UCLA

UCLA Electronic Theses and Dissertations

Title
lonogels: Addressing the Challenges of Lithium lon Solid Electrolytes

Permalink
https://escholarship.org/uc/item/0fj99692

Author
Ashby, David

Publication Date
2018

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0fj996q2
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Ionogels: Addressing the Challenges of Lithium Ion Solid Electrolytes

A dissertation submitted in partial satisfaction of the requirements for the degree Doctor of

Philosophy in Materials Science and Engineering

by

David Scott Ashby

2018



© Copyright by

David Scott Ashby

2018



ABSTRACT OF THE DISSERTATION
Ionogels: Addressing the Challenges of Lithium Ion Solid Electrolytes
by
David Scott Ashby
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2018

Professor Bruce S Dunn, Chair

Recently, ionogels, pseudo-solid-state electrolytes consisting of an ionic liquid electrolyte
confined in a mesoporous inorganic matrix, have attracted interest for use as a solid electrolyte in
Li" batteries because of their high ionic conductivity, stability, and solution processability.
Herein, we report adapting the ionogel synthesis route through spin coat processing to obtain thin
films. Films down to 600 nanometers were obtained that maintained the properties of the bulk
ionogel. By using spin coating to achieve thin films, the ionogel can be processed directly on
electrode surfaces as a sol. Thin film ionogels processed on lithium iron phosphate cathodes
achieved capacities of 125 mAh g'! at charge/discharge rates of 2 hours stably over 150 cycles,
which corresponds to the highest reported power densities for silica ionogels. The sol-gel process
was modified through the addition of a photoacid generator to add UV patternability. The UV

crosslinked gel showed comparable properties and cycling to the spin-coated ionogel.



While having high achievable capacities, there have been few studies into deciphering
the electrode-ionogel interface. The second section will review our work directed at understand-
ing the interface for solution-processable ionogel electrolytes with various electrode materials.
Using XPS, Raman spectroscopy, and electrochemical testing to probe the electrode-ionogel in-
terface, surface reactions were identified as being the source of the interfacial barriers. Our re-
sults indicate that the acidity of the sol led to reduction of the transition metal and breakdown of
the solvent and organic acid, forming an organic surface layer, which impedes Li" transport. By
adjusting the silica gelation route these interfacial reactions can be avoided, leading to stable cy-

cling.

The high ionic conductivity of ionogels shown in Chapter 3, in comparison to other solid
electrolytes, and its solution processability opens the possibility for incorporation into multidi-
mensional cell designs. The last portion of my dissertation will explore using the ionogel electro-
lyte to form a 2.5D cell consisting of a 3D LiFePO4 cathode and 2D Li metal anode. The electro-
lyte is shown to penetrate uniformly throughout the 3D electrode array and into each individual
post. High areal capacities (1.1 mAh cm™) were achieved at 1 mA cm™ with a stable capacity re-
tention at 0.5 mA cm™ over 50 cycles. The 2.5D cell is comparable or better than current 3D bat-

teries in literature.
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Chapter 1: Introduction and Objectives

With the start of the information age in the 1970’s, technology has consistently strived
for smaller, lightweight, energy-efficient devices. This is best visualized with the current desire
for the internet of things (IoT), the interconnectedness and miniaturization of electronics. Many
electronic components have progressively become more energy efficient and smaller, such as
transistors, actuators, cameras, and antennas, which has allowed the penetration of wireless tech-
nologies through our society. Integration into household devices such as water heaters, refrigera-
tors, and air conditioning units, allows the devices to communicate with each other and better re-
spond to fluctuating energy demands (Figure 1.1).! Not only could this lower individual house-
hold bills, but it also could improve the flexibility of the energy grid, which ensures better utili-
zation of renewable energy sources. For the improvement to be realized, small, wireless con-
nected nodes must be developed that can operate without external power. These nodes will re-
quire small components, especially batteries that can supply energy reliably and at appreciable

rates.

e
((

loT

Internet Of Things

Figure 1.1: The Internet of Things



Though many electronic components have improved at a steady rate, the same cannot be
said about energy storage technologies. Recently the Joint Center for Energy Storage Research
disclosed that from the 1990°s to 2015 Li" batteries cost per kWh has decreased by six times and
gravimetric density has tripled to 250 Wh kg™!.? This improvement, while impressive, has not
kept up with the year-to-year improvements in microelectronic technologies facilitated by the
rise of new fabrication techniques, such as microelectromechanical systems (MEMS) (Figure
1.2). Thus, batteries remain the largest volumetric and gravimetric component of small electron-

ics such as cellphones, tablets, and smart accessories.

A) B)

0L — ‘ - = -
1990 2000
Year

2010

Figure 1.2: The developmental trend over the last several decades of A) transistors cost and
capacity and B) Li* batteries cost and energy density.>*

A reason for the lack of improvement in Li" technology is the stagnation in cell design. In
current packaging, the electrodes are enclosed in a pouch or coin cell type design and kept elec-
tronically isolated through a use of a separator. (Figure 1.3) To enable ion transport, the cell is
soaked in a liquid electrolyte usually consisting of an anhydrous carbonate. The use of liquid

electrolytes facilitates high ionic conductivities and excellent electrode wetting, but the limited



physiochemical stability, low ion transference number, and poor safety restrict the cell designs.
Nonaqueous electrolytes are preferred over aqueous systems due to the higher electrochemical
stability which allows for design of high voltage cells with high energy densities.” Many of these
nonaqueous liquids though have low flash points, which increases the flammability risk. The in-
creased safety risk has increasingly come to the public attention with the flammability issues of

the Tesla Model S and Samsung Note 7, to name just a few.>’

Lithium-lon Battery Structure

NegativeTab
Separator
PositiveTab —

“Jelly Roll”

Positive Electrode

% Negative Electrode
Pouch

Figure 1.3: Diagram of a Cellphone LIB Structure.

Solid-state electrolytes (SSE), consisting of an ion conducting solid, have been proposed
as potential replacements to overcome many of the persistent liquid electrolyte stability problems
and as a way to develop new battery chemistries. The conducting solid replaces the liquid, which
removes the need for a high volume separator and simplifies the packaging process. While SSE

have been explored increasingly over the last several decades, the low ionic conductivity, poor



electrode wetting, and inconclusive electrochemical stability has limited adoption into commer-
cial devices (Figure 1.4).8 For Li" battery technology to progress, the issue of replacing liquid

electrolytes with SSE must be addressed.

conductive additive
_solid electrolyte
g’ ‘ —_

active material

working electrode layer
(composite)

solid electrolyle layer
(separator)
7 counter/reference

electrode layer
(Li or Li-metal alloy)

\
current collector
(stainless steel)

Figure 1.4: Incorporation of a Solid-State Electrolyte into a Li* Battery.’

The work presented in the following chapters center on my work synthesizing an ionogel
pseudo-solid electrolyte as a replacement for liquid electrolytes in Li* ion energy storage de-
vices. The chapters will focus on exploring the functionality of the newly discovered ionogel
electrolyte and understanding the interface between the electrolyte and several common elec-
trode materials. Chapter 2 introduces the background of Li* batteries (LIB) and the various mor-
phologies currently being explored. Chapter 3 presents work on the physiochemical properties of
a sub-micron ionogel film (600 nm) and its performance in a LiFePO4 (LFP) full cell. Chapter 4
focuses on understanding the electrode interface with a solution-processed ionogel. The study
further explores ways to improve the interface for different electrode materials. Chapter 5

demonstrates the fabrication of an all-solid-state 2.5D battery which is made possible due to the



solution processability of the ionogel electrolyte. Here, high areal energy and power densities

were achieved due to scaling in the z-direction.
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Chapter 2: Background

2.1 Li* Battery Chemistry

Lithium-ion batteries (LIB) consist of an anode and cathode electronically separated and
soaked in a liquid electrolyte. Electrons move between the two electrodes via metallic current
collectors connected in an external circuit. The cell can either store energy by moving ions
against their thermodynamic gradients (charging) or produce energy by moving the ions down
the thermodynamic gradient towards their ground state (discharging). The ions move between
the electrodes by means of the liquid electrolyte that is soaked in a separator (Figure 2.1). For
LIB, the electrolyte typically consists of an anhydrous, carbonate-based solvent with a lithium
salt dissolved in the solution. The separator ensures that a low resistance, internal short circuit is

not formed which can lead to electron flow (short).

© <=

Cathode

Cu - Al
current o B current
collector & @ = ) collector
Graphene Li* Solvent L-iMO? Iayer

structure molecule structure

Figure 2.1: Representative Diagram of a LIB.!



It is important to distinguish the two conductivity processes that control the electrochemi-
cal behavior of LIB electrodes: electronic and ionic transport. Electronic transport consists of the
flow of electrons from the redox sites in the electrodes through the current collector to the exter-
nal circuit. It is important to note that the current collectors need to be chemically inert to the
electrolyte to prevent corrosion or breakdown. Good contact between the active material and cur-
rent collector is required to ensure electron transport. Ideally, mixed conductors are desired to
allow for simultaneous ion and electron transport. Many electrode materials though have poor
inherent electronic conductivities which can limit the kinetics of the redox reaction, decreasing
the available capacity and polarizing the voltage response.? Battery engineers typically design
around this limitation through the addition of conductive carbon additives. Besides the electronic
conductivity, the redox active material should conduct ions readily or have nanoscale architec-
tures to ensure fast intercalation and a homogeneous electrochemical potential (Figure 2.2). Ionic
diffusivites for Li" electrodes range widely based on the crystal structure (10'® cm s™ for LFP;
1071% for LisTisO12).>* A low material ionic diffusivity will limit the ability of the cation to reach
the redox centers within the cycling conditions, lowering the obtainable capacity. Cell design
must take into account the electronic and ionic conductivities of the active material and their ef-

fect on cell kinetics.



