005 2.1 0.78

Cost of carbonate ($ ton'!) | 6500 200 1000

Cost of APF, ($ kg) 7113 2589 338

E? (V vs. NHE) -3.04 271 -2.94

It is clear to see in Table 1.1 that sodium and potassium are significantly cheaper and more
earth abundant compared to lithium.** The implication of these properties is that batteries for
intermittent renewable energy storage could be cheaper and less harmful for the environment to
harvest.”** The redox potentials of sodium and potassium, also, are quite negative compared to the

normal hydrogen electrode, which implies that these systems will be able to accommodate a large
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operating voltage, like in the lithium system.*> With these factors in mind, alternative battery

chemistries have the potential to make a positive impact on the way energy is stored.

These systems are still in development and an improvement in the performance of the
electrode materials is still needed if these systems are to be implemented commercially.??#¢ Both
the NIBs and KIBs systems require improvements in the performance of the cathode materials in
these systems. Some of the issues with current cathode materials relate to the large ionic radii of
Na and K-ions, which make it difficult for transition metal oxide cathodes to reversibly store these
charge carriers.*¢ Also, concerning NIBs, there is a push to study the degradation mechanism of

conversion electrodes that function in the sodium system.?>4

To improve the performance of any
of these materials, a fundamental understanding of the electrochemical process that govern the

charge storage of Na-ions and K-ions is imperative.

1.4 Dissertation Overview

The following chapters highlight investigations into alternative battery technologies
through 3D configurations, protective coatings, and characterization of resistive properties.
Chapter 2 discusses the development of 3D batteries, and critical performance metrics for the
advancement of these energy storage. In this chapter, the development of 3D batteries is reviewed,
in addition to discussions on the advancements 3D batteries have made, with respect to critical
performance metrics (power density, energy density, and scalability and cyclability). This chapter
details a review which was published in Nature Reviews titled ‘“Performance Metrics and
Mechanistic Considerations for the Development of 3D batteries”, authored by Windsor & Nieto
et al. 2024. Appendix I contains the glossary information and tabulated literature examples of 3D

batteries.
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Chapter 3 covers an investigation into the fundamental effect of a cyclized-
polyacrylonitrile (cPAN) protective coating on the Na-ion (de)insertion chemistry of antimony-
based anodes in NIBs. The investigation determined that cPAN protective coatings facilitate Na-
ion transport through the interfacial layer between the electrode and electrolyte in a Na-ion battery.
These studies provide valuable insight into the functionality of cPAN protective coatings for Sb
andoes in Na-ion batteries. This chapter details a project titled “Mutli-functional cyclized-
polyacrylonitrile (cPAN) as a protective coating for Sb-based anodes in Sodium-ion batteries,”
and is currently under review for publication in ACS Applied Materials and Interfaces. Appendix

II contains the supplementary information for Chapter 3.

Chapter 4 covers a beginners and practical guide to electrochemical impedance
spectroscopy (EIS) for rechargeable batteries. The challenge with EIS is that it is quite easy to
collect data, while the data interpretation is very difficult and involved. Thus, we have made strides
to provide a concise and easy to read beginners guide to EIS, specifically focused on rechargeable
batteries. This chapter details the work titled “Practical and Beginners Guide to EIS for
Rechargeable Batteries,” and is under preparation for submission to ACS Journal of Chemical
Education. Appendix 3 contains the supplementary information for this work, ana list of activities
developed to coincide with the work in Chapter IV and includes examples of Python 3 code which

was developed for the activities.

The final chapter, Chapter 5, describes areas of future work related to the investigation in
Chapter 3. Chapter 5 discusses the experimental approach required to assess the behavior of

protective coatings on high surface area (3D) anode architectures for NIBs.

Appendix IV contains brief discussion on some soft skills that author learned while

completing this Ph.D.
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CHAPTER 2: Performance Metrics and Mechanistic Considerations for the Development of 3D
Batteries!

2.1 Overview

There is an urgent need for improved energy storage devices to enable advances in markets ranging
from small scale applications (such as portable electronic devices) to large scale energy storage
for transportation and electric-grid energy. Next-generation batteries must encompass high energy
density, high power density, fast charging capabilities, operation over a wide temperature range,
and safety. To achieve such ambitious performance metrics, creative solutions that synergistically
combine state-of-the-art material systems with advanced architectures must be developed. The
development of 3D batteries is a promising solution for achieving these feats. However,
considerable challenges remain related to integrating the various components of a battery into an
architecture that is truly 3D. In this review, we describe the status of 3D batteries, highlight key
advances in terms of mechanistic insights and relevant performance descriptors, and suggest future

steps for translating current concepts to commercially relevant solutions.

2.2 Introduction?
The need for technological improvements for renewable energy applications is enabled by

the rapid advancement of current energy storage devices. The rapid advancement of energy

! A version of this text of this is published in Nature Reviews (10.1038/s41570-024-00659-2) with Daniel S.
Windsor, Kelly Nieto, Bairav S. Vishnugopi, Partha Mukherjee, and Amy L. Priteo, which is currently in
production. Daniel S. Windsor and Kelly Nieto co-authored the work, contributing to the literature research and
writing of the text. Bairav S. Vishnugopi and Partha Mukherjee, from Purdue University, researched and wrote the
section on computational advances in 3D batteries. Amy L. Prieto project administration, writing, and manuscript
editing.

2 Portions of this introduction are published in the dissertation of Kelly Nieto Ph.D, 2023.
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storage devices is enabled by the is enabled by the need for technological improvements related to
renewable energy applications. Present-day battery systems such as Li-ion batteries (LIBs) have
been able to keep up with the energy demands for portable electronic devices, but many other
applications have demands that might not be met by LIBs. The miniaturization of batteries to
power implantable devices, autonomous sensors, and additional Internet of things-based (IoT)
applications would enable new technology.!® The need for batteries with both high energy and
power densities in a smaller footprint area, but on large scale, are also of interest for applications
such as emerging transportation systems (both ground-based transportation and electric aviation)
and grid-level storage.*> However, improving energy and power density while reducing the

footprint of the battery is a nontrivial problem that requires novel architectures.

There is an inherent tradeoff in conventional planar two-dimensional (2D) batteries,
wherein high active-material loadings lead to increased capacity but poor power performance, and
low loadings lead to high power but low capacities. Traditionally, 2D batteries consist of layered
planar electrodes, which may possess complex geometries individually, but only overlap in one
geometric plane. To improve energy density in these systems, the active-material loading must be
increased, however this requires thicker electrodes that offer limited performance due to greater
mechanical degradation and restrict the achievable power density due to rate-limiting resistivities
and lithium concentration gradients.>® When trying to improve the power density, higher surface
areas could lead to improved kinetics, but this generally leads to batteries with a larger footprint
area or a decrease in active-material loading, which results in lower energy densities.”!* These
challenges highlight the limitations in improving performance metrics for current 2D architectures
and necessitate advances in multiple geometric planes, such as 3D batteries.!!"!* The ultimate

outcome of an advanced 3D battery would be a single device that possesses the highest energy



density possible for the implemented system with the power density of a supercapacitor,

eliminating the tradeoffs inherent to 2D batteries.

13217 in this

While numerous definitions of 3D batteries have been proposed in the literature,
review, we define a 3D battery as a battery where all the components (that is, electrodes and
electrolyte) overlap in multiple planes. There are three main classes of 3D batteries; interdigitated,
concentric, and aperiodic. Interdigitated configurations consist of periodically dispersed arrays of
cathode and anode plates or rods. The electrodes have a fixed distance from one another and are
separated by void space filled with liquid electrolytes, or a solid electrolyte membrane. Concentric-
based configurations have a similar periodic nature and typically consist of an electrode with a
conformally coated electrolyte followed by a conformal coating or void filling with the remaining
electrode. Based on this definition, aperiodic structures may be considered ‘semi-concentric’ as
they also consist of conformal coverage of the electrolyte onto a 3D network of either the anode
or cathode. This is followed by coverage or filling of the remaining electrode. The base structure
of an aperiodic configuration originates from a randomly ordered current collector or self-standing
electrode, such as a foam, and does not possess the ordered nature of the concentric configuration.
Implementation of any of the described configurations is highly dependent on the application as
each application has its own cost-effective fabrication technique, such as atomic layer deposition
(ALD) for microbatteries (interdigitated) or electroplating for foams (aperiodic).!*!¥2! The
manufacturing methods chosen can lead to challenges in creating uniform coatings with control
over interfacial resistances. The promise of 3D architectures for batteries is that they take
advantage of the third dimension, height, to enable greater areal loadings while minimizing the

diffusion paths between electrodes and, which means that the energy and power densities can be

decoupled.



The field of 3D battery research has progressed considerably since first described by Long et

al. in 2004. Substantial efforts have been made for individual components (advances in 3D

16,17,22-26 29—32)
2

electrodes, solid electrolytes,'®?7 current collectors,?® and computational approaches
as reported in published reviews. Much of the previous work on 3D batteries has focused on
specific components (e.g. electrode configurations, electrolyte materials, etc) that can be arranged
into a 3D battery. An aspect of these systems that makes them so difficult to study — and is often
overlooked — is that the interplay between all the components can greatly affect the measured
performance, making it a challenge to decouple deficiencies introduced by one component of the
battery versus the advantages of the architecture. The field is currently at the point, however, where
fully integrated 3D batteries have been demonstrated. Thus, this review will only focus on full 3D
batteries, where all components (cathode, anode, electrolyte) are incorporated into the 3D
configuration. It is not the objective of this review to be a comparative study, determining the ideal
3D battery. Our hypothesis is that there is no single perfect battery, but rather that there are
application-specific metrics that make one architecture better suited, potentially, than others.
Herein we discuss key factors in the development of full 3D batteries, and what bottlenecks still
need to be overcome to improve performance. We then discuss critical performance metrics in
gauging the viability of full 3D batteries such as power density, energy density, as well as
cyclability and scalability. Although the performance metrics are considerable as standalone
parameters, they are also highly dependent on each other, owing to the magnitude and complexity
of the interacting components in 3D batteries. As such, it is important that each component of a
3D battery is developed in concert with the other components. This entails discussions on

application-dependent performance criteria, latent issues within the literature, as well as



experimental and computational approaches for assessing performance increases and degradation

pathways of these complex systems.

2.3 Key Parameters to Consider in the Initial Development of 3D Batteries

In the broader field of battery research, a commonly held sentiment is, “there is no one
perfect battery for every application”. While this is the case for traditional rechargeable battery
technologies, it is more pronounced for 3D batteries and their development. This is clear when
assessing how a 3D battery should perform, in terms of energy and power requirements, with
respect to its final application. A 3D battery, for example, developed for on-chip (microbattery)
applications should aim to maximize the energy and power achievable per footprint area (Wh pm-
2 and W cm), owing to the size limitations for these devices and the value of real estate for on-
chip applications.’*3* Alternatively, 3D batteries developed for electric vehicle (EV) applications

should maximize the energy and power achievable per mass (Wh kg! and W kg™!), as the weight

of the battery has a large effect on the vehicles range.!!-33-3
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Figure 2.1: Geometric configurations for 2D and 3D Batteries. Schematic of thin (a) and thick (b) 2D batteries,
where energy density is generally improved by increasing the electrode thickness. 2D configurations may have
complex geometrics but only allow for Li-ion diffusion in one plane (c). 3D batteries can be produced in a
range of geometric configurations, but generally fall into the categories of interdigitated (d, ), concentric (f,
g), and aperiodic (h, 1). The cross sections of these geometries demonstrate the multiple pathways Li ions may
travel when the cell is cycled (e, g, 1).



Examples of 3D battery architectures, and their differences from 2D batteries (Figure 2.1a-
¢), are shown in Figure 2.1, which are interdigitated (Figure 2.1d), concentric (Figure 2.1f), and
aperiodic (Figure 2.1h). Figure 2.1e, Figure 2.1g, and Figure 2.1i demonstrate the various planes
where ionic transport can occur in these systems, respectively.!®!32022 These different
configurations lend themselves to different final applications (e.g. interdigitated for microbatteries
and aperiodic for larger systems) and require different design and performance criteria. Also,
different manufacturing methods lend themselves better to certain architectures versus others.
Very precise, but more costly, methods such as ALD lend themselves better to microbatteries for
on-chip applications, whereas electroplating of materials for large scale, low cost, manufacture of

larger batteries would be ideal for aperiodic structures.

To relate 3D battery application to design and construction, Table A.LI and A.LII were
formed which highlights several publications of full 3D batteries for a variety of applications. The
columns of this table represent important factors which are critical for understanding the current
performance of 3D batteries, and to point out existing bottlenecks in their development. The power
density of 3D batteries has been improved, while the advances related to increased energy density
are less pronounced. Other important performance metrics such as scalability and cyclability are
also associated with the data (fabrication technique and capacity retention, respectively) in Table
A.LI and A.LII Scalability and cyclability, however, are difficult to immediately assess when
looking at 3D battery literature, as these factors are either not discussed or must be extrapolated
from figures or any supplemental information. These performance metrics are critical to assess if

3D batteries can achieve their potential and are discussed below.

The data highlighted in Table A.L.I and A.LII provides an opportunity to discuss various

latent issues within the field of 3D batteries, which revolve around the fact that the performances



between two 3D batteries of different design and configuration are difficult to compare because of
a discontinuity between how the performances batteries are reported. Some investigations
prioritize the reporting of fundamental performance metrics (that is specific capacity and rate
capability) while other studies prioritize reporting performance metrics with respect to the holistic
performance of the cell (Wh kg! or W L1).2637 The differences in what types of data are reported
makes it difficult to assess how a 3D battery, and its performance metrics relate to the desired
application. For the development of 3D batteries, it is imperative to report both the fundamental
and late-stage performance metrics, in order to reduce the need for excessive, or unreasonable,
data extrapolation. This arises from the fact that the fundamental performance relates to how
certain materials behave, while late-stage performance metrics provide insight into how the battery
performs, accounting for broader considerations, such as packaging (non-active materials needed
for a commercial battery) and material use. In this review, we propose that future studies on full
3D batteries should report information and data in line with the columns of Table A.LI and A.LII.
Reporting information related to application, materials selection, and performance (in several
ways) will make the field of 3D batteries easier to navigate for the next generation of battery

scientists.