Active Particles

Current Collector
(electron source)
Electrolyte
(ion source)

Figure 2.2: Conduction Pathway of Ions and Electrons in a LIB Electrode.

Cell design is central to obtaining a high performance LIB. As mentioned above, a LIB
cell consists of electrodes, an electrolyte-soaked separator, and current collectors. In a typical
battery, the electrodes consist of active material, carbon additives, and a binder to form a thick
film. This essentially is a 3D structure composed of distributed macro and micropores. Designing
the tortuosity of pores to decrease the ion interaction rate is important to ensure fast transport.’
Pore formation is dependent on the interparticle spacing (micro/mesopores) and the solvent evap-
oration (macropores). The thickness of the film can affect the energy and power density of the
cell by increasing the diffusion distance of the ions and electrons. The separator should be as thin
as possible but still provide adequate electronic resistance to impede a short circuit. Typically,
separators are composed of a tri-layer of polypropylene-polyethylene-polypropylene around 25

pum in thickness with a low tortuosity (Figure 2.3). The current collector is essentially inert mate-
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rial, decreasing the gravimetric capacity and increasing the cost of the cell. As such, current col-
lectors are fabricated out of thin sheets of lightweight metals such as copper and aluminum, typi-

cally on the thickness of 20 pm.

Figure 2.3: Celgard Separator for Nonaqueous Electrolytes.°

The energy storage mechanism in LIB can be understood from a thermodynamic view-
point. In a LIB, a Gibbs free energy of a redox reaction exists from the difference in the chemical
potentials of the anode and cathode. This potential exists from the concentration gradient of lith-
ium between the anode and cathode and inherent nature of the host material. The difference can
be viewed as the open circuit voltage (OCV) of the cell. On charging with an external voltage,
lithium ions are removed from the cathode (oxidation) and driven towards the anode. The re-
moval of lithium ions from the cathode has a simultaneous removal of electrons. The loss of
electrons decreases the HOMO, effectively decreasing the cathode’s chemical potential (Figure
2.4). The Li" and electrons are incorporated into the anode that increases the LUMO and its
chemical potential (reduction). The increase in the chemical potential difference during charging
can be correlated to the potential measured in the electrochemical cell. The energy (E) stored by
the LIB is equal to the charge transferred (Q) and the effective potential (V) between the delithi-

ated cathode and lithiated anode:
11



E=Q*V 2.1)

The Gibbs free energy for lithium de/intercalation is theoretically dependent on the material host
structure. Cell design, electron and ion solid-state diffusion, and side reactions can polarize the
theoretical chemical potential for lithium de/insertion. This polarization can shift the potential

outside the stability window of the electrolyte and affect the kinetics of the cell.

Energy
£

Oxidant Reductant
Electrolyte

Figure 2.4: Energy Diagram during Cycling of a Battery.’

The applied potential difference between the cells determine whether a thermodynamic
reaction occurs, but it does not take into account the response time of the reaction. The reaction
kinetics are dependent on the several factors related to ion, electron, and mass transport at three

scales: intra-material transport, inter-material transport, and cell transport. At the intra-material

12



level, the kinetics are determined by the mass transport of the redox ion, electron diffusion, and
atomic rearrangement inside the active material. The redox ions and electrons must then transfer
across the electrode/electrolyte or electrode/electrode interface. To cross this interface, the inher-
ent energy barrier between the two systems must be overcome from an external driving force.
Transport of the ions through the electrolyte and electrons between particles at a cell scale will
also create bottlenecks that will impede the thermodynamic response of the system. The imped-
ance will require an increasing overpotential that will be dependent on the desired reaction kinet-

1CS.

There is a wide range of redox active materials that have been used as the anode and
cathode. Materials are chosen based on their electrochemical potential, electronic and ionic con-
ductivity, and cycling stability. These factors will help determine the energy density, power den-
sity, and lifetime of the cell. Examples of commonly used electrodes include graphite (0.01V vs
Li, 372 mAh g‘l), silicon (0.01V vs Li, 4200 mAh g‘l), LiCoO> (LCO, 3.9V vs Li, 140 mAh g‘l),
and LiFePO4 (LFP, 3.5V vs Li, 176 mAh g!).%? The choice of which two electrodes will deter-
mine the properties of the cell, such as the energy density, power density, and cell lifetime. Re-
dox reactions occur through two mechanisms: intercalation of Li" into the bulk structure, such as
with LCO, LFP, and graphite, or conversion/alloying reactions such as seen with silicon (Figure
2.5). Intercalation redox reactions traditionally occur by an alkali cation diffusing through an
open channel in the crystal structure. Some amorphous materials have shown the ability to inter-
calate ions by octahedral and tetrahedral reorientation, but the lack of long rang order restricts
the diffusion distance.'® The ion travels by hopping between redox active metal centers that pro-
duces the charge storage of the electrons.

13



LiFePO4 -> FePOs + Li" + ¢ (2.2)

The cation intercalation causes a phase change which relieves the stress induced from the cation
size and charge (volume expansion~5%).!! The kinetics of intercalation is dependent on the size

of the channel, the ion-ligand interaction, the choice of cation, and the thermodynamics of crystal

reorientation.
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Figure 2.5: Diagram of the Typical Reaction Mechanisms in LIBs.!?

Conversion and alloying reactions have been explored for various materials including the
chalcogenides, group IV elements, and metal oxide (Si, S, C0304, etc.). Typically, these conver-

sions follow the reaction of a metal oxide or element to form a lithiated metal/compound as seen

for the lithium silicon reaction:

Si + xLi -> Li5Sis (2.3)
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The conversion reactions allow for the incorporation of a large number of Li" which leads to
high theoretical capacities (4200 mAh g'! for Si), but this also produces large volume expansions
(~400% for Si).!* The expansion can shorten the cell lifetime by causing pulverization of the ac-
tive material and destruction of the electronic pathway. Typical conversion reactions will lose
75% of the initial capacity over 100 cycles which is significantly higher than seen for intercala-
tion compounds (90% capacity retention over 1000 cycles of LCO/Graphite).!*!> With conver-
sion reactions, the end lithiation is in a new crystalline or stoichiometric compound. The new
compounds create a different reaction pathway for delithiation that causes a large voltage hyste-
resis. The hysteresis can create issues when designing the cell electronics and lead to capacity
loss. Due to the thermodynamic limitations and sluggishness of phase transformation, conversion
reactions typically have slow kinetics that limit usefulness in commercial cells. Nanostructuring
of conversion materials has been explored to avoid the volume expansion and kinetic issues with
varying success.'® Currently, conversion materials have only been readily studied as anode mate-
rials. Sulfur has been used as a cathode but the low redox voltage and shuttle issues of polysul-

fides have limited the use of sulfur in commercial devices.'”

2.2 LIB Electrolyte: Liquid vs Solid-State
Liquid electrolytes (a solution containing dissolved salts) have historically been used in
energy storage technologies due to the high ionic conductivity, excellent wetting of the electrode,
and ease of synthesis. Aqueous solvents are most commonly used in battery electrolytes because
of their low cost, low toxicity, and low viscosity. Common examples of aqueous-based batteries

include the lead acid battery (car batteries) and primary alkaline batteries (AA batteries) (Figure
15



2.6). The main limitation of aqueous batteries is the narrow electrochemical stability window,
due to electrolysis, which restricts the potential energy density. This window can be shifted by
adjusting the pH of the electrolyte, but it is still restricted to 1.23V. While the electrochemical
window is limited, aqueous based electrolytes have high flash points, which ensures that the cell

1s non-flammable.
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This is where anergy The six galvanic cells are:
leaves the galvanic cell held in position by =

composite case.

metal cap (+)

carbon rod

[posiiva secirode)

ZinG case
{negat e alestroos)
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Figure 2.6: General schematics for common household batteries: A) a lead-acid battery B)
an alkaline battery.

Non-aqueous (aprotic) electrolytes recently have been used as alternatives for aqueous
electrolytes. Unlike aqueous electrolytes, many nonaqueous electrolytes have high electrochemi-
cal stability that allows for design of high voltage cells. The high voltage increases the energy
density of the cell and possible usable materials. Many different polar solvents have been used in

LIB varying from carbonates, sulfonyls, ethers, and nitriles.'® These solvents can be combined to
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tune the desired physiochemical properties. An ideal solvent would have a 1) high dielectric con-
stant to dissolve the salt, 2) low viscosity to ensure facile ion transport, 3) be inert electrochemi-
cally and physiochemically, 4) maintain a liquid state over the a wide thermal range, 5) and have
low toxicity, a high flash point, and be inexpensive. Due to the strong reducing power of LIB an-
odes and oxidizing power of cathodes, most protonated solvents are excluded because of their
instability outside a 2-4V range.'8 It is important to note that introduction of organics leads to the

formation of a solid electrolyte interface (SEI).