Although comparisons between different 3D batteries of various configurations is difficult,
direct comparisons between a 3D battery and its 2D analog are important for enabling an
understanding of the physical attributes due to the architecture of the cell, decoupled from the
materials. This is because such comparisons can provide insight into discrepancies between
expected 3D battery performance, and actual 3D battery performance, using 2D systems as
controls. To experimentally compare a 3D battery to its 2D counterpart, one must assess the

performance via the area enhancement factor (AEF). The AEF is a geometrically calculated value



that measures the increase in the internal surface area of a 3D battery (Ainernat) compared to the
area of its footprint (Afoprin). This metric is often mentioned in the literature with different
terminologies, such as geometric area gain, area gain factor, and area enlargement factor.!3-3840 A
simplified equation for the AEF is described in Equation 2.1.%%442 Studying a 3D battery in
comparison to its 2D analog (where AEF = 1) will allow investigators to assess the impact of
geometry and interactions between different components while controlling the electrochemical
behavior. An important factor to consider is that the AEF is a tool to compare performance between
a 3D battery and its 2D analog and should not be used for comparisons between different 3D

batteries or configurations. This is because the performance of a 3D battery is dependent on a

variety of factors, such as the materials selection, configuration and design, and application.

AEF = Ainternal (2.1)

Afootprint

The AEF is more straightforward to calculate for certain 3D architectures compared to
others. For example, the AEF of an interdigitated Si-well or Si-pillar configuration (Figure 2.2a)
can be calculated directly from geometric measurements of the battery scaffold owing to the
homogeneous spacing of each well or pillar.’*#** On the other hand, AEF values on foam
substrates cannot be determined through mathematical approximations alone due to the
aperiodicity of the architecture.!®*® However, the AEF is still crucial to calculate for aperiodic
scaffolds and can be performed through either electric double-layer capacitance measurements,

underpotential deposition, or via the Brunauer-Emmett-Teller (BET) method.*>4443

It must be noted that the AEF is a measure of the increase in surface area and does not

account for active versus inactive lithiation sites on the electrode surface (more directly measured



by measuring the electrochemically active surface areas). Inactive regions of an electrode
contribute to the volume or weight of the cell and negatively affect the accessible energy density.
Therefore, marginal improvements with power and energy density with a 3D configuration that
has a high AEF can be due to excess inactive surface area. Despite this caveat, the AEF is still a
relevant descriptor for guiding improvements and still provides important insights on how

advancing to 3D geometries can influence performance metrics.

The validity of AEF measurements for the development of 3D batteries is seen when
assessing energy and power density improvements compared to 2D analogs. An excellent example
can be found in the work of Pearse et al.*! This study fabricated a 3D Si-well based interdigitated
(Figure 2.2a) microbattery and calculated the AEF via Equation 2.2, 3? where this equation takes

into account the geometry of the tested 3D electrode.

2m\/3 Dh (2.2)
3 s2

AEF (Cylindrical Si Wells) =1 +

In this equation D represents the diameter of the cylindrical pore, s represents the center to
center spacing between the pores, and # is the depth or height of the pore. This investigation created
battery systems, via ALD (Figure 2.2b) with AEFs of 1 (for a 2D battery), and 4 and 10 for the
3D configuration. As clearly seen in Figure 2.2¢ and 2.2d, the energy density and power density
(assessed by evaluating the battery’s capacity retention as a function of current density) both
increase with increasing AEF.*! For the power density improvements, the AEF 10 system only had
a small drop in the discharge capacity upon increasing the cycling current from 100 pA/cm? to

10mA/cm?, Figure 2.2d. For the energy density improvements, the AEF 10 battery had a discharge



capacity of roughly 28 uAh cm?, while the planar battery had a discharge capacity of
approximately 4 pAh cm, Figure 2.2d. These data clearly show that a 3D battery system with a
larger AEF can perform better than its 2D counterpart, yet the increase in performance is not
directly proportional to the AEF value. This highlights an important detail concerning the AEF,
being that it is a tool to estimate increases in 3D battery performance and is not an absolute maker
of such. Differences in expected 3D battery performance and actual performance can provide

insight into possible degradation mechanisms and design flaws in these systems.
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Figure 2.2: Effect of area enlargement factor (AEF) on energy and power densities. (a) schematic of 3D
interdigitated microbattery, where all of the relevant battery materials are interdigitated within the wells of
the silicon (Si) base. Reproduced with permission from Ref [41]. (b) cross-sectional transmission electron
microscope (TEM) image of 3D interdigitated microbattery with materials classification with a tin nitride
(SnNx) anode, lithium phosphorous oxynitride (LiPON) solid-state electrolyte, and a lithium vanadium oxide
(LiV20s) cathode. The titanium nitride (TiN) and ruthenium (Ru) layers are included as current collectors,
with the temperatures relating to process temperature for each layer. Reproduced with permission from Ref
[41]. (c) cycle life plot of batteries with AEF 1 (planar), 4, and 10 where the discharge capacity increases as a
function of AEF, demonstrating the relationship between AEF and charge storage. Reproduced with
permission from Ref [41]. (d) capacity over current density plot of batteries with AEF 1 (planar), 4, and 10
demonstrating the effect of AEF on rate capability, demonstrating that an increase of the AEF relates to better
discharge capacity as a function of increasing current density. Reproduced with permission from Ref [41].
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Given that the parameter space for discovery of new materials and the optimization of
performance — particularly at interfaces — is so large, a simple trial and error approach using
physical experiments is not always feasible. Computational modeling and simulations play a
pivotal part in offering mechanistic insights and guidelines toward achieving the desired
performance metrics. These methods have matured and offer a way to rapidly iterate a given

structure via descriptions of the effects of chemomechanics on performance.3%4647

2.4 Critical Need for Theoretical and Computational Advances In 3D Batteries

Although 3D batteries should eliminate the tradeoff between accessible energy density and power
density present in a conventional 2D battery, challenges concerning electrode architecture,
material properties (such as, transport and mechanics), and the resulting evolution of
physicochemical fields still need to be understood. The development of mechanistic models will
play a pivotal role in the fundamental interrogation and design of such 3D architectures. In this
regard, prior computational work on the electrochemical response of 3D batteries have offered
insights into the spatial distribution of reaction currents and the utilization of electrode active-
material (Figure 2.3a-b).%232%324 A major focus has been on the geometric optimization of these
architectures, and investigating the underlying transport limitations for different design concepts
(Figure 2.3a) such as interdigitated, concentric and aperiodic porous electrodes.”3! To this end,
continuum scale simulations have been combined with data-driven approaches to identify optimal
electrode architectures from a wide range of candidate geometries (Figure 2.3¢-d).*® Along similar
lines, other strategies based on Monte Carlo Tree Search and machine-learning-based performance
simulators have enabled geometric configurations with reduced internal resistances, and

consequently higher power and energy densities.%*
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While geometric optimization is critical in the design of 3D batteries, fundamental
understanding of performance-limiting scenarios and synergistic advancements in material- and
electrode-design rely on the mechanistic, physics-based modeling of 3D battery architectures.

Modeling frameworks provide the bridge between pore-scale characteristics, architectural design
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Figure 2.3: Mechanistic and computational considerations in the development of 3D batteries. (a)
Incorporation of architectural details including accurate computational modelling of ionic tortuosity and
active area. Reproduced with permission from Ref [12]. (b) Capturing local heterogeneity in electrochemical
response such as electrode state-of-charge, where position d relates to the stopping point of the positive
potential sweep. This figure demonstrates the degree of lithiation as a function of charge. Reproduced with
permission from Ref [23]. (c) Rate performance predictions used to understand tradeoffs in accessible energy
and power density. Here, the square, circle, triangle, and diamond represent different 3D battery geometries;
the open and closed symbols denote the open circuit potential (OCP) and discharge curves (cell performance),
respectively. These plots relate the capacity to the reference geometries used in these simulations. Reproduced
with permission from Ref [46]. (d) Model-informed systematic design feedback toward improved
performance, displaying the validity of the predictions made by these simulations. Reproduced with

permission from Ref [46].
and cell-level performance metrics. The key advantage of 3D batteries in enabling higher power

and energy densities stems from their ability to preserve short transport lengths with increasing

electrode thicknesses.!>?° However, this behavior is predicated on a combination of material
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properties such as the ionic conductivity of the electrolyte and solid-state diffusivity of the
electrode. For instance, with a reduction in the ionic conductivity, a larger gradient in electrolyte
potential will manifest with changes in the electrode thickness, eventually resulting in a non-
homogenous utilization of active-material. Thus, computational modeling of such 3D systems
should guide design strategies in identifying optimal material-architecture interactions. As prior
efforts using density functional theory have quantified the dependence of electrode properties (for

example Young’s modulus) on lithium concentration,*->

such insights should be hierarchically
incorporated into mesoscale descriptions that can capture the dynamic electrochemical, transport

and mechanical response of 3D electrodes during cell operation.

With rapid improvement in computational power and simulations over a broad range of
length scales, we expect the development of digital twins for 3D batteries to play a considerable
role in deriving systematic guidelines for enhanced rate performance. These virtual frameworks
can provide mechanistic platforms for rapid screening of electrode architecture designs,
performance-limiting factors, and associated degradation modes for 3D batteries. An accurate
description of effective electrode properties, such as tortuosity for ionic transport and
electrochemically active area, should be incorporated into the digital twin frameworks. Gaining an
architecture-dependent understanding of the underlying transport and kinetic properties and
heterogeneities can reveal the fundamental structure-property-performance relationships in 3D
battery electrodes. In addition, the modeling efforts should involve inputs pertaining to the
architectural arrangement from experimental characterization techniques and mechanistic
validation strategies, cognizant of local state-of-charge distribution (Figure 2.3b) and rate
performance (Figure 2.3c). A bottom-up modeling approach incorporating the multidimensional

and heterogenous nature of the electrode architecture, transport across a range of length scales,
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and mechanical properties of the electrode and electrolyte, and cell design is essential. Such
theoretical and computational advances should occur in tandem with the experimental efforts in
characterization and design of 3D batteries. Through synergistic multiscale modeling and
experiments, a comprehensive re-thinking and identification of mechanistic bottlenecks in 3D
batteries — knowing the different application-specific requirements — is required. By decoupling
the effect of material properties, architectural considerations, and operating conditions,
computational modeling and data-driven approaches are crucial in providing targeted design

principles (Figure 2.3d) toward achieving enhanced power and energy densities in 3D batteries.

2.5 Progress in the Field and Performance Metric Considerations to Improve 3D Batteries
This section will focus on the progress made by the field on the four critical performance metrics
for 3D batteries. These performance metrics are power density, energy density, cyclability, and

scalability.

2.5.1 Power Density

The power density of a 3D battery is an incredibly important performance metric to consider, given
the low power density performance of most high capacity 2D batteries. Power density is calculated
by normalizing the power output (nominal voltage multiplied by output current) gravimetrically,
volumetrically, or areally (that is W kg™!, W L', W ¢cm?). Unfortunately, studies in the literature
rarely report power density improvements in terms of these units. Instead, most studies evaluate
power density by assessing the batteries’ capacity retention as a function of increasing current
density or based on the area of the electrodes without considering packaging. In the literature there
are two practical aspects of 3D batteries that affect their power density: fabrication method and the
choice of electrolyte. Specifically, the fabrication method often determines the types of structural

geometry and electrolytes, a 3D battery can use. For example, an interdigitated microbattery design
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generally requires the use of ALD, which enables the control of a material’s thickness and provides
a conformal coating of the entire 3D battery architecture.*!->1>2 This method is currently the most
commonly used in the 3D battery literature. The precision of ALD, and the structural regularity
Si-etching processes provide, means that very short diffusion paths can be created in Si-based
interdigitated 3D batteries, leading to improved power densities.!®3*! An excellent example is

seen in Pearse et al.*!

, where deep reactive ion etching (DRIE) was used to create a Si-well
architecture, and subsequently applied all other materials with ALD. The interdigitated system
with a SnNyx anode, LiPON solid electrolyte, and LiV2Os cathode (Figure 2.2b) was able to achieve
an excellent power density given the small drop in capacity upon increasing the current density by
two orders of magnitude (Figure 2.2d).*! The excellent capacity retention for this 3D battery is a
result of a high active surface area, as described by the AEF for this system. Moreover, this type
of interdigitated 3D battery is scalable given that Si-etching and ALD are already well developed

from the semiconductor industry.'® One caveat is that ALD may have some disadvantages given

current limitations in the volume and time of deposition and types of materials amenable to ALD.

ALD can deposit a range of solid inorganic electrolytes, such as LiPON or a NASICON
derivative, onto a substrate.'® However, inorganic solid electrolytes do have drawbacks. In the case
of LiPON, the most common class of solid electrolyte for interdigitated microbatteries, the ionic
conductivity is rather low (3x107 S cm™! for Lip.99PO2.5sNo30), which can severely hinder ion
transport between electrodes despite the short diffusion paths found in 3D batteries.!8:3%41:53
Alternative inorganic electrolytes, like sodium-ion superconducting (NASICON) materials, can
have ionic conductivities (1.5%10% S cm! for Lii4Alo4Tii¢(PO4)3), considerably closer to an

organic liquid electrolyte (10 S cm™).!%53 These types of inorganic solid electrolytes can alleviate

concentration gradients due to their high cationic transference numbers.>*> Thus, the architectural

15



advantage of 3D batteries for addressing transport challenges coupled with the use of improved
inorganic solid electrolytes offers an opportunity to enable high charge/discharge rates for solid

state batteries. Currently, the role of mechanical stress at such solid-solid interfaces, and the rigid
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Figure 2.4: Improvements in power density with gel electrolytes. (a) schematic of semi-3D battery
fabrication with lithium iron phosphate (LFP) cathodes, ionogel electrolyte, and Li-metal anodes.
Reproduced with permission from Ashby et al. Ref [61]. (b) voltage versus capacity plots as a function of
current density for a semi-3D battery, demonstrating good power density for this system given that the
capcity slightly fades as the current density is increased. Reproduced with permission from Ashby et al. Ref
[61] (c) rate capability plot as a function of current density for a semi-3D battery with the blue squares
showing the coulombic efficiency, while the filled and open boxes relate to the charge and discharge
capacities, respectively. These data show good rate capability and good efficiency for the semi-3D battery
shown in panel a. Reproduced with permission from Ashby et al. Ref [61] (d) schematic of the fabrication of
a 3D battery on an aperiodic foam which used an electroplated Ni3Sns anode, a gel-polymer electrolyte, and
a composite lithium iron phosphate/carbon nanotubes (LFP/ CNT) cathode. Reproduced with permission
from Tolganbek et al. Ref [19]. (e) Rate capability plot an aperiodic foam-based 3D battery, demonstrating
good power density as the capacity does not significantly drop as the current density is increased. Reproduced
with permission from Tolganbek et al. Ref [19].

nature of these materials, substantially hinders their cyclability.’>>’ The degree of interfacial

contact and resulting effects on reaction and stress hotspots within such architectures need further
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investigation. These heterogeneities at solid-solid interfaces critically influence the
electrochemical usage at high charge/discharge rates, and can influence the mechanical
degradation of electrodes.”®>° Although inorganic solid electrolytes have their drawbacks, the

applicability and safety advantages of these materials support their inclusion in 3D batteries.

To address some of the challenges presented by inorganic solid electrolytes, several
investigations have employed more flexible alternatives, namely ionogels and gel-polymer
electrolytes (GPE).%%®! Tono-gels are comprised of ionic liquids which interpenetrate, or are
confined by, a solid framework.%? Gel-polymer electrolytes are formed by impregnating (gelling)
a liquid organic electrolyte into a polymeric network.%® Although configured differently, both
systems have advantages over inorganic solid electrolytes in that the iono-gel and GPE systems
have incredibly high ionic conductivities and can be mechanically flexible.®>%* A study
demonstrated how an ionogel polymer electrolyte beneficially affected the power density of a
semi-3D battery system, where the capacity of the LFP-post/iono-gel/Li-metal system (Figure
2.4a) only faded 21.4% when changing the galvanostatic cycling current from 50 pA cm to 1,000
uA cm? (Figure 2.4a and 2.4¢).%! This class of solid electrolyte is also applicable to a variety of
3D architectures, ranging from pillar structures to aperiodic foams.>!!*38 A different study started
with Ni-foam, and electrodeposited a Ni3Sns alloy anode material directly onto the Ni scaffold
(Figure 2.4d)." From there, a layer-by-layer approach was used to apply a PEI/PAA polymer
electrolyte gelled with 1M LiPFs in EC/DEC/DMC achieving excellent ionic conductivity for the
electrolyte — roughly 8.0x103 S ¢m.!* The Ni;Sn,/GPE/LFP 3D system was shown to have
good power density, losing 25% capacity upon an order of magnitude increase in the current
density (Figure 2.4e). Polymer-based solid electrolytes, however, can be difficult to conformally

coat onto aperiodic substrates. An advanced 3D battery system with poor electrolyte coverage can
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lead to short-circuiting of the battery, as seen in the work of Sun et al. for their aperiodic foam

substrate coated with a GPE.38

3D batteries have advanced greatly since initial schematics were published in the early
2000’s: firstly, in terms of successfully integrating all components of a battery in three dimensions,
and secondly, with regards to the measured power density. Although power density can be
improved by reducing the diffusion pathway for ions, improving the energy density while

maintaining high power density and cyclability is challenging.
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Figure 2.5: Using scaffolds, ionogels, and geometric considerations to improve energy density. Two proof-
of-concept full batteries have been tested (a) and (b) and were galvanostatically cycled at 0.66 mA ¢cm2/0.22
mA cm? (a) and 0.22 mA ¢cm?/0.11 mA cm? (b), where the battery in panel a shows stable charge and
discharge traces, while the battery in panel b shows stable discharging and less than stable charging. (c)
charging schematic of the interdigitated 3D battery studied by Hur et al. consisting of Si pillars coated with
an SU-8 solid electrolyte, and lithium nickel cobalt aluminum oxide (NCA) as the cathode. The
corresponding scanning electron microscopy image of the assembled full 3D battery (d). Reproduced with
permission from Hur et al. Ref [37] Modeling and simulations of the 2.5D battery with lithium iron phosphate
(LFP) pillars coated by an ionogel tested by Ashby et al. (e-h). Simulations of discharge cycles at 50 pA cm-
2 and 1500 pA cm? (e), schematic representation of the geometry of the pillars used for these simulations
(f), and the corresponding state-of-charge (SOC) (g), and lithium concentration maps of the electrolyte (h)
at 10, 50, and 95% states of charge. These panels demonstrate that the lithiation of the pillars does not occur
uniformly, leading to underutilization of the electrode material. Panels a-d were reproduced with permission
from Hur et al. Ref [37] and panels (e-h) were reproduced with permission from Ashby et al. Ref [61].

18



2.5.2 Energy Density

Numerous advances in the development of 3D batteries have demonstrated how this configuration
can enhance energy density by increasing the surface area and degree of active-material per
footprint area of the battery.>”-6>-67 Several key challenges such as low active-material use, material
stability, and large amounts of inactive-material weight, must be addressed for the energy densities
of 3D batteries to become competitive with 2D batteries for industrial applications. Energy density
is calculated by the product of the nominal battery voltage and capacity, divided by the weight or

volume of the cell. This formula is a guide to help explain steps needed to increase energy density.

One way to improve the energy density is by increasing the battery voltage (through the
choice of anode and cathode material) and the capacity (by improving the active-material
composition and packing density of both electrodes). Considerable efforts have gone into the
development of materials for 3D batteries by using what has already been discovered in the 2D
LIB field. Examples include the use of ‘champion’ materials such as lithium iron phosphate (LFP),
lithium cobalt oxide (LCO), lithium manganese oxide (LMO), and vanadium oxide (V20s) as
cathode materials and graphite, silicon, lithium titanium oxide (LTO), and other intercalation
oxides as anode materials.?>#>68-71 Solid electrolytes such as LiPON, LiPONB and LiSiPON are
also of interest as they can act as both the electrolyte and the separator between the cathode and
anode.!$195261 Conversion electrodes can also be adapted for use in 3D batteries due to the empty
space present in certain configurations that can accommodate for any volume expansion.’? 74
Simultaneously, the high energy density provided by Li metal anodes can be used effectively
because of the reduced propensity for dendrite formation from improved current distributions

induced by certain 3D architectures and the mechanical integrity provided by solid

electrolytes.!”7>7¢ However, the use of these materials is highly dependent on the size of the battery
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(microbatteries versus larger applications) and the fabrication technique for conformal coverage
(ALD, physical vapor deposition, electrophoretic deposition (EPD), electrodeposition, spin
coating, and others).!3!820.77 Additionally, some of the previously listed materials need binders
and additives to achieve good conductivity and adhesion to the current collector, but this reduces
the loading of active-material and increases the overall weight of the cell. The scaffold used in 3D
battery configurations can also heavily influence the calculated energy density depending on
whether the material can be lithiated/delithiated. Therefore ‘self-standing’ electrode materials
could improve the overall energy density.®” One example is the use of 3D carbon scaffolds that
can also be used in active lithiation/delithiation, but problems then arise in the cyclability and

lifetime of the cell after continuous use of the scaffold.’®

There have been several studies that have addressed these challenges and demonstrated
improved energy densities (Table A.L.I). Hur et al., demonstrated the importance of using the
scaffold material to increase energy density by cycling their 3D Si scaffold at 10% of the
theoretical capacity.?” Using this approach, they report discharge capacities of up to 1.8 mAh cm
2 (5.2 mWh cm) and cycling stability of 100 cycles at 0.5 mAh cm™ (1.6 mWh ¢cm™2, Figure 2.5a-
b). Their 3D microbattery was composed of the partially lithiated Si scaffold as the negative
electrode, SU-8 as the solid electrolyte, and a LiNio.8Coo.15Al0.0s02 (NCA) slurry as the cathode
(Figure 2.5¢-d). However, capacity retention was highly dependent on the depth of discharge, and
the reported discharge capacity corresponded to approximately 40% of the total theoretical
capacity of the cell. This underutilization was due to lithium concentration gradients in the silicon
scaffold, uniformity of the cathode, and packing of the electrolyte. Previous studies on sintered 3D
LCO cathodes used the same approach of restricting capacity to eliminate the degradation of

cathode material, demonstrating energy densities of >350 Wh L-!, at power densities exceeding
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150 W L (C/3 or higher) with microbatteries that were ~6mm?® in volume.®> The capacity
limitations in this study were due to the mechanical strain transition metal oxides experience upon

lithium insertion, and was not due to hot spots of current density degrading the material.

A key study by Ashby et al. on a 2.5D battery composed of LFP pillars, an ionogel
electrolyte, and a lithium metal laminate, demonstrated the importance of ionic conductivity of the
electrolyte in order to use more active-material and improve the accessible energy density.®! The
ionogel used in their study was composed of a molten salt confined in an inorganic matrix, which

possessed a high ionic conductivity of 10 S cm™!. This study demonstrated that with a high ionic
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Figure 2.6: Using 3D printing to adapt geometries and materials more controllably. Schematic (a) and
corresponding scanning electron microscopy image (b) of a 3D printed 3D interdigitated microbattery. The
discharge areal capacity at different rates (c) and the areal capacity as a function of cycle number (d) for the 8
layered full 3D cell. Scanning electron microscope (SEM) cross-sections and energy dispersive spectroscopy
mapping of the concentric like 3D battery composed of lithium iron phosphate-lithium aluminum oxide: poly
ethylene oxide-lithium titanium oxide (LFP-LAO:PEO-LTO) (e) and lithium iron phosphate-lithium aluminum
germanium phosphate: polyethyleneimine-lithium titanium oxide (LFP-LAGP:PEI-LTO) (g) that were studied
by Cohen et al. Examples of 3D printed polymer scaffolds achieved by Cohen et al. (f). A ragone plot comparing
the performance of the 3D printed cell composed of nano-LFP on BLACKMAGIC3D graphene-based polymer
substrate to a commercial thin-film battery and a cell composed of LFP on a perforated silicon scaffold (h).
Panels (a-d) were reproduced with permission from Sun et al. Ref [84] and panels (e-h) were reproduced from
Cohen et al. Ref [85].

conductivity in the electrolyte, short distances between electrodes are not as crucial to improve ion

diffusion. They achieved high capacities (3.7 mWh cm™ at 2.8 mW cm™), but simulations

demonstrated that underutilization was still present at the center of the LFP pillars at higher rates
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due to Li-ion transport in the electrolyte (Figure 2.5e-h), which would presumably be reduced by
shorter transport distances (enabled by a fully interdigitated 3D architecture). Previous
computational studies also demonstrate how non-uniform lithiation is intensified in 2.5D
configurations due to non-uniform electrolyte thicknesses.”” The extent of this non-uniformity in
electrolyte thickness is heavily dependent on the geometric parameters, such as cathode thickness,
height, width, and pitch of the microcolumns. The study by Ashby et al. attempted to circumvent
these issues by including their high ionic conductivity ionogel, yet still had issues with electrode
utilization.®! All of the studies above underline the need to improve ionic conductivity and
uniformity of the electrolyte in tandem with the geometry of the electrode to improve the overall

energy density at higher current densities.

To tune geometric parameters additive manufacturing techniques, like 3D printing, have
gained momentum for use in developing full 3D batteries.?! The 3D printing process is a facile
fabrication technique that is scalable, yet requires developing colloidal suspensions for inks and

2180 particularly for the complex cathode

tuning parameters, such as the viscosity of the extrusion
and anode materials.?%>81-8 Experiments with 3D printing self-standing interdigitated cathodes
and anodes composed of LFP and LTO, respectively, (Figure 2.6a-b) onto gold coated glass
substrates have been performed®. The electrodes were then annealed at 600 °C to remove organic
additives that were necessary for the colloidal suspension during printing. This annealing step
leads to porous electrodes similar to the sintered electrodes described previously.®®> By removing
the inactive organic material leads to a greater active surface area exposed to the electrolyte
(improving the power density), and also decreases the overall weight of the cell to improve the

energy density. When testing an 8-layer cell versus a 16-layer cell it was found that electronic

conductivity was limited by the height of the interdigitated electrodes as both configurations
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exhibited the same capacities at lower charge/discharge rates. This lack of electrical conductivity
underscores the need for further improvements in 3D printed electrode materials by including
conductive additives or further tuning 3D configurations. Regardless of these limitations, the
unpackaged 3D interdigitated microbattery by Sun et al., provided energy densities of 9.7 J cm™
(2.69 mWh cm?) at 2.7 mW c¢m (Figure 2.6¢-d), demonstrating the applicability of 3D printing
such batteries.®* On the other hand, when the cell was packaged, the capacity dropped to 1.2 mAh
cm? and had a poor cycle life due to the lack of air-free conditions provided by the 3D printed

packaging.

In addition to inefficient packaging, 3D printing also introduces challenges in producing
separation membranes or solid electrolytes with high ionic conductivities, limiting both power and
energy densities. Challenges in producing solid state electrolytes may arise from the viscous nature
of typical polymer-based electrolytes that are not compatible with conventional 3D printing
techniques.?* 8¢ To circumvent these issues, ionogel-based solid electrolytes, first implemented by
Delannoy et al. through ink-jet printing, were successfully deposited onto porous LFP and LTO
electrodes.?! The ionogel was composed of a mesoporous silica structure synthesized from the
polycondensation of tetramethyl orthosilicate and combined with N-methyl-N-
propylpyrrolidinium  bis(trifluoromethan)suflonylimide ~ (PYR13-TFSI), with  lithium
bis(trifluoromethan)sulfonylimide (Li-TFSI). The ink-jet printed ionogel demonstrated ionic
conductivities of ~1x103 S cm™ at room temperature, about 100 times higher than LiPON. By
using this ionogel, they were able to achieve a surface capacity of 300 pAh cm™ with up to 100
cycles for a 2D battery. A subsequent study also developed a thick conformally coated membrane
made of LiixAlyFE24(PO4)3-PEI (LAGP) nanoparticles with LiTFSI-PYR;4TFSI liquid

electrolyte onto a 3D printed polymer scaffold with a reported ionic conductivity of 0.2x107 S cm
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185 The LAGP nanoparticles were deposited onto the substrate via square-wave AC-
electrophoretic deposition (EPD), and was one of the first studies to use EPD to conformally coat
a quasi-solid electrolyte onto a 3D printed polymer-based 3D substrate (Figure 2.6e-g).%° This
study also demonstrated the versatility of 3D printing by using polymers such as poly(lactic acid)
(PLA), conductive graphene (a specific type called BLACKMAGIC3D), and ABS polymer mixed
with carbon fibers. Through this technique they finely-tuned the size and shape of the scaffold to
a resolution of 20 pm (Figure 2.6f). Although scaffolds with complex geometries can be 3D
printed, considerable challenges remain in implementing all other components of the battery, thus
necessitating additional fabrication techniques like EPD. After forming the high aspect ratio
polymer scaffold, they were able to use EPD again to conformally deposit LFP — the polymer-in-
ceramic membrane — and LTO. While inactive components, such as the polymer scaffold,
binders, and conductive additives in the EPD coatings were present, they still achieved appreciable
areal capacities of 400-500 pAh cm™ and better energy and power densities when compared to a
commercial 2D Li-ion cell (Figure 2.6h).*> This study demonstrated the compatibility of 3D
printing with EPD to achieve 3D structured microbatteries on perforated high-aspect-ratio polymer
substrates, despite their low performance metrics. However, a study by Ji et al., has shown the
possibility of simultaneously printing all components in an all-in-one fibrous Li-ion wire.}” This
system is not considered a full 3D battery by our definition, but adaptations to this technique could

potentially lead towards 3D batteries with components that are entirely 3D printed.