Carbonate based electrolytes have been the most widely used nonaqueous solvent be-
cause of their formation of a stable SEI on graphite. Graphite is the most commonly used LIB
anode due to its low voltage and high capacity. The formation of a stable interface layer is cen-
tral to ensure long-term cell cycling. While SEI formation is not fully understood for carbonate
electrolytes, it is believed that the ethylene carbonate ring opens to form a polymerizable linear
chain that can precipitate onto the electrode surface to form a dense coating.'? (Figure 2.7) The
lithium salt plays a large role in the formation of the SEI with the anion commonly decomposing
to form inorganic components in the SEI layers.?’ Formation of a SEI that is 1) ionically conduc-
tive, 2) electronically insulating, 3) dense and uniform, and 4) insoluble in the electrolyte is para-
mount for a usable cell.>! In LIB, SEI formers such as vinylene carbonate or fluoroethylene car-
bonate have been added to improve the uniformity and insolubility of the SEI. These additives
are known polymerizable ring-opening molecules that increase the networking ability of the de-

composed carbonates.
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Figure 2.7: SEI formation from a Li* salt Containing EC electrolyte on Graphite.?

While aprotic electrolytes have a wider electrochemical window, breakdown of the com-
monly used carbonate electrolytes starts around 4.3V vs Li, which has limited design of higher
energy density cathodes. These carbonate electrolytes typically have a low flash point which has
increased the flammability risk of commercial devices. The issue of high flammability of LIB
has been seen in the last several years with the Samsung Note 7 and Tesla Model S as mentioned
in Chapter 1. This flammability risk has led to an increased interest into alternative electrolytes

such as solid-state electrolytes (SSE) and ionic liquid electrolytes (ILE) with safer chemistries.

SSE have been explored as replacements for liquid electrolytes since the 1970°s.2> SSE
can be broken up into two categories determined by their backbone: inorganic and organic. Inor-
ganic SSE typically consist of a crystalline solid where a cation hops through the structure either
between Schottky or Frenkel defects. Concentration gradients and electric fields provide the ther-
modynamic driving force for the ion hopping.?* High ionic conductivities can be obtained from
structures with a high defect concentration or low migration barrier. Examples of superionic con-

ductors include the NASICON and LISICON systems such as LiioGeP2S12 or LisLa3ZrO12
18



which have ionic conductivities on par with liquid electrolytes (10°-102 S cm™).2>2¢ Inorganic
SSE were originally attractive because of their nonflammability, perceived ability to suppress
lithium dendrites, and lithium transfer number close to unity. While initially thought to be able to
suppress lithium dendrites due to their high shear modulus, recent studies have shown that den-
drites can still grow between grain boundaries and other inner surfaces, propagating to form a
cell short.?” Further study of inorganic SSE have identified several fundamental issues that have
limited application. It has been shown that many of these superionic electrolytes are thermody-
namically unstable to commonly used Li* anodes and cathodes, creating highly resistive inter-
faces.?® Further, many of these decomposed products are electronically conductive leading to
continued decomposition and SEI growth.?’ (Figure 2.8) Processing of the inorganic electrolytes
has also proven troublesome because high temperatures and pressures are needed to obtain a sin-
tered pellet with good interparticle contact. The solidity of the particles leads to poor contact be-

tween the active material and SSE which creates a highly resistive bottleneck for Li* diffusion.*°
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Figure 2.8: Solid Electrolyte Interface Stability: A) Thermodynamic modeling of the elec-

trochemical stability against Li metal. B) Diagram of the electron potentials at the an-
ode/SSE interface.’!
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Organic SSE typically consist of a lithium salt dissolved in a polymer matrix. Several
matrixes have been used including poly(ethylene oxide) (PEO), poly(methmethylacrylate)
(PMMA), poly(acrylonitrile) (PAN), and poly(vinylidene fluoride) (PVDF).?* Li* has been hy-
pothesized to move through the polymer matrix by hopping between polar groups or by segmen-
tal motion of polymer chains when the system is around the glass transition temperature.*? Ionic
conductivities range from 10-10*S c¢cm™!, which have limited cells achievable power densities.
This low conductivity originates from the high activation energy for ion hopping because of the
large distance between hopping centers. Besides the ionic conductivity, organic SSE typically
have limited thermal stability and a low oxidation voltage. Though limited, organic SSE have
significantly better wetting abilities than inorganic SSE and are easily processed into flexible,
large-area membranes.?* For these reasons, and their stability against lithium metal, organic SSE

have been commercialized for low power applications (Lithium Polymer Battery).

Besides SSE, ionic liquids have been explored as an alternative to aqueous and non-aque-
ous electrolytes for LIB. Ionic liquids are a unique class of liquids composed of room tempera-
ture molten salts. Due to only being composed of bulky ions, the liquids have high thermal and
electrochemical stability, are non-flammable, have a high ionic conductivity, and have negligible
vapor pressure. lonic liquid properties are highly tunable based on the choice of cation and an-
ion. This can be seen by the increase of ionic conductivity by using an [EMIM]" cation over
[BMIM]".3334 Currently, ionic liquids are used in a multitude of applications besides electro-
chemical energy storage, such as electrodeposition, actuators, and ionothermal synthesis.*>7 ILE
have been successfully used in LIB systems with no detrimental effect on the cell perfor-
mance.**3° While having many beneficial properties, ionic liquids have been limited by the high
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cost for synthesis and low Li" transfer number. The cost has been progressively decreasing
which has led to an increasing number of publications using ionic liquids for LIB and other sys-

tems. 4042

While ionic liquids have several promising properties, the liquid state complicates pack-
aging and increases the weight and volume of the cell due to the need for a separator. As such,
trapping ionic liquids inside an organic or inorganic matrix has been explored as a means to fab-
ricate pseudo-solid electrolytes (Ionogels). lonogels are most commonly fabricated through poly-
merizing a monomer around the liquid or by incorporating the liquid into an inorganic sol-gel
process. Entrapment using a silica sol-gel synthesis has been commonly used for LIB because of
the high physiochemical stability of the silica matrix and good understanding of the gelation
mechanism. During gelation, the silica forms around the ionic liquid which creates a highly po-
rous network that allows facile ion transport through the solid.** Due to the negligible vapor
pressure, the ionic liquid remains in the structure giving the ionogel comparable properties to the
neat ionic liquid. Ionogels have been explored for various applications, including electrochromic,
thermal management, and actuator devices.** Adjusting the matrix or ionic liquid formulation al-
lows for the ionogel properties to be tuned to fit the desired application. Ionogels have already
been fabricated in LIB as bulk gels,*>** but there is a dearth of work exploring ionogels in novel

geometries and applications.

2.3 Battery Architectures
LIB architectures can be grouped into two categories: 2D (planar) or 3D electrodes. Pla-
nar electrodes are the most common geometry used in commercial and laboratory devices due to

the easy of fabrication and uniform current density during cycling. Planar electrodes typically
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consists of a slurry, composed of active material, binder, and conductive additives, cast onto a
current collector. Dense films deposited through sputtering or other line-of-sight techniques have
also been commonly fabricated for microelectronic applications. Slurry electrodes are typically
deposited using a roll-to-roll process (R2R) to obtain thick, uniform films (Figure 2.9). Films
typically range from 50-100 pm with weight loadings of 10-20 mg cm™. Controlling the porosity
and tortuosity during deposition is central to ensuring facile electrolyte access. High active mate-
rial loadings are desired to achieve the highest volumetric capacity, with 90-95% values com-

monly obtained for commercial electrodes.

Reverse Comma Coating

Direction of Foil (Current Collector) Winding

Figure 2.9: Roll-2-Roll setup used in LIB electrode fabrication.

Dense planar films are traditionally used in microbatteries where direct deposition on a
structure is required. Examples of microbattery applications include on-chip devices, microrobot-
ics, and the internet of things (IoT). As mentioned, dense planar electrodes are typically depos-

ited through line-of-site techniques that lay down micron-thick films of singular composition.
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The deposition thickness limit is determined by the material’s ionic and electronic conductivity.
If the films are made too thick, the active material will not be completely utilized during typical
cycling conditions.*” SSE are commonly used to simplify the packaging process and to better
collaborate with the microelectronic fabrication process. Sputtering targets have been fabricated
with the same anodes and cathodes used in slurry electrodes for dense films. LiCoO> has been
one of the most commonly used cathodes for high areal capacity microbatteries because of its

high electronic and ionic conductivity.

3D batteries have recently become of interest in the battery community because of their
ability to decrease the ionic diffusion distance for high areal loading cells. 3D batteries consist of
an anode and cathode that are patterned or templated into a 3D structure (Figure 2.10). By de-
signing the cell in the z direction, the electrodes can be fabricated to minimize the distance be-
tween the anode and cathode. Liquid electrolytes and conformal solid electrolytes have been
used as electrolytes for these devices. Conformal electrolytes have been deposited from photoli-
thography, ALD, and iCVD techniques, but they have low ionic conductivities.>>***’ Multiple
fabrication routes have been used for 3D electrodes, ranging from templating to 3D printing.>%-3?
While several processes have been used to make 3D batteries, the design is limited by the fabri-
cation process. It is common for voids or shorts to form in the cell due to inadequate electrode or
electrolyte filling and from the short electrode-electrode distance. As the majority of conformal
solid electrolytes have low ionic conductivities, most 3D LIB have used liquid electrolytes which

has restricted commercialization.?%>3
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Current Collector 2

Figure 2.10: Examples of 3D architectures.’*
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Chapter 3: Patternable, Solution Processed Ionogels for Thin Film Lithium-Ion

Electrolytes

Ionogels have recently attracted attention as pseudo-solid state electrolytes based on their
ability to confine an ionic liquid electrolyte within the mesoporous network of a sol-gel derived
inorganic matrix. In this chapter, we report on the development of two important capabilities for
ionogels. In one case, we incorporated spin coated, 600 nm Li" conducting ionogel films in elec-
trochemical cells of LiFePOu/ionogel/Li. A key feature in this work is the ability to have the sol
thoroughly penetrate the LiFePOs electrode prior to gelation. Devices operating at C/2 achieved
capacities of 125 mAh g'! for some 150 cycles with minimal capacity loss. In the second case,
we developed a UV crosslinking synthesis method and demonstrated photo-patterning of the
ionogel. The realization of a photo-patterned pseudo-solid state electrolyte increases the versatil-
ity of ionogels and potentially enables new fabrication routes for electrochemical device archi-

tectures.