As previously mentioned, 3D batteries can exacerbate inhomogeneous current densities,
lithium concentration gradients, and underutilization of electrode materials due to the composition
of the material and geometric factors. These issues have also been highlighted through

computational studies, which indicate hot spots with highly concentrated current densities,
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dependent on the battery’s particular architecture.?>””-%8 Inhomogeneous current densities may also
arise from increasing the height of certain configurations, such as nanorods or pillars, and can lead
to the underutilization of electrode materials, leading to lower energy densities.>>’”” Overutilization
of electrode materials can also occur due to current density hotspots, and can lead to mechanical
degradation related to volume expansion and/or other physical effects (e.g. delamination of active
material from the current collector, excessive SEI formation, trapping of active ions) on the
electrodes. Therefore, these physical parameters must be considered in computational modeling to
demonstrate the full effect of inhomogeneous current densities to systematically improve the

energy density and overall performance of 3D batteries.

2.5.3 Cyclability and Scalability

The substantial advances and current limitations to the power and energy densities achieved by
today’s 3D batteries were discussed in the previous section and are important for understanding
how to advance these systems in terms of performance metrics. To proceed towards the
commercialization and implementation of 3D batteries, cyclability and scalability must also be
considered, and they should be emphasized in published research. Cyclability — or cycle life —
is the ability of a battery to retain capacity over many cycles, and is a topic that has been well-
explored for a variety of planar battery chemistries.?>#*° Unsurprisingly, given the nascency of
the fields, few studies have focused on optimizing or understanding the cyclability of 3D batteries.
This fact arises from both academic and industrial considerations. On the academic side, most
investigations are focused on the fundamental electrochemistry in the 3D battery and are not
focused on studying the system’s ability to cycle stably. From an industrial perspective,
information related to how a commercial 3D battery cycles is likely a trade secret for said

company. Table 1 highlights this clearly, where few studies reported cycling data past 100 cycles.
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This likely arose because extended cycle life studies were beyond the scope of the publications or
are simply often not practical in an academic setting. While this is certainly understandable for
preliminary investigations, extended cycle life studies are imperative as they provide insight into
degradation mechanisms and inform researcher whether the system in question is predisposed for

a specific application.

Extending the cycle life of unstable battery systems, like Li-metal batteries (unstable due
to excessive side reactions), requires detailed studies on the interfacial interactions between the
electrolyte and Li-metal anode.”! This same principle is often applied to 3D batteries of all
configurations, as the potential for deleterious reactions between components of the battery is
assumed to be greater due to the enlarged interfacial surface area of these systems. While
investigations have looked at interfacial interactions in 3D electrodes, and in some cases 3D
batteries, these interactions and processes were not the primary focus of the investigations.”’
Focused characterization of the anode-electrolyte and electrolyte-cathode interfaces, for all 3D
battery configurations, are excellent areas to begin investigating how these interactions affect the
cyclability of 3D batteries. With this in mind, however, investigations on interfacial interactions
in 3D batteries must consider the configuration of the battery. The importance of assessing
cyclability with respect to 3D battery configurations results from the differences in the materials
used and the different fabrication methods used for different types of 3D batteries (interdigitated
versus aperiodic). Failure mechanisms in champion 2D materials, for example, will be exacerbated
in 3D interdigitated systems owing to uneven current distributions and underutilization of active-
material.®! As such, there is a great need for focused studies on the cyclability of 3D batteries
(experimentally and computationally) to provide insight into how these system degrade as a

function of cycle number. Given the maturity of 3D batteries, the field is poised to achieve
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considerable improvements in terms of extending cycle life of these high surface area

architectures.

Scalability, the ease with which a technology can progress from laboratory to commercial
viability, is another factor to consider when developing 3D batteries. This metric is related to
commercialization and is difficult to assess when reading fundamental studies. This challenge in
data extrapolation is heightened by the — often large — gap in knowledge between academic and
industrial circles. An example of this can be seen in reference to Table A.L.I and A.LII, where the
only indication of scalability is related to the 3D battery configuration and desired application,
even though none of these studies considered if the methods used in the lab to create 3D batteries
were potentially scalable on industrial levels. This arises from the fact that the scope of
fundamental scientific studies does not often include considerations on scalability. However, there
have been improvements in developing the communication between academic (fundamental, or
use-inspired research) and industrial research communities, which will accelerate 3D battery

research and their commercialization.

While fundamental insights are crucial in the development of 3D batteries, they do not
always provide an understanding into how these systems can advance toward industrial
implementation. A perspective by Firth et al. provides an industrial appraisal of the field of LIBs.
Concerning scalability, the authors detail a road map for commercialization of new technologies
and discuss practical considerations and speedbumps, with respect to capital expenditure and
risk.>® For 2D LIBs, some factors which affect scalability are supply chain considerations, cost
forecasting, and manufacturing processes. All these factors also apply to the scalability of 3D
batteries, yet there is added importance to the manufacturing processes. This arises from the fact

that electrode and scaffold fabrication, conformal coating techniques, and packaging procedures
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are highly specific to each 3D battery configuration and application. With this in mind, a few 3D
battery configurations are already well set-up to be scaled with pre-existing industrial processes
(interdigitated microbatteries through the semi-conductor industry, aperiodic batteries via
electroplating, concentric batteries via 3D printing).!®#1°2 The ease of scalability should not be
overstated, as the packaging of these cells can be challenging. A perfect example of this is the case
of inorganic solid electrolytes, requiring substantial stack pressures for operation, which may
require auxiliary components and has implications on the overall energy density.”® This results
from the fact that, although some electrode and electrolyte fabrication methods are amenable to
current industrial processes, the packaging of the complex (and often fragile) systems do not yet
exist in industry. For example, 3D batteries using solid inorganic electrolytes will need
accommodating auxiliary components resulting from the stack pressure requirements.”**> The
importance of developing functional packaging methods and procedures is imperative, given the
well-known relationship between external packaging and performance metrics (e.g. decrease in

gravimetric energy and power densities from additional mass of packaging materials).!!

2.6 Outlook and the Path Towards Commercialization of 3D Batteries
The need for advances in energy storage will only increase over the next several decades, with
projections of the LIB market reaching 2,000 GWh in the United States by 2030 (based on a

BloombergNEF Insight report). Current 2D LIBs are reaching their limit of performance and the

range of applications that need better batteries continues to grow. The promise of 3D batteries is
to enable improved performance by increasing the power densities along with high energy
densities. As we’ve described above, these physical parameters enable peripheral improvements,

such as the ability of fast-charging energy dense cells. The field must move from proof-of-concept
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to demonstrating the ability to scale to volumes relevant for different applications, which

necessitates creative jumps in our approaches to solving these problems.

In this review, we have highlighted current advances in 3D batteries, as well as areas in
which improvements can be made toward industrial realization. We have intentionally not defined
a ‘best’ architecture of 3D batteries, given that individual applications are enabled by different
combinations of the attributes provided by different 3D architectures. The challenge with
developing commercially relevant 3D batteries has been that the research required has not fully

transitioned from the fundamental or use-inspired levels to the more advanced process engineering
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Figure 2.7: Progress towards the commercialization of 3D Batteries. (a) Ragone plot with general markings of
the energy and power densities for current and idealized commercial 3D batteries, along with other types of
energy storage systems already available on the market or of scientific interest. Modified from Ref [26]. (b) A
schematic of a commercial high surface area metal foam-based (aperiodic) electrode from Addionics™. (c) 3D
view of overlapping (concentric) parallel electrodes from Enovix. (d) schematic of metal foam-based full
(aperiodic) 3D battery preparation from Prieto.

stage related to industry. Fundament development is rarely pursued in industry due to the
uncertainty of the time required for discovery (and the potential lost cost of failed research and
industrial projects), and rarely funded in academia because of the need for optimization and

refinement, which is not a focus for academic funding.

The performance of a specific material in concert with all other components of a battery

can be difficult to decouple and understand if there are multiple bottlenecks (i.e. kinetic limitations
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or mechanical degradation) in the battery. This is particularly challenging for 3D batteries, which
have high interfacial surface areas, and complex chemo-mechanical interactions, such that any
degradation occurring at the electrode and electrolyte interface is exaggerated. While an individual
3D electrode may have impressive performance under idealized conditions, once integrated into a
full 3D battery the overall performance of the cell may be limited. For this reason, although
substantial advances in the architectures of individual components have been made, progress in
the full integration of all components of a 3D battery has been challenging and their performance
are still lacking in comparison to commercial 2D Li-ion batteries (Figure 2.7a). Improvements,

however, are being made to bridge this gap.

To advance technology, it is often important to take a step back — after all, the first
automobiles were slower and less convenient than horse drawn carts, but quickly became more
advanced and faster. The field is nearing the point where full integration of 3D batteries is very
close, and improvements in energy density, cycle life, and scalability are critical. This means that
the amount of optimization necessary for reasonable performance are increased, compared to
traditional batteries, because all components must be iteratively improved in contact with each
other. A high quality of materials, manufacturing processes, and interfaces are required before any
expected benefits of the 3D architecture are obtained. Advancements in computational methods
are also key to understand complex phenomena and predict what aspect of the 3D battery could be

the bottleneck for a particular materials set.

The large size of the total accessible markets enabled by battery innovations are the
motivation to push advances in 3D and is being demonstrated industrially. This is especially true
because 2D rechargeable batteries will be unable to fill the same application spaces as 3D systems.

Companies such as Addionics, Enovix, and Prieto (Figure 2.7b-d) have demonstrated
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considerable progress toward commercializing lithium-metal and lithium-ion batteries with
advanced architectures. Companies such as these use a diverse set of advanced manufacturing
methods that link key advances in other industries, such as semiconductor manufacturing, 3D
printing, and electroplating. New 3D battery technology is not limited to drop-in replacements for
current battery systems. By leveraging the third dimension, 3D battery technologies will allow for

innovation across a large swath of applications and market sectors.
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CHAPTER 3: Multi-functional cyclized-polyacrylonitrile (cPAN) as a coating for Sb-based
anodes in Sodium-ion Batteries®

3.1 Overview

Conversion electrodes, like antimony (Sb), are high energy density electrode materials for sodium-
ion batteries (NIBs). These materials are limited in their performance due to the mechanical
instability of these systems resulting from volume expansion of the material during cycling.
Stabilizing conversion materials using a conductive polymer binder (CPB) protective layer is an
effective way to enhance the performance of these materials. There is, however, a lack of clear
understanding of how CPBs affect the (de)insertion and surface chemistry of these systems.
Herein, we report the systematic investigation of the effects on Na-ion (de)insertion chemistry of
a cyclized-polyacrylonitrile (cPAN) layer on Sb-based conversion electrodes in NIBS. Through
electrochemical characterization, it was determined that the inclusion of a cPAN layer increases
the achievable capacity of the electrode system, due to the storage of Na-ions by the cPAN layer
and facilitates Na-ion transport to the Sb active material at early cycles by reducing the charge

transfer resistance of the ensemble electrode.

3 A version of this chapter is published in ACS Applied Materials and Interfaces (10.1021/acsami.4c13887) with
Daniel S. Windsor, Monika J. Perez, Erin R. Snyder, Nathan A. Neisius, Rhys A. Otten, Sarah C. Hall, Clara A.
Tibbetts, Amber T. Krummel, and Amy L. Prieto. Daniel S. Windsor developed the initial hypotheses, designed
experiments, analyzed data, and led the writing of the manuscript. Monika J. Perez collected, fit, and visualized the
XPS data and assisted in writing the manuscript. Erin S. Snyder fit XPS data and assisted in writing the manuscript.
Nathan A. Neisius collected PXRD data and conducted Rietveld Refinements, in addition to assisting in the writing
of the manuscript. Rhys A. Otten collected and visualized the Vickers Hardness data, in addition to assisting in the
writing of the manuscript. Sarah C. Hall, Clara A. Tibbetts, and Amber T. Krummel collected the FTIR data and
assisted in writing the manuscript. Amy L. Prieto assisted in the conceptualization of the project, project
administration, data interpretation, and manuscript editing.
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3.2 Introduction

The development of renewable energy storage technologies have garnered much attention and
capital because of their potential to reduce humanity’s dependence on hydrocarbon-based energy
sources to mitigate the effects of climate change.!* Of the many renewable energy technologies
under development, secondary battery (rechargeable) technologies have become ubiquitous.>*
Developed in the late 20"-century, Lithium-ion batteries (LIBs) have become an integral part
modern life, owing to their inclusion in technologies ranging from mobile electronics to electric
vehicles.>*> Despite the popularity and omnipresence of LIBs, there is no single battery
technology that is perfect for every application, and as a result LIBs are not suitable for every
energy storage application due to low natural abundance of lithium, cost, and geographical
availability of the materials needed for this technology.®’ Sodium-ion batteries (NIBs) are an
exciting alternative to LIBs for large scale energy storage applications, owing to the relative
abundance of NIBs feedstock materials and a lower price point ($6500/ton for Li»CO3, $200/ton
for NaxCO3).%? Although NIBs are an exciting alternative to LIBs for grid-level energy storage,
the materials that function in the NIBs system are not as well developed as are the materials for
LIBs.

The NIBs system is amenable to a variety of different electrode materials. One class of high
energy density materials for NIBs anodes are conversion electrodes. Conversion electrodes differ
from intercalation electrodes, such as hard carbon, in that the active ions are not stored in interstitial
positions within the lattice but are incorporated into new crystallographic phases.!!> Of the
conversion electrodes studied for application in NIBs, antimony (Sb) is one of the most popular
with a theoretical capacity of 660 mAh/g as well as good thermal stability and electrical

conductivity.!®!
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Although conversion electrode materials (like Sb) generally have higher theoretical capacities
than intercalation electrodes, these materials are all inhibited by large volumetric expansions of
the material when converted to the fully sodiated phase. The (de)sodiation of Sb begins with
pristine Sb, either amorphous or trigonal Sb (R3m), and fully sodiates to the hexagonal NasSb
(P63/mmc) before returning the original Sb (amorphous or phase trigonal) during desodiation.!®
These changes in the composition of the material lead to changes of up to 293% in the unit cell
volume, which detrimentally affects the ability of this material to cycle stably in a battery.!’

These volumetric changes between phases, during insertion/deinsertion of ions, are manifested
in mechanical stresses and strains in the electrode material. As a result, the electrode material is
pulverized, leading to a loss of reversible capacity through excessive solid-electrolyte interphase
(SEI) growth, and can even lead to delamination of the electrode active material from the current
collector.!*1® Thus, to include conversion electrode materials in NIBs for high energy density
systems, the stabilization of these materials is imperative.

To stabilize conversion electrodes, investigators have evaluated creative approaches toward
stabilizing these systems. Some of these approaches include nanostructuring the active
material'>!"1° utilization of carbon to form composite electrodes®’, or incorporating inactive yet
mechanically robust constituents in the electrode'*!3, as well as electrolyte optimization.?!?> Of
the many different approaches applied toward the stabilization of conversion electrodes, an
increasingly popular approach is through the inclusion of conductive polymer binders (CPBs) in
the electrode framework. The popularity of CPBs arises from the mechanical compliance of the
polymeric layers, which alleviates the detrimental effects of the volume expansion.!??*>* The
conductive nature of these polymers allows for pulverized pieces of active material to remain in

electrical contact with the remainder of the bulk electrode.!??> A highly studied CPB in the LIBs
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literature is cyclized-polyacrylonitrile (cPAN), which is formed by pyrolyzing  the
polyacrylonitrile (PAN) precursor.?®?” The cPAN polymer as a protective coating has been shown
to enhance the performance of conversion electrodes (Si, Sn, Sb) in a variety of electrode
configurations which is attributed to the mechanical robustness and electrical conductivity of the
polymer.!'!1228 The cPAN polymer has, also, been shown to actively store alkali metal ions as a
standalone organic cathode.?®? In a recent study Zhang et al. reported that a slurry cast cPAN
electrode had an achievable cycling capacity of 280 mAh/g, which is comparable to the achievable
capacity of hard carbon anodes in NIBs.?®

Despite the depth of work on cPAN in the battery literature, there is a distinct lack of
understanding as to how the inclusion of cPAN, as a protective coating affects the Na-ion
insertion/deinsertion, and surface chemistry of the anode it is applied to. Given the complexity of
battery systems, a clear understanding of the functionality of the constituents in a battery are
imperative if we are to understand how different materials impact cell degradation, leading to
informed design principles. Therefore, the objective of this investigation is to study the effects of
cPAN on the fundamental electrochemistry of the anode system it is applied to. To achieve this, a
layered coating-active material configuration, with the cPAN precursor (PAN) spin-coated onto
thin-film electrodeposited Sb, was used. The advantage of this configuration is that it negates the
convoluting effects of constituents of in slurry cast electrodes on the electrochemical data and the
effects of nano scales active materials or nano-fabricated structures.'®*° For these reasons, the
layered coating-active material configuration aides in the study of the fundamental interactions
occurring at the electrode in question.

Herein, we reported a detailed investigation aimed at characterizing the effect of a cPAN

protective layer on the fundamental (de)sodiation chemistry and surface chemistry (SEI formation)
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of Sb-based anodes in NIBs. We tested the effect of cPAN on the achievable capacity, initial
capacity loss (ICL), coulombic efficiency (CE), and rate capability of Sb-based electrodes through
galvanostatic cycling experiments. Differential capacity (dQ/dV) analysis was used to assess the
effect of cPAN on the (de)sodiation chemistry of Sb, while constant-current constant-voltage
(CCCV) with electrochemical impedance spectroscopy (EIS) was used to assess the effect of
cPAN on the resistive properties of Sb during cycling. A cPAN protective coating not only
increases the achievable capacity of the anode, but it also facilitates Na-ion conduction at the

electrode-electrolyte interface.

3.3 Results and Discussion
3.3.1 Anode Characterization

The cyclization of PAN to form cPAN, while be easily conducted through the partial pyrolysis
of the polymer, is highly dependent on the temperature and time of the heating process.?®?”-33 To
determine the extent of PAN cyclization from an annealing process a 1M PAN solution in DMF
was spin-coated onto a stainless-steel disk, followed by annealing in a tube furnace under flowing
argon for 4 hours at 300 °C. The ATR-FTIR spectra of a PAN@stainless-steel disk (blue) and an
annealed PAN(@stainless-steel disk (black) are displayed in Figure 3.1a. The pre annealed system
shows a sharp peak at 2244 cm! which is indicative of C-N triple bond stretching from the nitrile
group in the PAN structure.?%3 This feature disappears upon annealing of the sample. In addition,
the annealed sample displays a strong peak at roughly 1600 cm™! which relates to C-N double bond
stretching in a conjugated system.?** The absence of a peak at 2244 ¢m™! and the presence of a
peak at roughly 1600 cm! indicate that the annealing process results in the cyclized PAN structure,

which are in good agreement with the literature.!?2%33-3% The broad resonances at roughly 2900

cm! in the blue spectrum relate to the extent of hydrogenation on the PAN polymer backbone.?
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The diminished intensity of this peak in the annealed PAN spectrum demonstrates that the
annealing process leads to some extent of conjugation of the carbon backbone itself, which further
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Figure 3.1: Materials characterization of cPAN@Sb-based and Sb-based electrodes. A) Fourier-Transfrom
Infrared spectroscopy (FTIR) of spin-coated polyacrylonitrile (PAN), blue, and annealed cyclized-
polyacrylontrile (cPAN), black. B) Powder X-ray diffraction (PXRD) patterns of a Sb electrode, pre- and post-
annealing, with a cPAN@SD annealed pattern. C) is an electrochemical impedance spectroscopy (EIS) Nyquist
plot with cPAN@Sb-based (black) and Sb-based (red) in Swagelok half-cells prior to battery cycling.

indicates the cyclization of this material.

A thin film, layered, active material-coating configuration (Schematic 3.1a) allows for
fundamental insight into the effect of the cPAN coating on the electrochemistry of the Sb active
material, without convoluting effects from binders and additives common in battery electrodes for
NIBS (Schematic 3.1b). Given the temperature requirements for the cyclization of PAN, and the
thin-film layered configuration for the coating/active material, it was imperative to assess how the
annealing process affected the composition of the Sb thin film deposition. After the annealing
process a conversion of the electrodeposited Sb results in the formation of crystalline Sb, Sb,Os,
NiSb, and CuxSb, Figure 3.1b.

The composition of the cPAN and Sb systems were assessed via powder X-ray diffraction
(PXRD) and scanning electron microscopy (SEM)/energy-dispersive X-ray spectroscopy (EDS).
Pre-annealed films resemble previously reported diffraction data from our group, where a low
crystalline, strained, Sb phase is represented by the broad (10-2) peak at 29° 20.%° This artifact has
been widely investigated and is attributed to the formation of a densely packed Sb phase (strain),
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while the decrease in the crystallinity is due to CTAB acting as a capping ligand for small Sb
particles.®> A Ni layer was also deposited to the tCu substrate to reduce the extent of Cu-diffusion
during the annealing step, which is also present in the pre-annealed diffraction pattern.® Figure
A.ILI displays an image of an Sb@tCu electrode after the annealing step, where it is clear to see
that the solid-state diffusion of the Cu into the Sb layer resulted in a mechanically unstable
electrode system.3® The presence of surface oxides (hypothesized to be Sb20s) is confirmed with

SEM/EDS, Figure A.ILII, and is further highlighted to be on the surface or amorphous due to the
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Schematic 3.1: Electrode configurations for fundamental studies. A) Layered configuration of thin film,
electrodeposited, Sb on a current collector, coated by a conductive polymer binder. B) Representation of a
traditional slurry cast electrode with binders and conductive additives within the electrode system.
absence of crystalline Sb,0s in the pre-annealed diffraction pattern. The presence of Sb2Os likely
arises from a surface oxide layer that becomes incorporated into the Sb electrodeposited material
via the annealing process as a crystalline Sb,O3 phase, given that the annealing process occurs

under an Ar atmosphere. The Sb-O phase diagram supports the formation of this Sb-oxide phase,

which has been reported to a multicomponent Sb + Sb,O3 phase at temperatures close to 375 °C.%’
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This temperature for Sb + Sb,O3 formation is high than the annealing temperature used in this
investigation, however the presence of SboO; under these conditions can be explained owing to
the reduced pressure (between -0.05 and -0.1 MPa) utilized for the annealing of the PAN polymer.

The NiSb and CuxSb phases arise from the solid-state diffusion of Ni and Cu from the substrate
into the Sb material during the annealing step, which occurs due to the thin film (layered) electrode
configuration used in this study. The formation of the Cu2Sb phase has been shown to occur to Sb
thin-films deposited onto Cu-current collectors when annealed 300 °C, which is also supported by
the Cu-Sb phase diagram which shows that this phase can form at roughly 260 °C.*%3% Assessment
of the Ni-Sb phase diagram, also, helps to explain the presence of the Ni-Sb phase, which can form
at the temperatures used in the annealing process for this investigation.*® Quantitative analysis of
the PXRD patterns in Figure 3.1b was conducted via Rietveld Refinements, as represented in
Figure A.ILIIIL The refinements show that most of the crystalline phases are comprised of Sb203
in both the cPAN@Sb and Sb systems, with small amounts of crystalline NiSb and CuxSb.
Concerning Sb, the refinements shown in Figure S3 are consistent with the results of the work of
Nieto et al., which has been shown to be low crystalline, mostly amorphous, bulk Sb.3* The
refinements, in both systems, display peaks at roughly 30 and 60 degrees 26 which were unable to
be assigned with the reference PDFs used for these analyses. These phases likely relate to minor
byproducts from the annealing process and could consist of a ternary Cu-Ni-Sb phase or an NiSb
phase of a different crystal structure to the NiSb assigned in the refinements, Figure A.ILIIL. Raw
Rietveld Refinement data, with weight percentages and weight percent errors, are reported in the

supplementary information.

Mw 3.1
Maep = nF Q S
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Given the mixed composition of the resulting film, the mass of the active material was
determined during from the charge passed during the Sb electrodeposition, as described by
Equation 3.1. In other words, the active material mass used to normalize the electrochemical data
in this investigation accounts for the ensemble Sb present in the film, regardless of the extent of
Ni, Cu, or O incorporation. The presence of cPAN at the annealed Sb film does not appreciably
change the composition of the film, compared to the annealed Sb film without the cPAN, which
serves for the purposes of studying the fundamental impact of cPAN on the (de)sodiation and

surface chemistry of Sb.

P Yol [l

Figure 3.2: Scanning electron microsope (SEM) with X-ray energy dispersive spectroscopy (EDS)
characterization of annealed cPAN@Sb and Sb systems. A) SEM image of a pre-cycled cPAN@SDb electrode
at x2000 magnification with an accelerating voltage of 2kV. B) SEM image of a pre-cycled cPAN@Sb
electrode at x8000 magnification with an accelerating of 15kV where C) is the accompanying EDS elemental
map. D) SEM image of a pre-cycled Sb electrode at x2000 magnification with an accelerating voltage of 2k V.
E) SEM image of a pre-cycled Sb electrode at x8000 magnification with an accelerating of 15kV where F) is
the accompanying EDS elemental map.

The morphology and composition of the cPAN@Sb and Sb systems after the annealing process

were determined via SEM/EDS, as seen in Figure 3.2. The electrodeposited Sb-based system

retains the cauliflower shaped structure in accordance with previous work from our group.'4*3 The
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inclusion of the cPAN layer does not change the structure of the Sb particles, instead the cPAN
polymer acts to fill in the gaps between the Sb domains, Figure 3.2a and 3.2b. Elemental mapping
with EDS for the cPAN@Sb (Figure 3.2¢) and Sb (Figure 3.2f) systems demonstrate the
composition of the post-annealed films are similar, in accordance with the PXRD results from
Figure 3.1b. Elemental EDS maps of each identified element are displayed in Figure A.ILIV and
A.ILV for the cPAN@SDb and Sb systems, respectively. In the elemental map of the cPAN@Sb
and Sb systems show uniform distribution of Sb, Cu, and O over the bulbous Sb features. In Figure
S3, the carbon distribution is concentrated at the spaces between the Sb features in the thin-film,
which implies that the cPAN is centered at the void spaces between Sb bulbs.

The thickness of the spin-coated and annealed cPAN was determined via cross-sectional
SEM of a spin-coated cPAN@Si-wafer, Figure A.IL.VI, which resulted in a cPAN thickness of
roughly 250 nm. Even though cPAN inclusion to an Sb electrode resulted in an Sb film with filled
in gaps between the Sb particles, the electrochemical active surface area (ECSA) of the
cPAN@Sb-based (4.79+0.59 cm?) system was larger than that of the Sb-based (3.84+0.40 cm?)
system alone, Figure A.ILVII. This difference in the ECSA may result from the porosity of the
cPAN layer.?

Indentation testing of the cPAN and Sb systems, prior to cycling, demonstrated that the
inclusion of cPAN to the Sb electrode increased the hardness of the electrode system, Figure
A.ILVIIL As seen in Figure A.IL.VIIle, the Vickers Hardness for the cPAN@SD system was 42.5
Hv, while the Sb system had a Vickers hardness of 32.5 Hv. A study by Moon et al. demonstrated
the correlation between particle hardness and cycling performance in lithium-ion battery cathodes,
however this notion has yet to be validated for anodes in NIBs.*! It must be noted that these

measurements relate to the entire electrode, and not solely the cPAN. Despite the lack of
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information on the mechanical properties of cPAN, these measurements do provide insight into
the effect of cPAN on the hardness of the ensemble Sb-based electrode, and thus the structure’s
resistance to local plastic deformation, which is the purpose of the investigation herein. As seen in
the hardness plot, the inclusion of cPAN to the Sb-based electrode does improve the hardness of
the entire electrode system, which we would expect to increase the cycle life of the Sb electrode
the cPAN is applied to.