3.1 Introduction
The recent interest in the “internet of things” has led to an increasing need for smaller and
more geometrically complex electronics.! While advances in electronic device technology has
enabled substantial progress in design complexity, energy storage has lagged behind. Current
planar battery designs are not well suited for adoption into these systems due to their low areal
capacity and limited configurations. In addition, the current use of liquid electrolytes adds undue
safety concerns because of their flammability. From a cost perspective, the need for a physical

separator and packaging complications associated with liquid cells impedes development.” To
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overcome these restraints, solid-state electrolytes have been studied extensively as a potential re-

placement.

Solid electrolytes such as lithium phosphorous oxy-nitride (LiPON), lithium aluminum
titanium phosphate (LTAP), and several garnet-based systems have been incorporated in thin
film solid-state Li* batteries.>* For the most part, these electrolytes are limited by either low
ionic conductivity, processing restrictions, or poor electrode/electrolyte interfaces. Several com-
mon processing techniques, such as physical vapor deposition (PVD) or atomic layer deposition
(ALD), are costly and time intensive, ultimately hindering their use for commercial applica-
tions.> Moreover, these processing routes often require elevated temperatures to achieve the
proper phase, leading to interface irregularities which increase the charge transfer resistance.’®
For these reasons, there is considerable interest in finding new processing routes and materials
approaches which overcome the shortcomings associated with the current generation of thin film

solid electrolytes.

The present chapter describes the synthesis and properties of thin films of a pseudo-solid
state electrolyte based on the encapsulation of ionic liquid in an inorganic matrix. The synthesis
of materials by the sol-gel process generally involves the use of metal alkoxides, which undergo
hydrolysis and condensation polymerization. The sol-gel process can generally be divided into
stages: forming a solution, gelation, aging and drying. In the preparation of silica at room tem-
perature, an appropriate alkoxysilane precursor is mixed with water and a mutual solvent, such as
ethanol or methanol, to form a solution. Hydrolysis leads to the formation of silanol groups, Si—
OH, which react further to form Si—O—Si moieties. The resulting sol consists of colloidal oxide

particles suspended in the solvent. The formation of a stable sol is critical in forming materials
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from the liquid phase, such as in the spin coating of thin films as detailed in the present study. As
the hydrolysis and condensation polymerization reactions continue, viscosity increases until the
solution ceases to flow. This sol—gel transition is irreversible, and at this stage, the one-phase lig-
uid is transformed to a two-phase system. The gel consists of a network of amorphous primary
particles of variable size (5-10 nm or smaller) with an interstitial liquid phase that fills the pores.
During the drying stage, the volatile liquid phase is removed under ambient conditions (xerogels)
or supercritically (aerogels), producing materials where porosity depends upon the processing
conditions. The distinctive feature in the present work is that an ionic liquid is used as the solvent
for the precursors and, because of its very low vapor pressure, solvent evaporation does not oc-
cur. That is, with the exception of the small quantity of volatile species produced from hydroly-
sis and condensation, there is no solvent removal and no pore formation occurs. Instead, the ionic
liquid fills the continuous mesoporous matrix produced by the sol-gel process. The resulting ma-
terial, termed an ionogel, is a dense, macroscopically rigid material that consists of two interpen-
etrating phases; the ionic liquid and the mesoporous inorganic solid whose pores trap the ionic
liquid by capillary forces. Ionogels have been designed to exhibit a number of properties includ-
ing biosensing, through enzyme entrapment, and actuation through ion or photo stimuli.”"!
These materials have also been used as electrolytes for lithium-ion batteries, capacitors, and elec-

trochromics. In most of these cases, the ionogel was used as a bulk electrolyte (~ 100’s pm thick)

as compared to the thin film electrolyte reported here (~ 1 micron).

Processing a solid-state electrolyte as a sol has certain advantages in fabricating electro-

chemical materials. A low viscosity sol has the ability to penetrate uniformly into porous struc-
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tures. This is an important consideration in battery electrodes where the pore network in the elec-
trode material enables the ionically conducting electrolyte to achieve good wetting of the elec-
trode material and to serve as the reservoir of ions for the electrochemical reactions occurring
within the electrode. The ability of the electrolyte to access the entirety of the electrode helps en-
sure both high capacity and rate capability'! Low temperature processing is also beneficial as it
helps limit chemical interaction and decrease the charge transfer resistance. Earlier research by
Le Bideau, et al., showed the ability of an ionogel to penetrate into a cast electrode without gen-
erating interfacial reactions.'? By separating solution processing from solidification, there is the
opportunity to better integrate the electrolyte into nontraditional geometries, such as hierarchical
electrode structures, as solidification occurs after complete wetting of the structure has tran-

spired.

Solution processed pseudo-solid state electrolytes have the potential to replace liquid
electrolytes in planar batteries. However, possible applications for a number of device opportuni-
ties may be limited due to the lack of spatial control. Patterning through photolithography has the
ability to achieve the spatial control of electrolyte processing. Photopatterning has been used ex-
tensively in the semiconductor industry for rapidly fabricating low cost, high resolution struc-
tures, but it has not been readily adopted in the battery community.'* UV induced polymerization
conventionally occurs by generating free radicals or cations upon irradiation to selectively pat-
tern the desired structure. In free radical controlled syntheses, the radical will attack a carbon
double bond allowing the end carbon to undergo additive polymerization to other monomers.'*
Cationic polymerization typically follows the localized control of pH, leading to cleavage of the
cation under UV illumination, forming cationic radicals as observed with the onium salts. These
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radicals react with solvent or impurities to produce protons that interact with the anion to form
protonic acids.'®!7 Studies of the polymerization of siloxane films using onium-based salts indi-
cate their potential for fabricating ionogel films.!”!® Previous publications have also shown that

an organic matrix ionogel can be formed through UV polymerization.'*2

In the present chapter we report two important capabilities offered by ionogels. In one
case, we demonstrate the synthesis of high quality Li" conducting ionogel thin films of < 1 pm,
substantially thinner than previous work. We incorporate these solid electrolyte thin films in a Li
metal battery structure. A key feature in this work is the ability to control the sol state so that it
thoroughly penetrates the porous LiFePO4 (LFP) electrode prior to gelation, leading to higher
power density than previously reported cells with ionogel electrolyte. In the second case, we
demonstrate the photo-patterning of a Li" conducting ionogel. The addition of this novel func-
tionality underscores the flexibility of ionogel materials and their potential use in thin film solid-

state batteries.

3.2 Experimental Procedures
3.2.1 Sol-Gel Processing

Tetramethylorthosilicate (TMOS, 99+%, Sigma Aldrich), triethylvinylorthosilcate
(VTEOS, 97%, Sigma Aldrich), formic acid (Puram, Fluka Analytical), and cyclohexane (99+%,
Sigma Aldrich) were obtained for the sol gel reaction. Lithium bis(trifluoromethanesulfonyl)im-

ide (LiTFSI, 99.95%, Sigma Aldrich), 1-butyl-3-methylimidazolium bis(trifluoromethanesul-
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fonyl)imide ([BMIM] [TFSI], 99.5%, Solvionic), and vinylene carbonate (VC, 99.5%, Sigma Al-
drich) were obtained for the ionic liquid electrolyte. Methanol (99.8% anhydrous, Sigma Al-
drich), acetone (ACS quality, Fischer Scientific), N-hydroxynaphthalimide triflate (NHT, >99%
electronic grade, Sigma Aldrich), diphenyliondinium hexafluorophosphate (DPI, 98%, Sigma
Aldrich), and methyl methacrylate (99% <30ppm MEHQ as inhibitor, Sigma Aldrich) were ob-

tained for the UV exposed ionogels.

0.5M LiTFSI BMIM TFSI ionic liquid electrolyte (ILE) was prepared inside an Ar filled,
Ippm H>O glove box. The solution was then removed and degassed using a vacuum oven and
bubbled with Ar at 150°C before storing inside the glovebox. 2 wt % of VC was added to aid SEI

formation.

For the TMOS-VTEOS gel (referred to now as gel 1), equal volumetric amounts of
TMOS, VTEOS, and formic acid were sonicated until mixed. A 3/3/1 volumetric ratio of the sil-
ica precursor solution(TMOS,VTEOS, and formic acid) /ILE/cyclohexane was prepared and
aged for 4 hours at -20°C before spinning (1.4/1/5.6/2.1/2.1 mole ratio). VTEOS was added to
improve the gel’s structural stability. Spin coating was conducted using a Headway Research
Inc. instrument (PWM32). The sol mixture was spun at 4000 rpm for 15 seconds onto cast cath-
odes or Si wafers. Bulk ionogels were formed by drop casting gel 1 with the same aging parame-
ters for characterization tests. All gels were further aged at room temperature for 1 day and then

heated at 110°C for 2 hours.

UV processed ionogels were synthesized by mixing TMOS/ILE/MeOH (gel 2) in a volu-

metric ratio of 4/4/1 (4/2/3.6 mole ratio). To this was added 0.8 wt % DPI and stirred overnight.
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Gel 2 was spun on O plasma-cleaned cathodes at 4000 rpm for 15 seconds. The spun sol was
aged for 4 hours in ambient conditions after UV exposure of 180 mJ cm™ using a 254 nm Spec-
tronics Corporation XL-1000 UV crosslinker. The UV exposed film was dried in an 110°C oven

overnight to complete the reaction.

The sol for the UV photo-patterned ionogels were made by mixing TMOS/ILE/Acetone
(sol 3) in a 53/35/12 volumetric ratio (6/2/3 mole ratio). 0.2 wt % NHT was added and stirred
overnight. Spin coating was conducted on plasma cleaned Si wafers at 2000 RPM for 15 sec-
onds. The spun sol was exposed at 365nm for 13 minutes with a UVP Blak-Ray B-100 lamp at a
distance of 6 inches. Ambient humidity fluctuated between 40-50%. The sol was subsequentially
aged for 1 hour in ambient conditions before rinsing in a cyclohexane/MMA solution. MMA was
used due to its partial solubility with the ionic liquid. The photo-patterned gel was dried at

110°C.

3.2.2 Characterization Techniques
Thermogravimetric analysis (TGA) was performed using a TA Instruments SDT Q600.
The spun ionogels were tested between 30-600°C with a ramp rate of 10°C min™! and held at max

temperature for 1 hour.

N2 adsorption testing was performed using a Micromeritics ASAP 2010 instrument. To
characterize the silica network in the ionogel, we modified a procedure reported previously . In
the current case, the ionogel was immersed in acetone which tends to dissolve the IL. Then, the

acetone is removed by supercritical drying using liquid COz. In this way the acetone is removed
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without generating the capillary forces that would collapse the SiO2 network. Samples were out-
gassed overnight at 110°C before testing. Testing was conducted at 77°K. BET (Brunauer—Em-
mett—Teller) surface areas were calculated at 0.24 P/P, and BJH (Barrett-Joyner-Halenda) pore

distributions were calculated from the isotherm data.

Fourier transform infrared spectroscopy (FTIR) was performed using a Jasco 670 Plus.
10 uL of the precursor sol was drop cast onto Thermo Electron Corporation PTFE IR cards.
Spectra for the ionogels were taken after carrying out the equivalent processing conditions as

those for the spun films. The spectra were taken from 400-4000 cm™ with a resolution of 4 cm.

SEM was performed using a FEI Nova 230 Nano SEM with attached EDS. Imaging and
EDS mapping were done on cross-section and planar views of the gel films spun on LiFePOg4
cathodes and Si wafers. Cross sections were obtained for Si wafers by cleaving a diamond

scribed wafer and by sectioning the LFP cathode.

TEM (transmission electron microscopy) images were obtained with a FEI Technai G2
T20 and used to determine a representative pore size. Images were taken of spin-coated films of

gel 1 and gel 2 that were supercritically dried.

AFM (atomic force microscopy) was performed on a Bruker Dimension Icon. Scanning
was conducted using a silicon probe. Scans were performed using peak force tapping mode in

10um x 10pum sections.

3.2.3 Electrochemical Testing
LiFePO4 (LFP; MTI), Carbon Black Super P (99%+, Alfa Aeser), Timrex KS4 graphite

(MTI), polyvinylidene fluoride (PVDF Sigma Aldrich) and 1-methyl-2-pyrrolidinone (NMP
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99.5% anhydrous, Sigma Aldrich) were used without further processing. Slurries were made
with 75 wt % LiFePO4, 10 wt % KS4, 5 wt % Super P, and 10 wt % PVDF dispersed in NMP
and doctor bladed onto carbon coated aluminum foil. Mass loading of the LFP electrodes was
typically 1.5 mg cm™ with a film thickness of 28 microns. Films were tested in a two-electrode
configuration versus lithium metal. Pseudo-solid state cells used spun films of gel 1 or gel 2 as
the electrolyte, although these cells also contained a Celgard separator to ensure electrical isola-
tion. For reference, electrochemical cells were constructed that used an ionic liquid electrolyte of
0.5M LiTFSI [BMIM] [TFSI that was soaked in a Celgard separator. Galvanostatic (GV) and
electrochemical impedance spectroscopy (EIS) measurements were made using a BioLogic
VMP3 potentiostat. The frequency range for the EIS was from 1MHz to 100 mHz with a 10 mV
amplitude. The measurements were made in a stainless steel (SS) Swagelok. The temperature de-
pendence of the impedance was obtained by measuring (EIS) between 20 and 120°C. The elec-
trochemical window was obtained for gel 1 by sweeping different voltage ranges using cyclic
voltammetry (CV) in a three electrode Swagelok with SS as the working electrode (WE) and
counter electrode (CE) and Li metal serving as the reference electrode (RE). GV cycling was
performed for both the neat ILE as well as with pseudo-solid state cells that used spin coated gel
1 and 2 in a LFP/Li metal cell. Cycling was performed between 2.5-4V at C/10, C/5, and C/2.

Long term cycling was conducted at C/2 for 150 cycles for gel 1 and 80 cycles for gel 2.
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3.3 Results & Discussion

3.3.1 Materials Processing

The synthesis route of Membreno, et al., which was based on the hydrolysis of tetra-
methylorthosilicate (TMOS) and triethylvinylorthosilcate (VTEOS) with formic acid, was
adapted to control the gelation rate of gel 1 (see Experimental Procedure for details).?! The re-
sulting mesoporous network trapped the ionic liquid electrolyte (ILE) leading to materials (bulk
monoliths and thin films) which were macroscopically rigid but exhibited certain properties,

such as ionic conductivity, that behave as a liquid at the nanoscale. An overview of the process is

shown in Figure 3.1.
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Figure 3.1: Schematic of ionogel synthesis for spin coating.
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Gel 2 follows a similar synthesis route using photo-produced HPFs rather than formic acid as the
acid catalyst for hydrolysis. By using acid catalysis, Brinker and colleagues proposed that hy-
drolysis occurs rapidly through the protonation of the siloxane to form silanols leading to the Si
atom becoming electrophilic.’> Due to the electrophilicity, further protonation of Si, and thus
condensation, occurs along more basic silanol species such as monomers or the end groups of
chains. The preferential condensation at the end groups forms extended linear-like chains. These
chains quickly deplete the available monomer inducing condensation to occur between end
groups and less acidic regions of other chains forming an open, highly branched network.? In-
corporating ionic liquid into the sol retains the open porous silica network as the ionic liquid
does not evaporate. The lithium concentration and fraction of ionic liquid in the structure greatly
affect the properties of the ionogel such as the viscosity in the sol state, its penetration into po-
rous electrodes and structural integrity of the matrix.?*?* In the present study 75 vol % ILE was
chosen as the amount of liquid phase as this ionogel exhibits good mechanical integrity coupled
with ion transport properties. 0.5M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was
used to ensure an adequate supply of lithium in the ionogel without producing a high viscosity

ILE that would reduce the ionic conductivity.

The morphology of the silica network in the ionogel was characterized using N> adsorp-
tion methods. For these measurements, the ionogel was processed using a supercritical drying
procedure which retains the mesoporous network of the wet gel (see Experimental Procedure).
Figures 3.2A and 3.2B show that the networks developed in gels 1 and 2 exhibit Type IV iso-
therms with a combination of H2 and H3 mesopores based on the hysteresis. This response sug-
gests the pores are a mixture of slit-shaped (H3) and “ink bottle” shapes (H2).%
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Figure 3.2: Physical Structure and Bonding of Ionogels

A) N2 adsorption isotherm for gel 1 and (B) gel 2. Inset is the calculated BJH pore size dis-
tribution from the adsorption isotherms. C) FTIR spectrum for gel 1 and the silica matrix
gelled in the absence of ILE. D) FTIR spectrum of gel 2 with an overlay of the ILE spec-
trum. Peaks associated with Si-O-Si (¥), =CH2 (e), and the VC (=) are indicated.

The surface area calculated from the isotherm in Figure 3.2A gives a value of 1300 m? g'!. BJH
analysis of the adsorption indicates a broad pore size distribution with an average pore diameter
of 20 nm. N> adsorption of gel 2 leads to a surface area of 700 m? g'!. In this case, BJH analysis
displays a narrower pore size distribution with an average pore diameter of 10 nm. TEM imaging
confirms the approximate pore size of 10 to 20 nm for spin coated gels 1 and 2 (Figure 3.3A,
3.3B). TEM images also confirm the formation of a mesoscale, sponge-like network that is pene-

trated with ILE.
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Figure 3.3: Nanostructure Induced from Confined ILE

TEM images of spin coated gels that are supercritically dried; (A) gel 1. (B) gel 2.

The lower surface area for the photo-processed gel 2 compared to gel 1 is believed to originate
from the photo-produced HPFs acid. PFs anions have been shown to undergo hydrolysis in the
presence of water to form HF.?” As shown by various researchers, the effect of the fluoride anion
is to accelerate hydrolysis and condensation through nucleophilic attack.?3-! In the case of iono-
gels, Viau, et al. reported that the presence of the PFs anion led to a higher degree of silica con-
densation compared to chloride anions.?? For these reasons, we expect that the microstructures
resulting from photo-produced HPF¢ are similar to those of base catalysis with smaller pores and
reduced surface area.’®* While lower than gel 1, the surface area of gel 2 is still quite significant
and enables an interconnected pore network.

The structural development and chemical interactions of the ILE with the silica matrix

were characterized using FTIR (Figure 3.2C, 3.2D). The spectra for gels 1 and 2 display the Si-
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O-Si bending peak associated with the silica matrix at 470 cm’!, indicating that gelation has oc-
curred.** Other peaks associated with silica are dominated by the ILE peaks limiting their useful-
ness for identification. FTIR spectra for gels 1 and 2 in the absence of ILE (Figure 3.4A, 3.4B),
show that gelation has occurred through the disappearance of peaks at 2850 and 2950 cm™! which

are associated with the silica precursor.
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Figure 3.4: The Effect of Processing Conditions on the Ionogel Components

A) FTIR spectrum for gel 1 in the absence of ILE. B) FTIR spectrum for gel 2 in the ab-
sence of ILE under UV exposure of 180 mJ/cm?. C) ILE spectrum before and after UV ex-
posure.