The charge transfer resistance (Rcr), characterized by EIS, of the pristine cPAN@Sb-based
electrode was greater than that of the pristine Sb-based system alone, Figure 3.1c. The EIS spectra
were fit to a modified Rondels equivalent circuit model which has been previously used for the
analysis of Sb anodes in NIBs, as seen in Figure A.ILIX.2%%42 Although cPAN has mixed
conducting properties, most of this conductivity likely arises from the conjugated polymer
backbone provided by the cyclization of this material.>* As such, we initially hypothesized that the
cPAN system would have a higher charge transfer resistance (Rct) compared to the Sb-based
system, given that the polymer layer should impede the passage of Na-ions, which is supported by
the pristine EIS analysis. This implies that the cPAN system should have lower ICL than the Sb
control, and points to the notion that the cPAN may not be behaving solely as a conductive film.
3.3.2 Electrochemical characterization

Inclusion of the cPAN to the Sb anode increases the achievable capacity and reduces the initial
capacity loss (ICL) compared to the bare Sb system. The most straightforward approach toward
assessing the effect of cPAN on the charge storage capabilities of Sb is through galvanostatic
(constant current) cycling of the two batteries systems to conduct cycle life analysis. Cycle life
analysis assesses how the cPAN affected the capacity, ICL, and Coulombic efficiency (CE) of the

cPAN and Sb systems, Figure 3.3a. The voltage (voltage-capacity) profiles for the cPAN@Sb and
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Sb cycling experiments, plotted from cycle 1 to 51 in increments of 10 cycles, can be found in
Figure A.IL.X. In the literature cPAN has been shown to actively store Na-ions in the work of

Zhang et al.?8

which reported a realized Na-ion storage capacity of 280 mAh/g. Second, cPAN is
well known in the literature to stabilize conversion electrodes due to the mechanical properties of
the polymer.'>?* As such, we hypothesized that the cPAN layer should provide a higher capacity
than the Sb-based system, which should result in distinct (de)sodiation features from the cPAN, in
addition to the (de)sodiation features of Sb in a NIBs system. We would also expect to the
cPAN@Sb-based system to have lower initial coulombic efficiency (CE) and a large initial
capacity loss (ICL) given the increased resistance provided by the cPAN, as seen in Figure 3.1c.
Contrary to our initial hypothesis, the ICL for the cPAN was 215 mAh/g, while for the Sb system
the ICL was 247 mAh/g. These differences in the ICL may result from the added charge storage
capabilities of the cPAN polymer on the ensemble electrode. These systems, also, displayed
Coulombic efficiency values of 98-99%, which is consistent with the Coulombic efficiencies
reported by the work of Nieto et al.%

To confirm that the cPAN layer was itself contributing the capacity of the anode, cPAN slurry
cast electrodes were fabricated with conductive carbon and a PVDF binder, like the work of Zhang
et al. These electrodes were prepared as detailed by the work of Nieto et al.!® and were cycled in
2032-coin cells at a rate of 14 mA/g, which can nominally be described as a rate of C/20. The
potential window for these cells was 0.15 to 1.5 V vs. Na/Na" to omit any contributions to the
recorded capacity from Na plating/stripping at the electrode. As seen in Figure A.ILXI, cPAN
slurry cast electrodes did store Na-ions stably for 50 cycles, however at a significantly lower

capacity (roughly 25 mAh/g) compared to what has been reported in the literature.?® Despite the

differences in the realized capacity between this study and the work of Zhang et al., the data in
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Figure A.ILXI clearly demonstrate that cPAN is capable of reversibly storing Na-ions. The

mechanism by which cPAN stores Na-ions is certainly non-faradic in nature, as seen in the
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Figure 3.3: Electrochemical Characterization of cPAN@Sb-based and Sb-based electrodes. A) Galvanostatic
cycling data and coulombic efficiency of cPAN@Sb-based (black) and Sb-based (red) electrodes in Na-ion
half-cells at a rate of 117.16 mA/g. The cPAN@Sb-based system has higher capacity and lower initial capacity
loss compared to the Sb-based system. B) Rate capability testing of cPAN@Sb-based (black) and Sb-based
(red) electrodes plotted with 90% confidence intervals. The cPAN@Sb-based system has better rate capability
compared to the Sb-based control. C) and D) related to offset differential capacity (dQ/dV) plots of cPAN@Sb
and Sb electrodes, respectively.

differential capacity plots in Figure A.ILXI, indicated by the offset from zero for both the
sodiation and desodiation half-cycles with no sharp/distinct features in the plot. Due to the lack of
distinct features in the dQ/dV plot in Figure A.ILXId, and the small magnitude of the

(de)sodiation features, it was expected to be difficult to assess exactly how the cPAN affected the

(de)sodiation chemistry of the Sb anode.
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An interesting feature of the cycle life analysis can be found at the point where both systems
begin to display signs of failure. At roughly 225 cycles in Figure 3.3a, the CE of the cPAN system
dramatically decreases, which is shortly followed by a sharp decrease in the charge capacity with
a sharp increase in the discharge capacity. These features imply that, as the cycle number increases,
the cPAN system can accept charge more easily than it is able to release it. This decay feature in
the cycle life plot may result from delamination of the cPAN and Sb from the current, exposing
the electrode to fresh electrolyte resulting in the irreversible consumption of charge due to SEI
formation.!* The worse cycle life performance for the cPAN system in this study, contrary to the
consensus in the field, likely arises from the electrode-polymer layer configuration. Traditionally,
in the field, cPAN is used to stabilize conversion materials on the nanoparticle scale in a core-shell
configuration which results in the alleviation of the effects of volume expansion of the core by the
shell (cPAN) in three dimensions.!? This, then, suggests that a nano-structured or composite
electrode configuration is necessary to achieve cycle life improvements with the cPAN protective
coating. While the layered coating-active material did not provide for the expected cycle life
improvement usually seen with cPAN coated electrode, it did provide this investigation with a
system capable of highlighting and deconvoluting degradation effects for these systems.

Rate capability tests demonstrated that the cPAN has a higher capacity and better capacity
retention, as a function of rate, compared to the Sb system (Figure 3.3b). The use of rate capability
tests provide information into how the electrode system in question functions are increasing current
loads, which is preliminary information on the achievable power density of the system. These rate
tests were conducted at the increasing current densities (86.05 mA/g, 168.51 mA/g, 421.28 mA/g,
842.56 mA/g, 1685.13 mA/g, 4212.82 mA/g, and 86.05 mA/g) over 36 cycles following a 10-cycle

formation period, plotted with 90% confidence intervals. Concerning the capacity retention as a
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function of rate, the cPAN system retained 90.5% of the capacity upon transitioning from 842.56
mA/gto 1685.13 mA/g, and 65.6% upon the transition from 1685.13 mA/g to 4212.82 mA/g. The
Sb system retained 80.9% of the capacity upon transitioning from 842.56 mA/g to 1685.13 mA/g,
and 47.7% upon the transition from 1685.13 mA/g to 4212.82 mA/g. These results demonstrate
that the inclusion of cPAN to an Sb-based electrode increase the overall capacity and capacity
retention as a function of rate. This may arise from the mechanical stabilization from the increased
hardness, which could confer an overall resistance to self-pulverization of the cPAN@Sb-based
system, or a difference in the composition of the SEI at the anode-electrolyte interface provided
cPAN. While these rate capability test provide information on electrode capacity as a function of
rate, they do not provide any insight into the effect of cPAN on the (de)sodiation chemistry of Sb.

The cPAN layer most affected the early cycle (de)sodiation chemistry of the Sb anode it was
applied to. Initially we hypothesized that the cPAN layer, given its activity toward Na-ions, would
affect the observed (de)sodiation chemistry of the ensemble electrode. To test this hypothesis,
differential capacity (dQ/dV) plots were generated to assess where on the potential landscape the
major (de)sodiation events occurred for the cPAN@Sb-based and Sb-based systems. The data used
to generate the dQ/dV plots can be found in Figure A.IL.X, where the differential of the raw data
displayed in the voltage profiles is taken such that the platues in the voltage profiles turn into peaks
in the dQ/dV plots. Figures 3.3c and 3.3d display the dQ/dV plots in increments of 10 cycles from
the 1st cycle to the 51st for the cPAN@Sb-based and Sb-based systems, respectively. The first
cycle in both 2.c and 2.d display a distinct electrolyte reduction peak at roughly 500 mV vs. Na/Na*
for the cPAN system, and 600 mV vs. Na/Na® for the Sb system, which is indicative of SEI
formation.* The increase in the overpotential for the electrolyte reduction in the cPAN system is

attributed larger Rct of the cPAN system, which is displayed in Figure 3.1¢. Concerning cycles
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11, 21, and 31 in Figure 3.3d, the main sodiation peak for the Sb-based system occurs at
significantly more negative potentials (roughly 100mV vs. Na/Na"), which transitions to more
positive potentials as a function of cycle number. This behavior likely arises from the excess
energy required to break the M-Sb or O-Sb bonds present in the starting material, Figure 3.1b.
For the cPAN system at early cycles, the main sodiation peak arrives at significantly more positive
potentials (roughly 450mV vs. Na/Na"), which implies that the cPAN facilitates the sodiation of
Sb, despite the increased interfacial resistance of the pristine electrode. These differences in the
dQ/dV plots for the initial cycles of the cPAN@Sb-based and Sb-based electrodes is of great
interest, and points to the importance of both the interfacial chemistry and resistance phenomena
over the applied potential window. By 51st cycle, both systems display 3 distinct sodiation events,
which are representative of the sodiation of electrodeposited Sb electrodes seen in previous work
by this group.!®3> Concerning the desodiation events, the cPAN system has much more distinct
features at the main desodiation event compared to the Sb system. At roughly 1.0 V vs. Na/Na",
both systems display a broad shoulder after the main desodiation event, which is indicative of
Sb,O3 desodiation, as seen in previous work.'® The results of the electrochemical experiments
demonstrate that the inclusion of cPAN increases the capacity and improves the better rate

capabilities of the Sb anode.
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The increase in the capacity results from the charge storage capabilities of the cPAN polymer,
while the improved rate capability is attributed to the improved hardness of the electrode system
(Figure A.ILVIII) or differences in the as formed SEI. Interestingly, despite the improved
hardness provided by the polymer, the cPAN system had a shorter cycle life compared to the Sb

control, which likely occurs from delamination of the cPAN@SDb from the current collector. This
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Figure 3.4: Electrochemical impedance spectroscopy analysis of cPAN@Sb and Sb electrodes as a function of
potential. A) Charge transfer resistance (Rct) plotted as a function of potential with the sodiation sweep being
represented by the solid line, while the dashed line relates to the desodiation sweep. B) Solid electrolyte
interphase resistance (Rsei) plotted as a function of potential with the sodiation sweep being represented by the
solid line, while the dashed line relates to the desodiation sweep. C) Schematic representation of the modified
Randles circuit used to fit the EIS data. D) Table representing the Rct and Rsei values for the cPAN@Sb and
Sb systems at 0.1V vs. Na/Na+ at the 10" cycle.

is likely an artifact of the coating-active material configuration used in this investigation (layered
configuration, Scheme 3.1b) and suggests that nano-structuring of the coating and active material
is crucial to achieve the cycle life improvements from cPAN seen in the literature. Concerning the
effect of cPAN on the Sb (de)sodiation chemistry, we see that the cPAN helps to facilitate Na-ion

insertion at more positive potentials than in the Sb system over the first 40 cycles or so. While
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these results demonstrate the effect of cPAN on the early cycle (de)sodiation chemistry of Sb, they
do not provide insight into how cPAN affects the resistive nature of the Sb active material as a
function of potential. Although these results clearly show that cPAN influences the cycling
performance and early cycle chemistry of Sb, they do not examine how the cPAN is affecting these
changes. To address how cPAN is affecting the Sb electrode, it is imperative to consider how

cPAN affects the resistive properties of the ensemble electrode during cycling.
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Figure 3.5: Na-ion diffusion coefficient calculations. A) Real impedance plotted as a function of the
inverse of the square root of angular frequency for the low frequency region (0.1 to 1.0 Hz), where the
slope is the Warburg coefficient (ow). B) Equation relating the real impedance (Z:) to the Warburg
coefficient. C) Equation used for calculating the Dna of the cPAN@Sb and Sb electrodes. D) Table displays
the Dna for the cPAN@SDb and Sb electrodes at the 10" cycle and at 0.1V vs. Na/Na'.

Analysis of the resistive properties, as a function of potential, demonstrate that while cPAN
reduces the Rt of the electrode system, the Rser of the cPAN and Sb systems were very similar.
These parameters were determined through the application of Constant-Current Constant-Voltage
(CCCV), Figures A.Il.XIIa and A.IL.XIIab polarization for EIS analysis at the potentials where
the major (de)sodiation appeared over the potential window. Figure A.ILXIIc and A.IL.XIId
display the dQ/dV plots of a 10-cycle formation period for the cPAN@Sb and Sb systems,

respectively. The arrows indicate the potentials at which EIS spectra where taken. Figure
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A.ILXIII displays the EIS spectra of the sodiation sweep for the cPAN system at the indicated
potentials of interest. The EIS spectra collected at the desired potentials were fit to a modified
Randles equivalent circuit model with the inclusion of an SEI component, as seen in Figure 3.4c.
In this model, the Rsei||Csei components model the impedance behavior related to the movement
of ions through the SEI. Specifically, the Rsei models the resistance related to the movement of
ions in the SEI, and the Csei models reactance related to the capacitive (charge accumulation)
effects of the SEI. This model has been used in the literature to evaluate the impedance response
of Sb electrodes in a NIB half-cell.?** Figures 3.4a and 3.4b display the Rct and Rsei plotted as
a function of potential for the cPAN@Sb and Sb systems, respectively. The Rct and Rsei values
for the EIS spectra taken at 0.1 V vs. Na/Na" for the 10" cycle sodiation sweep are displayed in
Figure 3.4d. In Figure 3.4a, it is clear to see that the cPAN has a smaller Rct over the potential
window compared to the Sb system. Interestingly, the Rsei for both systems are very similar. These
results imply that while the cPAN aids in lowering the resistance of the charge transfer process
during Na-ion insertion into the Sb electrode, it does not measurably affect the impedance
properties of the as formed SEI layer. The lack of differences in the Rsei for these two systems
leads to the notion that the cPAN layer does affect the composition of the SEI formed while the
battery is cycling, despite the potential differences of the main sodiation events at early cycles.
Another important factor to consider is how the cPAN protective layer affects the Na-ion diffusion
coefficient for the ensemble electrode.

The calculated Na-ion diffusion coefficients (Dna) for the cPAN@Sb and Sb systems were
2.29x10'% cm?/s and 7.73x107'7 cm?/s, respectively (Figure 3.5d). This work calculated the Dna at
100mV vs. Na/Na* after the 10th cycle to assess how the cPAN layer affected the Na-ion diffusion

in the ensemble electrode. These parameters were used for the Dna calculations given the clear
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dependence on the calculated diffusion coefficients based on the cycle number and state of charge
of the electrode under examination.***> Figure 3.5a displays the real impedance plotted as a
function of the inverse of the square root of the angular frequency over the low frequency region
of the EIS spectra (0.1 to 1.0 Hz). Figures 3.5b and 3.5c¢ display the relationship between the real
impedance and the angular frequency of the measurements, and the equation used to calculate Dna,
respectively. These results demonstrate that the cPAN layer improves the Na-ion diffusion for the
ensemble electrode it is applied to.