The peak located at 1410 cm™! associated with the C-H bend of the =CH> vinyl group does not
change during gelation indicating that it is unaffected by the reaction (Figure 3.2C).** In addi-

tion, the FTIR spectra for both ionogels (Figure 2C, 2D) show the peak at 1640 cm™! which is at-
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tributed to the skeletal stretching mode of the electrolyte additive, vinylene carbonate (VC; Fig-
ure 3.2D)), is unchanged thus demonstrating it is not affected by the synthesis.*> Looking at Fig-
ure 3.4C, we see that UV exposure used in gel 2 does not have an effect on the ionic liquid. By
comparing the spectra of ILE and sol-gel matrices without ILE to those obtained from the iono-
gels (Figure 3.2C, 3.2D), we can determine that there are no new peaks in the ionogel spectrum
signifying it is a superposition of the two individual components. This indicates that the ILE is
not chemically interacting with the silica matrix but is only physically bound. Physical confine-
ment is believed to only moderately influence the transport properties.*® In contrast, previous
studies have shown interaction between the ionic liquid and the silica matrix. This interaction is

believed to originate from the use of highly electronegative anions.’”-%

3.3.2 Properties of Confined lonic Liquid Electrolyte

A key consideration for ionogel systems is whether the ILE retains its inherent properties
when confined within the SiO; network. Thermal gravimetric analysis (TGA) performed on the
ionogels shows a weight loss starting at ~370 °C associated with the thermal breakdown of the IL
(Figure 3.5A). The magnitude of the weight loss of the ILE for both ionogels indicates that the
ILE comprises approximately 75 vol % of the ionogel structure. The small amount of loss in the
silica matrix starting at 100°C, 2% of the entire weight, is related to trapped water along with re-
action products from silanol condensation.’® The fact that there is minimal weight loss for both
ionogels in the 100°C temperature range indicates that the ILE ratio and not the synthesis route

determines the amount of ionic liquid in the structure. The slightly higher decomposition temper-
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ature for the IL in ionogels 1 and 2 compared to the ILE is believed to be associated with the ca-
pillary forces arising from the mesoporous network which lower the vapor pressure of the ionic

liquid and increases condensation on the pore walls.*

The ion transport properties of the ionogel films were determined by measuring the com-
plex impedance between 1MHz and 100mHz as a function of temperature, from 20 to 120°C.
Drop cast and spin coated gels 1 and 2 were placed in a stainless steel Swagelok cell which func-
tioned as the sample holder. Spin coated ionogels were deposited on p-type Si which served as a
conductive substrate while the drop cast samples were gelled inside a glass container, removed,
and sandwiched between the stainless steel electrodes. In Figure 3.5B and 3.5D, the spin coated
and drop cast films are compared to the neat ILE and the well-known solid electrolyte, LiPON.
The room temperature conductivity for drop cast gel 1 is only slightly less than that of the neat
ILE (2 mS cm™ vs. 3 mS ecm™) while the drop cast gel 2 sample has a lower conductivity (~0.2

37,41-43

mS cm!). This range of values is typical for ionogels and the conductivity of the ILE is in

good agreement with other ionic liquid electrolytes using similar electrolyte compositions.*
The activation energy for conduction as determined from the temperature dependence is ~ 0.15
eV for the ionogels and the ILE. These values compare well to activation energies found for
other silica ionogels and are approximately 3 - 4x smaller than those found in oxide systems such
as LLZO and LiPON. 2374146 Comparing the conductivities and activation energies of drop cast
gels 1 and 2 with that of the neat ILE establishes that encapsulation of the ILE in the silica ma-

trix does not have an appreciable effect on ion transport. This behavior is consistent with the ab-

sence of chemical interaction between phases as observed in the FTIR results.
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Figure 3.5: Confinement Effect on the ILE Properties

A) TGA showing the thermal stability of the ILE, gel 1, gel 2 and the silica matrix without

ILE. B) Temperature dependence of the ionic conductivity for spin coated gel 1 and gel 2.

Data is represented as the mean with error bars. These ionogels are compared to neat ILE
and LiPON. The activation energies are shown. C) Electrochemical window of gel 1 in a

cell with a stainless steel working electrode and lithium metal as the counter and reference

electrode. D) Temperature dependence of the ionic conductivity for drop cast gel 1 and gel
2. Data is represented as the mean with error bars. These ionogels are compared to neat
ILE and LiPON. The activation energies are shown. LiPON ionic conductivity was ob-

tained from published data.>®

The difference in the conductivities between drop-cast and spin coated samples can be
attributed to the difference in processing conditions. The spinning of the sol creates a dynamic
processing condition for gelation as evaporation and centripetal forces will affect the sol. Studies
of spin coated silica films have shown the development of a small non-uniformity in density and

thickness due to mass transfer from air flow and shear rates affecting the viscosity.>> With non-
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newtonian fluids (ionic liquids), a non-uniformity in thickness occurs due to the higher shear
forces on the edges, decreasing viscosity.*® It is possible that non-uniformities at the nanoscale
will influence the nature of the silica network, impede ion transport and bring about the lower
conductivity. The processing associated with gel 2 is different from that of gel 1. This material is
crosslinked after spin coating, upon UV exposure. After spin coating, the film is in the wet gel
state which enables its nanostructure to relax prior to being crosslinked. For this reason, spin
coated gel 2 has comparable conductivity values to drop cast gel 2. Finally, it should be noted
that the ionic conductivities for all the ionogel samples are significantly higher than the ionic

conductivities found for LiPON.4%-%0

While high ionic conductivity is essential for batteries, the electrolyte itself also must
have electrochemical stability. When swept anodically, the electrochemical window for the drop
cast gel 1 ionogel exhibits a high breakdown potential of 5.4V vs Li. When swept cathodically,
breakdown starts to occur at 1V (Figure 3.5C). Taken together, these results indicate that the
ionogels have an electrochemical window of 4.6V. This correlates well with the values found in

literature for [BMIM] [TFSI].>"2

3.3.3 Tonogel Processing Control

A critical issue associated with the use of ionogel electrolytes is that the sol precursor
must successfully infiltrate the porous electrode in order to provide the source of Li* required for
energy storage reactions. That is, gelation needs to be controlled so that it occurs well after spin
coating or else electrolyte access to the redox-active material will be limited, lowering energy
density and, in all likelihood, power density. Scanning electron microscopy (SEM) and Energy

Dispersive X-Ray Spectroscopy (EDS) were carried out on both cross-sectional and planar views
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of gel 1 in order to characterize the uniformity and conformality of infiltration of the spun iono-

gels (Figure 3.6A, 3.6B).

Figure 3.6: Topographical and Penetration Ability of Ionogels

A) SEM cross section of gel 1 spun on a Si wafer with a micron scale bar. B) Gel 1 spun on
a LFP cathode. EDS mapping shows the penetration of the ILE and SiO: components N, Si,
F, S, and O with a 25 micron scale bar. C) SEM planar view of gel 3 spun on Si wafer with
a 200 micron scale bar. The diameter of the patterned circles is 250 pm. D) Cross-sectional
SEM image of photo-patterned gel 3 spun on a Si wafer with a 200 micron scale bar.

Si wafers and LFP electrodes served as substrates and were used to illustrate, respectively, the
ability of the sol to create quality surface films and to penetrate a porous electrode. The planar
view of the Si exhibits a uniform surface with ionic liquid found homogeneously throughout the

structure. AFM analysis shows that a high quality surface is produced with a roughness on the
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order of 10 nm (Figure 3.7). Cross sections of the spin-coated Si sample show the uniformity of
the film structure, indicating only a small deviation in thickness across the electrode. As shown
in Figure 3.6A, the average ionogel film thickness was 600 nm. By varying the spin speed, it will
be possible to fabricate thinner ionogel films as the thickness is expected to be inversely propor-

tional to the square root of the spin speed.*®

Height Séhsor 2.0 pum

Figure 3.7: Surface Uniformity of Spin coated Ionogels

AFM image of the surface of gel 1. Surface roughness was calculated to be 9.7nm.

Cross sectional analysis of the LFP/ionogel samples show that the precursor sols for gels
1 and 2 thoroughly penetrate into a porous electrode structure (Figure 3.6B). EDS mapping of
both the IL constituents (N, F, S) and those of silica (Si, O) establishes that both the IL and SiO»
components are distributed evenly within the LFP. This microstructure analysis indicates that the
electrolyte is continuous and seemingly accesses all the LFP particles. Furthermore, the surface
of the cross section indicates that the electrolyte matches the roughness of the electrode. This

morphology and the low electronic conductivity of silica (107> S cm™) suggest that the ionogels
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may be used directly and without the need for a separator.>® While additional testing is required
to ensure the absence of pinholes, these results show that the spun ionogel can serve as a solid

electrolyte film that has the potential to eliminate the need for traditional battery separators.

In this study, we developed an additional functionality for ionogels, namely photopattern-
ing. Photo-patterned electrolytes provide an opportunity to alter battery fabrication procedures
and to create battery architectures which are better adapted for integration in complex electronic
structures. By adapting the UV synthesis route used for gel 2, we are able to successfully pattern
an ionogel film. In this process, the sol precursor for gel 3 was spin coated onto a silicon wafer
before exposure. After exposure with a UV lamp operating at 365 nm, the gel was aged, rinsed
and dried overnight. SEM imaging of the UV patterned gel 3 shows the distinct pattern of or-
dered circles with a diameter of 250 um (Figure 3.6C, 3.6D; 3.8B). The region immediately sur-
rounding the patterned film is silica where a portion of the ionic liquid has been removed. EDS
shows that the ionic liquid is retained within the silica structure in appreciable quantities (Figure
3.8A). It should be noted that the significant presence of silicon is associated with signal from
the Si wafer. To the best of our knowledge, this is the first example of a photo-patterned Li"
ionogel film. Further optimization of the UV patterning conditions and sol composition are ex-

pected to lead to higher resolution patterns.
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Figure 3.8: Composition Uniformity of Photopatterned Ionogels

A) EDS analysis of the photo-patterned gel 3. EDS was taken at locations in the center of
the structure and on the edge. B) Cross-sectional image of gel 3.

3.3.4 Electrochemical Characterization

As mentioned above, ionic liquids possess several desirable properties that make them
attractive for use as Li" electrolytes. For this reason, ionic liquids have been studied extensively
with a range of positive and negative electrodes used in Li" batteries. In most cases, the ionic lig-
uids display comparable performance to that of carbonate electrolyte based Li* battery cells.*>’
In general, ionic liquid electrolytes have poorer rate capability, although several studies have
shown their potential for use in low rate battery applications. A study by Kim, et al. using N-bu-

tyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide ([Pyr13] [FSI]) electrolyte in LFP half cells

showed stable capacities of 160 mAh g™! over 240 cycles.®! Similar results (140 mAh g™ at C/10
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) were obtained in LFP half cells using 1-n-butyl-1-ethyl-pyrrolidinium bis(trifluoromethanesul-
fonyl)imide ([Pyr24] [TFSI]), further indicating their potential as electrolytes for Li* batteries.>

The capacity obtained for our neat ILE cell (145 mAh g'') matches well with the above systems.

Recently, ionogels have been investigated for use as solid electrolytes for lithium ions. In
2009, Echelmeyer, et al. showed that incorporating lithium salts into a silica ionogel led to Li ion
conduction.®® Subsequently, lithium ionogels were explored for a variety of energy storage sys-
tems. To date, some of the more prominent studies have been performed using LFP cathode sys-
tems.%!"%3 The best results were reported by Tan et al. who synthesized 30 um ionogel films that
achieved 150 mAh g! for 100 cycles at C/10.%* These results are on par with their neat ionic lig-
uid electrolyte. Delannoy, et al. demonstrated the inkjet printing of an ionogel sol, obtaining a 10
um thick conformal electrolyte. These full-cell experiments achieved reasonable capacities (125
mAh g!) but at low rates (C/30).%* Bideau et al. reported the fabrication of 5 pm ionogel films
prepared by drop casting. In this work, however, lower capacities of 110 mAh g! were obtained

at C/20.2
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Figure 3.9: Electrochemical Properties of Thin Film Ionogels

A) Galvanostatic measurements of different electrolytes on LFP at C/10. Results are shown
for gel 1 and gel 2, with the ILE serving as a comparison. The inset shows the dQ/dV vs V
curves extrapolated from the GVs. (B) Capacity variation with cycling for gel 1. Majority
of the 150 cycles were at C/2. (C) Capacity variation with cycling for gel 2. Majority of the

80 cycles were at C/2.

In our work to date, we have investigated two different ionogel thin films that were spin

coated onto LFP electrodes and evaluated in LFP/ionogel/Li electrochemical cells. Capacities of
145 mAh/g were obtained at C/10 for gel 1. These values are virtually identical to that of the neat
ILE (Figure 3.9A), underscoring the importance of controlling the sol state so that it successfully
penetrates the porous LFP electrode. The dQ/dV inset illustrates the low level of polarization be-
tween the reduction and oxidation reactions. In addition, we successfully increased the rate to

C/2 and maintained capacities of 125 mAh/g with only a 4% loss over 150 cycles (Figure 3.9B)
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with a coulombic efficiency above 99%. Our LFP/ionogel/Li battery compares very favorably
against other LFP battery structures with ionogel electrolytes (Table 1). In particular, our full
cells exhibit higher power density. By moving to a thinner film (600 nm), we overcome the rela-
tively lower ionic conductivity arising from the high viscosity of the ionic liquid. The energy
density values exceed all but a few reports and in those instances, our power densities are signifi-

cantly greater.

The second ionogel evaluated in LFP/ionogel/Li electrochemical cells was prepared using
UV crosslinking. Prior to the current study, the only UV processed ionogels involved crosslink-
ing of organic matrices which lack the thermal stability and mechanical integrity of the inorganic
systems. Nonetheless, reasonable performance was reported; Aidoud, et al. carried out UV cross-
linking of an acrylic-based ionogel and achieved capacities of 130 mAh/g at a rate of C/5." Lee,
et al. had similar results using a polyethylene glycol matrix (Boron-PEGDMA), achieving capac-
ities for LFP cells of around 140 mAh g'! at C/20.** Our electrochemical studies on gel 2 are ap-
parently the first ones for a UV crosslinked inorganic matrix. The capacity for this system was
similar to gel 1 as 145 mAh g'! was obtained at C/10; this result was nearly identical to the ca-
pacity obtained from the neat ILE (Figure 3.9A). At C/2, the LFP/Li battery exhibited a capacity
of 125 mAh g! with good reversibility (80 cycles) and showed virtually no loss of capacity dur-
ing cycling (Figure 3.9C). Here, too, the coulombic efficiency was in excess of 99%. The ability
to achieve high capacity at relatively fast rates indicates that the UV crosslinking process does
not affect the ionogel’s ability to wet the electrode nor does this approach lead to side reactions.
These results suggest that photopatterning an inorganic ionogel will be able to provide spatial
resolution of device structures without compromising device performance.
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Table 3.1: Full Cell Ionogel Comparison

The nature of the ionic liquid and salt varies among the different studies. With one excep-
tion (Delannoy), the capacity is normalized by the weight of the LFP electrode. Studies
marked with (¥) represent UV crosslinked ionogels. The current results are highlighted.

Full Cell Capacity Power
Paper Matrix Cathode | Anode (mAh g Wh kg! |[Rate(C)| (W kg™
Current .
Work Si0-Gel 1 LFP Li 125 406.3 | 0.5 | 203.15
Li, et al. .
(2015) TiO, LFP Li 110 357.5 | 05 | 178.75
Bideau, et al. )
(2011) Si0, LFP Li 110 341 | 0.05 | 17.05
Delannoy, et . o
al. (2015) Si0, LFp | Li,TiO, 65 975 | 0.1 9.75
Lee, et al.
(2015) Polysilsesquioxane LFP Li 90 301.5 0.1 30.15
Li, et al. .
(2015) Si0,/PVDF LFP Li 150 4875 | 0.1 | 4875
Tan, et al. )
(2016) Si0, LFP | MCMB 145 4785 | 0.1 | 4785
Current .
Work* Si0,-Gel 2 LFP Li 124 403 | 0.5 | 2015
Lee, et al.
(2016)* Boron/PEGDMA LFP Li 150 502.5 0.1 50.25
Aidoud, et al.
(2016)* Acrylate Mixture LFP Li 130 403 0.2 80.6
Lee, et al.
(2015)* PEO/Polysilsesquixane LFP Li 60 195 0.5 97.5

3.4 Conclusion

In summary, we used different processing approaches to obtain a pseudo-solid state elec-
trolyte based on the confinement of an ILE within a sol-gel derived SiO; matrix. In addition to
using traditional hydrolysis and condensation reactions to form the matrix (gel 1), we also
demonstrated that UV crosslinking could be used to form the matrix (gel 2). Using this UV-
based approach, we demonstrated the photolithographic patterning of simple structures (gel 3).
Both types of gels exhibited the thermal and electrochemical stability and ionic conductivity rep-
resentative of the confined ILE. Pseudo-solid state devices based on incorporating the ionogels in
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electrochemical cells with Li and LFP as negative and positive electrodes, respectively, were in-
vestigated. These cells exhibited higher power density than those reported for other ionogel elec-
trolytes with comparable or better energy density. A key feature in this work is that of control-

ling the sol to ensure that the electrolyte has access to the entire LFP electrode.
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Chapter 4: Electrochemical and Spectroscopic Analysis of the Ionogel-Electrode Interface

in Li* Batteries

This chapter reviews our studies of the chemical and electrochemical properties aris-
ing from the interface between a Li" conducting ionogel and various positive and negative
electrode materials for lithium-ion batteries. lonogels, pseudo-solid state electrolytes con-
sisting of an ionic liquid electrolyte confined in a mesoporous inorganic matrix, have at-
tracted interest recently due to their high ionic conductivity and physiochemical stability.
These traits, coupled with their inherent solution-processability, make them a viable solid
electrolyte to replace Li" liquid electrolytes. Despite the unique properties of ionogel, few
studies have investigated the nature of the electrode-ionogel interface. XPS, Raman spec-
troscopy, and electrochemical testing were utilized to probe the electrode-ionogel interface
where surface reactions were identified for several electrode materials. Our results indicate
that the sol acidity initiates breakdown of the organic components and reduction of the tran-
sition metals present in the electrode materials. This chemical attack forms an organic sur-
face layer and affects the electrode composition, both of which can impede Li" access. By
modifying the silica sol-gel reaction via a two-step acid-base catalysis, these interfacial reac-
tions can be avoided for a LCO electrode leading to stable cycling of 110 mAh/g over 50

cycles.