Thus far the cPAN protective layer has been shown to increase the achievable capacity of the
ensemble electrode, resulting from the charge storage properties of the cPAN, and has acted to
reduce the Re of the electrode (due to the conductive properties of the polymer layer) while
enhancing the ensemble electrode’s Dna. The cPAN layer has, also, been shown to affect the early
cycle (de)sodiation chemistry of Sb and improve the rate capability of the electrode, both of which
could result from differences in the surface chemistry imparted by the cPAN. Interestingly, the
Rser values (Figure 4b) for the cPAN@Sb system was strikingly similar to the Rsgr of the Sb
control, which implies that the surface chemistries of these systems are similar. To disprove the
hypotheses that the differences in the early cycle (de)sodiation chemistry and enhanced rate
capability of the cPAN system result from cPAN’s effect on the surface chemistry of the Sb
electrode, and to assess the Rsgr values seen in Figure 3.4b, characterization of the surface
chemistry was conducted via X-ray photoelectron spectroscopy (XPS).

3.3.3 Characterization of Surface Chemistry

The surface chemistry of the cPAN@Sb and Sb systems after the 1% discharge and 10" cycle are

not significantly different (particularly in the carbon environments) to account for the differences

in the electrochemical and resistive phenomena between the cPAN@Sb and Sb systems. X-ray
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photoelectron spectroscopy (XPS) was conducted on the cPAN@Sb and Sb systems for pristine
electrodes, electrodes after the 1%t discharge cycle, and electrode after the 10" cycle to evaluate the
effect of cPAN on the surface chemistry of the Sb active material. Figure 3.6 displays the high-
resolution XPS spectra of the Cls environments for the cPAN@Sb and Sb systems for pristine,

after 1% discharge, and after the 10" cycle electrode conditions.
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Figure 3.6: Electrode surface chemistry characterization with X-ray photoelectron spectroscopy (XPS). A)
The Cls spectrum for the pristine cPAN@Sb electrode demonstrates CO2, C-N, C=N, C-C, and C-H
environments. B) The C1s spectrum for a cPAN@SD electrode after the 1% discharge half-cycle which displays
COs, CO», C-N, C=N, C-C, and C-H environments. C) The Cls spectrum for a cPAN@Sb electrode after the
10™ cycle which displays COs, CO», C-O, C-C, and C-H environments. D) The C1s spectrum for the pristine
Sb electrode demonstrates C-O, and C environments. E) The Cls spectrum for an Sb electrode after the 1
discharge half-cycle which displays COs, C-C, and C-H environments. F) The Cls spectrum for an Sb
electrode after the 10" cycle which displays COs, COz, C-O, C-C, and C-H environments.

The Cls spectrum for the pristine cPAN (Figure 3.6a) system shows peaks at 285 eV, 286.58
eV, 287.77 eV, and 289.01 eV which relate to C-C, C-N, C=N, and CO; environments,
respectively. The C-C environments for the pristine system relate to the C-C bonds in the polymer

backbone of the cPAN coating, with the C=N species resulting from the C=N bonds of the pyridine

structure in cPAN.!22® The presence of C-N environments in the pristine cPAN sample could be

60



indicative of a graphitic species in addition pyridine structures, although these moieties are present
at low levels.* The presence of both the C=N and C-N environments in the Cls spectra are
corroborated by the presence of corresponding C=N and C-N environments in the N1s spectra,
Figure A.ILXIV. Exposure of the pristine cPAN@SDb sample to the air during sample transfer to
the XPS instrument likely accounts for presence of environments related to CO2 structures, which
has been seen for pristine cPAN samples annealed under an argon atmosphere in the past.’?
Concerning the Cls spectrum for the pristine Sb (Figure 3.6d) system, the main environments
present relate to C-C and C-O structures, at roughly 285 eV and 286 eV, respectively. These
environments result from adventitious carbon, which is common for all XPS experiments (even on
systems that do not contain carbon) and are in good agreement with previous XPS characterization
of pristine Sb films.*>*” Concerning the overlapping Ols and Sb3d environments for the pristine
cPAN system the presence of Sb,0Os, indicated by the peak at 540 eV in Figure A.IL.XVa, is in
good with the post-annealing PXRD analysis from Figure 3.1b. These overlapping O1s and Sb3d
environments for the pristine cPAN system also contains a peak at roughly 532 eV, which relates
to presence of C-O constituents on the surface which is consistent with what is seen in Figure
3.6a. Regarding the pristine Sb system, the overlapping Ols and Sb3d environments clearly
indicate the presence of Sb,Os via peaks at 540 eV (Sb2O3 3/2) and 531 eV (Sb203 5/2), Figure
A.IL.XVd, which is in good agreement with the results summarized in Figure 3.1b.

The Cls spectrum for the cPAN system after the 1% discharge step (Figure 3.6b) shows an
increase in the presence of C-O bonding environments (CO; at 291 eV and CO> at 289.5 eV),
which is expected due to the electrolyte reduction to form the initial SEI during the 1% discharge
half-cycle.*® These environments are corroborated by a peak at 531 €V in the overlapping O1s and

Sb3d environments, as seen in Figure A.JILXVb, related to C-O environments. The presence of
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binding environments at 534 eV in Figure A.ILXVDb relate to either a CO2 or ClO4 species, both
of which are expected in the SEI after the first discharge half cycle.*® Regarding the C-N
environments, the Cls spectrum demonstrates a decrease in the presence of the C-N and C=N
environments. In the N1s spectrum the C-N and C=N environments are still present which
indicates that although the organic component of the SEI increases after the 15 discharge cycle the
SEI is not so thick that the nitrogen environments from the cPAN layer are undetectable. Future
work will test this hypothesis via XPS sputtering experiments aimed at characterizing the thickness
of the SEI layer in relation to the cPAN coating. Concerning the Sb system after the 1% discharge
cycle (Figure 3.6e) the Cls spectrum displays a sharp increase CO3 compounds in the SEI, in
addition to an increase in the presence of C-O signatures, which are corroborated via the XPS
spectrum for the overlapping O1s and Sb3d environments (Figure A.Il.XVe) in the form of C=0
and C-O signatures. The overlapping Ols and Sb3d environments also show the opresence of
either CO, and/or ClO4. These increases in the CO3 and C-O environments, and the presence of
CO; and/or ClO4, are common for the initial SEI formation, which occurs during the 1% discharge
cycle in these systems.?>* Upon comparison of the 1%t discharge Cls spectra for the cPAN and
Sb, it is clear to see that the Sb system has a surface layer with a higher extent of C-O bond
containing compounds. The compositional differences in the 1% discharge SEI (Figure 3.6b and
3.6¢) help to explain the 1% cycle discharge traces in Figure 3.3¢ & 3.3d, which supports the
hypothesis that the cPAN layer is affecting the composition of the initial SEI. These compositional
differences could arise for several reasons, including increased surface area of the cPAN compared
to the Sb (Figure A.ILVII), chemical interactions between the cPAN and the electrolyte, or the
higher Rct of the pristine cPAN system compared to Sb. These hypotheses will be the focus of

future investigations into the role of cPAN on the early cycle surface chemistry of Sb electrodes.
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The Cls spectra for the cPAN and Sb after the 10" cycle are dominated by the same species,
namely, CO3, CO;, C-O, and C-C environments, Figure 3.6¢ and 3.6f. Concerning the cPAN
system specifically, the C-N and C=N environments disappear with a commensurate increase in
the peaks relating to the carbon-oxygen environments, which is easily rationalized by a growth in
the SEI layer from the 1% cycle to the 10" cycle.*’ The presence of carbon-oxygen species in the
Cls spectra are supported by the spectra for the overlapping Ols and Sb3d environments, Figure
A.ILXVc and A.JLXVS. Regarding Figure A.ILXVf peaks at 537 eV and 528 eV relate to Sb3/2
and Sb5/2 environments, respectively. These environments likely arise in the spectrum from the
breakdown of the SEI layer, which could occur from the washing procedure or localized fracturing
of the SEI (particularly since there are no peaks related to Sb in Figure A.Il.XVe). The similarities
in the C1s spectra between the cPAN and Sb systems (after the 10" cycle) help to support the Rsei
values from Figure 3.4b, where the SEI resistance values were similar for both the cPAN and Sb
systems. These similarities, also, disprove the notion that the improved rate capability for the
cPAN system (Figure 3.3b) results from differences in the surface chemistry. Thus, the cPAN
layer does not significantly change or affect the composition of the as formed organic components
of the SEI at later cycle numbers.

Concerning the inorganic components of the SEI, NaF is apparent in both the cPAN and Sb
systems after both the 1% discharge and the 10™ cycle, as seen by the peaks at roughly 684.9 eV
and 1072 eV in the fluorine and sodium spectra, respectively (Figure A.ILXVI and Figure
A.ILXVII). The NaF is well understood to improve the as formed SEI due to the mechanical and
conductive properties of this material, and forms from the decomposition of the FEC electrolyte
additive.?!**® Given that NaF is present in the SEI of both systems, after the 1t discharge and after

10 cycles, we can confirm that the enhanced Rct (Figure 3.4a) for the cPAN system relates to the
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conductive properties of the coating, and not from differences in the inorganic component of the

as-formed SEIs.

3.4 Conclusions

In this work, we have characterized the multi-functionality of a cPAN coating on Sb-based anode
materials in NIBs. The inclusion of a cPAN layer increases the achievable capacity of the electrode
system it is applied to and increases the capacity retention as a function of rate. These results arise
from the ability of cPAN to actively store Na-ions and its ability to increases the hardness of the
material it is applied to, respectively. The cPAN coating, also, helps to facilitate the transfer of Na-
ions from the electrolyte to the Sb active material because of the conductive nature of the polymer,
which become more conductive as the battery is cycled. This, also, leads to an increase in the Dna
of the cPAN coated electrode compared to a bare Sb-based system.

The cPAN coating, interestingly, provided for worse cycle life compared to the Sb control
system despite the deep literature understanding of cPAN as a protective coating. This result likely
stems from the layered coating-active material configuration used in this investigation for the
purposes of studying the fundamental effect of cPAN on Sb electrodes in NIBs. The worse cycle
life for the layered cPAN@SD electrode, in conjunction with the literature on cPAN in batteries,
implies that cPAN needs to be applied to nanoscale active materials or used to form a composite
electrode to impart cycle life improvements to the active materials.

The cPAN layer most affects the early cycle (de)sodiation chemistry of the Sb electrode it is
applied to. This result is somewhat in line with the initial hypothesis that the cPAN layer would
affect the (de)sodation chemistry of the Sb electrode. Yet, the (de)sodiation chemistry of the
cPAN@SDb and Sb systems are strikingly similar at higher cycle numbers. This trend is mirrored
in the XPS analysis of the SEI of the cPAN and Sb systems, where the largest differences in the
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as formed SEI are present after the 1% discharge half-cycle. By the time the electrodes reach the
10™ cycle, the organic and inorganic components of the SEIs for both the cPAN and Sb systems
are similar, implying that the properties of cPAN which are imparting the early cycle differences
in the (de)sodiation and surface chemistry of Sb are no longer present at higher cycle numbers.
Future investigations should focus on quantifying the constituents present in the early cycle SEI
of cPAN coated electrodes to assess exactly how the resistive properties of cPAN effect the as
formed SEI, providing insight into the relationship between SEI formation and the conductive
properties of the electrode in NIBs. This information will provide fundamental insight which will

aide in design principles for CPBs as protective coatings for conversion electrodes in NIBs.

3.5 Materials and Methods
3.5.1 Electrodeposition solution preparation.

A nickel-deposition solution was formed by adding 1.066 M NiSO4 6H,O (140 g, Millipore
Sigma, > 98%), 45 g/L NiCl, 6H20 (22.5 g, Alfa Aesar, 99.%), 0.189 M citric acid (8.5 g, Millipore
Sigma, >99.5%), 0.0109 M sodium saccharin (1.0 g, Fischer), and 0.0023 M 2-butyne-1,4-diol
(0.1 g, Millipore Sigma, 99%) to 500mL millipore water (18€) . This solution was then stirred for
30min before being titrated to pH 4.5. An antimony deposition was formed by mixing 30 mM (1-
hexadecyl)trimethylammonium bromide (CTAB, 2.18 g, Alfa Aesar, 98%), and sodium gluconate
(8.64 g, Milipore Sigma, >99%) to 200 mL milipore water before being left to stir. After stirring
for 5-10 minutes, 30 mM antimony chloride (1.37 g, Milipore Sigma, >99%) was added to the

solution. The solution was left to stir on a stir plate overnight.
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3.5.2 Electrodeposition of Sb@Ni@tCu.

A textured copper (tCu) foil substrate was utilized in this investigation and was prepared for
deposition via a washing treatment of concentrated phosphoric acid, then water, and finally
absolute ethanol for 30s each. The nickel deposition solution was heated to 60°C using a VWR
water heater/cooler. The nickel solution was then placed in a custom deposition cell (described in
the work of Nieto et al.!) using the cleaned tCu as the working electrode (Oak-Mitsui, TBL-DS
Cu foil), a stainless-steel mesh counter electrode (316 stainless steel, Elmhurst, P.O.# AC-
75973470), and a saturated calomel (SCE) reference electrode. The deposition of nickel onto the
textured copper working electrode occurred at -1.0 V vs. SCE for 60s, forming Ni@tCu. The
remaining nickel solution was removed from the deposition cell and the substrate was immediately
rinsed thoroughly with milipore water before the addition of the antimony deposition solution,
which was then let to rest for 10min in order to allow to maximum wetting of all surfaces. The
antimony deposition onto the Ni@tCu was conducted at -1.05 V vs. SCE under chronocoulmbic
conditions until a charge limit of 3 C/cm2 was reached, forming Sb@Ni@tCu. The
electrodeposited Sb@Ni@tCu was then washed with water and ethanol prior to storage in a
vacuum desiccator. The mass of the deposited Sb was calculated from the electrochemical data
using Equation 3.1.

3.5.3 PAN solution synthesis.

1 M polyacrylonitrile (PAN) in N,N-dimethyl-formamide (DMF) solution, based on moles on
monomer units, was prepared by adding PAN powder (10.6 g, Sigma, 181315, average M/W
150,000) to DMF (200 mL, Fischer Scientific). The solution was stirred at approximately 80 °C

until dissolution was established, about 3 hours. The solution was allowed to cool before being
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used in the spin-coater set-up. For the sodium bromide PAN solution, 0.5 M sodium bromide
(0.5145 g, Millipore Sigma, >99%) was added to a 1 M PAN in DMF solution, as described above.
3.5.4 PAN coating parameters.

1/2” diameter substrates were coated with the 1 M PAN solution with an MTI VTC-100 vacuum
spin coater (MTI, CR2025 spacer, SS304, ® 15.5 mm by T 0.2 mm). Spin coating parameters were
2000 rpm for 30 s followed by 8000 rpm for 10 s. The PAN solutions were applied to the spinning
substrates with a syringe pump (Kent Scientific Corp, Genie Touch Syringe Pump). The PAN
solutions were applied to the substrate at a rate of 0.5 mL/min for the entirety of the 2000-rpm
step. For the 8000-rpm step, the syringe pump was stopped so that excess PAN did not build up
on the substrate.

3.5.5 Substrate annealing parameters.

All electrodes were annealed in a Lindberg tube furnace (model 55322-3, 2”” OD alumina tube)
under flowing argon. The electrodes were placed in an alumina boat, which was positioned in the
center of the tube. The tube was sealed and subsequently purged three times before argon was
flown over the sample at 60-80 mL/min. Samples were allowed to sit under ambient temperature
for 30 min after the purge cycles. The temperature of the furnace was ramped to the desired
annealing temperature at a rate of 50 °C/min, after which the annealing time was started. After the
specified annealing time had elapsed, the samples were allowed to cool to 100 °C before the tube
furnace was opened.

3.5.6 Battery assembly and cycling conditions.

Coated and uncoated substrates were assembled into Na-ion half-cells in an argon filled

glovebox (O2 ppm <1ppm, H20 ppm < 0.5 ppm). For the Na-ion half-cells, 1M sodium perchlorate

(NaClOg) in propylene carbonate (PC) with 5% by volume fluoroethylene carbonate (FEC). 2032
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coin-cells (MTI) were utilized for cycle life and rate capability testing and were fabricated with a
Na-foil counter/reference, a glass filter-paper separator (21 mm @, GE Whatman), and the substrate
in question with 80 pL of electrolyte before being sealed with a coin-cell press at 0.9 tons (MTI,
MSK-160E). For the XPS and EIS experiments, Swagelok half-cells were used where a Na-metal
counter/reference, 200 pL of electrolytes, glass filter-paper separator (21 mm @, GE Whatman),
and polypropylene separators (MTI, Li-ion battery separator film, 25 um thick, Batch #120313)
were used.

3.5.7 Electrochemical testing.

All electrochemical cells were allowed to rest for at least 12 hrs before any testing. The
galvanostatic cycle life, rate capability, and formation experiments were conducted on an Arbin
battery cycler (Model LBT20084 or Model BT-2143). Potentiostatic electrochemical impedance
spectroscopy (EIS) experiments were conducted using a Gamry Reference 3000 potentiostat. EIS
experiments were run between 100 kHz-100 mHz with an excitation of 10 mV (RMS) vs. OCV.
For the constant-current constant-voltage experiments (CCCV), the chronopotentiometry step was
conducted at £0.00001 A, while the chronoamperomery step was held for 6 hours at the desired
potential selected from differential capacity (dQ/dV) analysis. Cyclic voltammetry for surface area
characterization was conducted over a potential window from 2.0 to 2.6 V vs. Na/Na*. The scan
rates for this experiment were 50 mV/s, 100 mV/s, 150 mV/s, 200 mV/s, and 250 mV/s. The peak
current as a function of scan rate was selected at 2.3 V vs. Na/Na®.

3.5.8 Materials characterization

PAN-coated samples were analyzed via FT-IR spectroscopy (Bruker HYPERION 3000, Ge-

ATR objective, 64 scans, freq. resolution: 2cm™!, Noqy cooled MCT detector). All electrodeposited

substrates were characterized via powder X-ray diffraction (Bruker D8 Discover DaVinci, Cu Ka
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radiation) in the ARC-MMA laboratory, in addition to the X-ray photoelectron spectrometer (PHI
5800 series Mutli-Technique ECSA system, monochromatic Al Ka). The PXRD patterns were
indexed with DRIFFRAC.EVA (Bruker, V5.2) using reference patterns for Cu (PDF 04-009-
2090), Ni (PDF 00-004-0850), Sb20O3 (PDF 00-043-1071), CuzSb (PDF 04-010-8292), Sb (PDF
04-016-8006), and NiSb (PDF 04-002-5573). Refinements were performed using TOPAS v6
(Bruker AXS). A double-Voight approach to model both size and strain was used to fit the peak
profiles. The cif files were added on top of a predetermined instrument parameter with corrections
to the surface roughness?! and specimen displacement. Refinement parameters such as, crystallite
lattice parameters, size, strain, atomic occupancy and isotopic displacement factor (beq) were
refined individually for each structure in the following sequential order: Sb,Os, Cu, NiSb, Sb,
Cu,Sb, and Ni. The background terms (Chebychev polynomial) were also refined which is
displayed with a gray line in the refinements. Diffraction data was visualized using Python in the
Jupyter Notebook v6.4.12. For the XPS experiments on electrodes after the 1 discharge and 10™
cycle, batteries were disassembled in an argon filled glovebox. The disassembled electrodes were
then washed with 1mL of dimethylcarbonate (DMC) and were then loaded into an air-free XPS
holder described in the work of Schneider et al.>? Scanning electron microscope (JOEL JSM-

6500F) images of pre-cycling electrodes were taken in the ARC-ISS.
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CHAPTER 4: Practical and Beginners Guide to Electrochemical Impedance Spectroscopy (EIS)
for Rechargeable Batteries*

4.1 Overview

Rechargeable or secondary batteries have become a crucial part of our daily lives from
consumer electronics to electric vehicles.! The most common rechargeable battery is the lithium-
ion battery (LIB), which was awarded the Nobel prize in chemistry in 2019.> While LIBs are
commonly employed for a number of energy storage applications, the chemical processes
occurring within a battery are complex and convoluted. These processes happen at varying
timescales while occurring simultaneously leading to challenges in evaluating individual
processes. Electrochemical Impedance Spectroscopy (EIS) is an effective tool for probing multiple
chemical processes happening simultaneously with a single experiment. EIS allows for this by
describing the behavior of a chemical process in a battery by its resistive features (e.g. resistance
associated with mass transport through and electrolyte solution).’* A challenge associated with
applications of EIS arise from the simplicity of data collection and the complexity of analyzing
the collected data, quantitatively. This knowledge gap is not readily filled by the available
resources for newcomers to learn about EIS.> Some resources are designed as introductory and are
too surface level, using ideal systems while not providing insight to complex, practical systems.
Other works are designed for EIS specialists and can be difficult to approach for a novice. The
present work aims to build a bridge between the simplicity of data collection and challenges in

proper data analysis for the EIS of rechargeable batteries. Here, we will discuss the relationship

4 A version of this text is in preparation for publication in ACS Journal of Chemical Education with Daniel S. Windsor,
Monika J. Perez, Yisrael L. Lamb, and Amy L. Prieto. Daniel S. Windsor and Monika J. Perez developed the initial
scope of the project, conducted literature research, and led the writing of the manuscript. Yisrael L. Lamb, assistant
professor of Chemistry at Fort Lewis College, was responsible for manuscript editing. Amy L. Prieto assisted with
conceptualization of the project, project administration, and editing of the manuscript.
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between the electrochemistry and impedance of a battery, as well as provide tools to for data

analysis.

4.2 Breaking down the acronym of EIS
4.2.1 the E in EIS

Rechargeable batteries, like LIBs, are classified as electrochemical energy storage devices,
storing electrical energy (electro-) through the insertion and removal of charge carriers (Li") within
solid-state electrode materials (-chemistry). These charge carriers or “active ions” are driven
toward an electrode when it is polarized with the opposite charge. For an active ion to reach the
electrode material it must travel through an electrolyte solution, represented in the blue region of
Figure 4.1a. Typically, electrolytes for batteries are solutions of active ion inorganic salts (e.g.
LiPFs) in an organic liquid solvent (e.g. ethylene carbonate). These electrolyte solutions are highly
ionically conductive and as a result the movement of an active ion through this media occurs
quickly. Once an active ion travels through the electrolyte, the active ions travel through the
electrolyte-electrode interface, represented as the green region in Figure 4.1a. The chemical
behavior of interfacial regions are defined by the redox reaction (charge transfer, Faradaic)
between the active ion and the electrode material, and passivation layers that allow for the
accumulation of charge at the interface (no charge transfer, non-Faradaic). After traveling through
the interfacial region, the active ion can be stored within the solid-state electrode material,
represented as the orange region in Figure 4.1a. The storage of ions in solid-state electrode
necessitates the insertion of ions at all available sites, which results in the mass transport of ions

throughout the entire electrode.
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Since batteries like LIBs are rechargeable, all these chemical processes must occur under
both oxidative and reductive conditions for a battery to operate over many cycles. Furthermore,
each of the chemical processes occurs concurrently during both charge and discharge steps. The
fact that all chemical processes in a battery occur simultaneously as a battery is operating makes
analyses of these systems quite challenging. For example, it is difficult to deconvolute the data
related to ions moving through an electrolyte vs. an electrode material using standard
electrochemical analyses since both processes occur at the same time during battery operation
(even though they occur over different timescales). Investigators can leverage the “electro” aspect

of electrochemistry to aid in deconvoluting the data.

Since a battery is an electro-chemical system, electrical values, like resistance and
capacitance, can be ascribed to a chemical process occurring in a battery.
The electrical values provide a quantitative descriptor for chemical processes within a system and
can easily be measured and tracked during battery operation. For example, examining the
electrolyte via its resistance to the active ion movement can provide insight into electrolyte
degradation as a battery ages.* What follows is a discussion of how several chemical processes in

a battery are described by their electrical values.

Figure 4.1 highlights the relationships between chemical processes in a battery (Figure 4.1a)
and their resistive descriptions (Figure 4.1b). The Nyquist plot (Figure 4.1b) displays the
graphical representation of the electrochemical behavior related to three processes occurring in a
battery during charging. Further discussion of Nyquist plots can be found in Section 4.2.3. In
Figure 4.1¢, a mathematical model is displayed which is comprised of solid-state circuit elements
that can be used to simulate and model the resistive behavior of a battery (vide infra). The resistive

behavior trace, represented as a Nyquist plot, and mathematical model in Figure 4.1c¢ represent an
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ideal system, where the resistance data behaves exactly as described by the mathematical model.
Naturally, few practical battery systems behave ideally, which will be discussed in detail in

Section 4.3.

As mentioned previously, the storage of an active ion in a rechargeable battery must include

the mass transport of the active ion through the electrolyte. The electrolyte will resist the transport
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Figure 4.1: Relationship between common active ion insertion processes and their resulting representation in an EIS
Nyquist plot. A) Schematic representation of active ion insertion in a rechargeable battery, illustrating mass transport
of the active ion through the liquid electrolyte (blue), charge transfer from the active ion to the electrode material at
the electrode-electrolyte interface (green), and mass transport of the active ion in the electrode material (orange). B)
Resulting Nyquist plot relating the general shapes of an EIS spectrum to a physical process in a battery representing
the solution resistance (blue), charge transfer resistance (green), and diffusion impedance (orange). C) Randels Circuit
used for mathematical modeling where the blue, green, and orange blocks correspond to the regions of the same color
in panels A and B.

of ions due to the physical properties of the solution and due to the presence of a concentration
gradient in the electrolyte.® This solution resistance (Rsol) manifests itself as an offset from zero
along the horizontal axis in a Nyquist plot (blue region in Figure 4.1b), and is represented by a
resistor in the mathematical model (blue region in Figure 4.1c). The timescale at which this
process occurs is considered short for a battery system, which indicates that this process occurs at
higher frequencies.
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Upon arrival at the electrolyte-electrode interface, active ions are then transferred into the
electrode material for storage. There are several ways ions can be inserted (see the SI), yet they
are all governed by the fundamental chemical reaction governing the insertion mechanism. Ion
insertion mechanism are related to the rate constant (k) of the chemical reaction, between the active
ion and the electrode material, and has an effect on the chemical behavior of the interfacial region,
green region in Figure 4.1a.° In the Nyquist plot, Figure 4.1b, the kinetic information is
represented as a semicircle and is classified as the charge transfer resistance, or Re.’* The
interfacial region, also, can experience non-Faradaic charge separation (no charge transfer) which
is results from charging of the electric-double layer (Eai).® In a battery, this is classified as the
double-layer capacitance (Ca) and has implications on the resistance of the interfacial region (in
conjunction with Ret). To model the interfacial region, a resistor and capacitor are connected in
parallel, which produces the semi-circular shape in the ideal Nyquist plot, Figure 4.1¢.® The
chemical processes that occur at the electrode-electrolyte interface happen over an intermittent

timescale for battery systems, which means that these events occur at intermittent frequencies.

After the active ion has been initially inserted into the material, it must travel deeper into
the electrode material to allow for more active ions to be inserted behind it. This process is heavily
dependent on physical properties ion diffusion coefficient and ionic conductivity of the solid-state
electrode, Figure 4.1a.> The ion transport through a solid media is characterized by diffusion
impedance and is represented in a Nyquist plot (Figure 4.1b) by a tail feature at low frequencies.*
Concerning the mathematical representation of the diffusion impedance, a circuit element called a
Warburg element is used to model this chemical process in an ideal system (Figure 4.1¢). The
diffusion impedance occurs over a slow timescale for a battery, which indicates that this process

is present on a Nyquist plot at low frequencies. The shape of the diffusion impedance tail often
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changes depending on the electrode material and the conditions of the cell, which will be discussed

in more detail in Section 4.3.

4.2.2 the lin EIS

Since the chemical processes described in a battery occur simultaneously, it can be
challenging to isolate the electrochemical chemical behavior of a single process with typical direct
current (DC) experiments. To deconvolute chemical processes occurring simultaneously but at
various timescales, alternating current (AC) experiments are needed. By using AC experiments, a
frequency parameter is introduced allowing for resulting data to be frequency specific. For
example, AC measurements at higher frequencies, such as 100,000 Hz or 0.0001 s, provides insight
into chemical processes occurring over fast timescales. While AC experiments are useful for
assessing time-dependent chemical processes within batteries, implementing sinusoidal

components l