4.1 Introduction
As demand for mobile electronics, smart devices, and electrical transportation in-

creases, the need for lighter, smaller, and safer batteries is of utmost importance.! For most
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commercial batteries, cells consist of an anode, cathode, and a liquid or polymer electrolyte.
Liquid electrolytes are traditionally used due to their high ionic conductivity and ability to
wet the electrode surfaces, but they also require a separator and increase the flammability
risk.2 For these reasons, researchers have been exploring ionically conductive solids (solid-
state electrolytes, SSE) as stable alternatives. While SSEs are typically more thermally sta-
ble than liquids, their lower ionic conductivity limits the achievable power density.

Processing of SSEs is generally restricted to powder pressing and sintering or line-of-
site techniques such as sputtering. These techniques are usually conducted at elevated tem-
peratures which, along with the inherent chemical instability of some electrode materials,
can produce highly resistive interfaces.*> This is best seen in the sulfide class of SSEs which
have ionic conductivities on par with liquids (102 S cm™), but are limited by their interfacial
stability.® The interfacial products typically have ionic conductivities several orders of mag-
nitude lower than the bulk electrolyte, drastically increasing the cell’s resistance and poten-
tially leading to continued electrolyte decomposition.” Line-of-sight and powder processing
methods also have poor infiltration into traditionally porous electrode structures which lim-
its the electrolyte/electrode contact and lowers the cell's storage capacity and obtainable
power.

Ionogels, a subclass of solid electrolytes composed of a room temperature molten salt
(ionic liquid electrolyte, ILE) confined within an inorganic or organic matrix, have recently
garnered interest due to their ability to maintain the inherent properties of the trapped ionic
liquid. The principal benefit of ionogels over other solid electrolytes is the ability to be pro-

cessed as a liquid allowing for facile electrolyte access throughout a slurry-cast electrode.®
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Although ionogels have the capability to be processed as a liquid, an understanding of the
chemical interaction of the sol with the electrode interface and its stability is incomplete.
The majority of literature has limited the use of ionogels to lithium iron phosphate cells
(LFP). There is no compelling reason for this choice over other commercial electrodes with
higher energy densities or power densities.” !! The question arises whether the LFP/ionogel
pairing derives from convention or whether this originates from a physiochemical issue of
the sol with other electrodes. Many electrode materials have been stably cycled in ionic lig-
uids indicating any issues of the electrode with the ionogel electrolyte, in all probability,
originate from the sol-gel process.'>!? Thus, for greater adoption of ionogels as electrolytes
in lithium-ion batteries, the interface during solution processing of the ionogel on different
electrode systems must be understood.

In the present paper, we study the interfacial stability of LiCoO2 (LCO) and other
lithium electrode materials when paired with a solution-processed ionogel electrolyte. The
interface is studied using x-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and
electrochemical tests to elucidate the surface stability when exposed to the sol. We find that
the acid catalyst from the sol-gel synthesis leads to interfacial reactions that impede electro-
chemical cycling. We demonstrate that while LFP is stable in the conditions commonly used
in ionogel syntheses, other electrode materials (LCO, LiNio8Co00.15Al0.0502, etc.) show re-
duction of the transition metal and formation of an organic layer that lead to irreversible ca-
pacity loss. By adjusting the silica sol-gel synthesis route, the electrode can be protected

from the acid leading to stable cycling comparable to that of the neat ILE.
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4.2 Experimental Procedure:

4.2.1 Tonogel Synthesis and Electrode Preparation

Tetramethylorthosilicate (TMOS, 99+%, Sigma Aldrich), triethylvinylorthosilcate
(VTEOS, 97%, Sigma Aldrich), and formic acid (Puram, Fluka Analytical) were used for
the silica sol-gel reaction. The ionic liquid electrolyte was synthesized from lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI, 99.95%, Sigma Aldrich) and I-butyl-3-methylimidaz-
olium bis(trifluoromethanesulfonyl)imide ([BMIM] [TFSI], 99.5%, Solvionic). Methanol
(MeOH, Fisher Chemical ACS) was used during analysis of the electrode powders and sol-
gel synthesis. Lithium hydroxide (LiOH, 99.995% monohydrate, Sigma Aldrich) was ob-
tained for the modified gel.

Ionic liquid was first degassed using a vacuum oven and bubbled with Ar at 150°C
before storing inside an Ar gas filled, I ppm H>O glovebox. 0.5M LiTFSI BMIM TFSI ionic
liquid electrolyte (ILE) was then prepared from the degassed ionic liquid. The ionogel fabri-
cation and processing parameters were reported in a previous paper.'*

For the modified gel, equal volumetric amounts of TMOS, VTEOS, and formic acid were
sonicated until mixed. An equal volumetric ratio of the silica precursor solution (TMOS,VTEOS,
and formic acid) and ILE was prepared and aged for 3 hours at -20°C. After aging, 20 mg/ml so-
lution of LiOH in MeOH was added to the sol during mixing in a 1:2 volumetric ratio of
sol:LiOH solution. The gel was mixed for 1 hour before spinning. Spin coating was conducted at
4000 rpm for 15 seconds onto the cast electrodes using a Headway Research Inc. instrument

(PWM32). The gels were aged in a desiccator overnight before drying for 4 hours in a 120 °C
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oven. Bulk ionogels were formed by drop casting the modified gel with the same aging parame-

ters for characterization tests.

4.2.2 Electrochemical Testing

LiFePO4 (LFP; MTI), LiCoO2 (LCO; MTI), LiNio.8Co00.15Al0.0s02 (NCA; MTI), LiMn2O4
(Sigma Aldrich electrochemical grade), and V205 (Sigma Aldrich 99.99%) were obtained as
electrode active materials. NboOs was synthesized using a previously reported sol-gel pro-
cess.!> Amorphous silicon (a-Si) was deposited by electron beam physical vapor deposition
(CHA Mark 40, CHA Industries, Fremont, CA, USA) onto stainless steel current collectors
with a thickness of 30nm (=8 pg cm™). Carbon Black Super P (99%+, Alfa Aeser), Timrex KS4
graphite (MTI), polyvinylidene fluoride (PVDF, Sigma Aldrich) and 1-methyl-2-pyrrolidinone
(NMP 99.5% anhydrous, Sigma Aldrich) were used without further processing. Electrode slur-
ries were made with 75 wt% active material, 10 wt% KS4, 5 wt% Super P, and 10 wt% PVDF
dispersed in NMP and doctor bladed onto carbon coated aluminum foil. Mass loading of the
electrodes was typically 1.5 mg/cm? with a film thickness of approximately 30 microns. In ex-
periments designed to characterize the ionogel-electrode interface, ionogel films were spun di-
rectly onto the electrode material. In these stainless steel Swagelok cells, lithium metal served as
the counter and reference electrode and to ensure electrical isolation, these cells contained a
Celgard separator. In control experiments designed to evaluate the ionic liquid—electrode inter-
face, the ionic liquid electrolyte was comprised of 0.5M LiTFSI [BMIM] [TFSI] soaked in a
Celgard separator. Once again, stainless steel Swagelok cells were assembled with lithium
metal serving as the counter and reference electrode. Galvanostatic (GV) cycling was per-

formed using a BioLogic VMP3 potentiostat. Cycling was performed between 2.5- 4V for
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LFP, 3-4.2V for LCO and NCA, 2-4V for V20s, 0.2-1.5V for a-Si, and 3.5-4.5V for LMO at
C/10. Nb2Os was cycled at 2C between 1.2-3V as previous research showed worse cyclability
at slow rates. The cell that evaluated the modified gel-LCO interface was additionally cycled
for 50 cycles at C/5. A LCO/lonogel/Li cell using an oxalic acid catalyzed ionogel was addi-
tionally cycled. Electrochemical impedance spectroscopy (EIS) at a 10 mV amplitude be-
tween 1 MHz and 100 mHz was performed on symmetric cells consisting of LFP/LFP and
LCO/LCO electrode materials. In these experiments, the cast electrodes were assembled
with an ionogel sol at different stages of gelation.

4.2.3 Electrode Chemical Analysis

Raman Analysis (Renishaw inVia confocal Raman microscope) was performed on
the LCO powder exposed to ILE, TMOS, and MeOH diluted formic acid corresponding to a
pH of 1.6. The LCO powder was mixed in 6 mg/ml solutions and immersed for one week
with periodic mixing. 10 pL aliquots were then dropped on glass slides. Analysis was per-
formed with a 514 nm Ar laser and 1800/mm grating through a 20x objective lens.

X-ray photoelectron spectroscopy (XPS; Kratos Axis Ultra) with a monochromatic
aluminum X- ray source was used to probe the surface of the active material after exposure
to the acid catalyst. Peak calibration was performed using the adventitious carbon peak. The
electrode materials were exposed to the same formic acid/MeOH solution as used for the
Raman analysis. 10 pL aliquots were dropped after exposure for 1 week onto aluminum.
Ionogel sol was spun onto LCO at a spin speed of 10000 RPM before analysis and dried
overnight. Acetic acid (Sigma Aldrich glacial), oxalic acid ( Sigma Aldrich anhydrous), cit-

ric acid ( Sigma Aldrich monohydrate >99%), and hydrochloric acid (HCI, Sigma Aldrich
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ACS Reagent 37%) were diluted to a pH of 3 in MeOH based on their dissociation constants
in water. LCO was exposed to the acid/MeOH solution for 1 week with periodic stirring be-
fore 10 uL aliquots were dropped onto aluminum. All samples were allowed to dry ambi-
ently before performing the XPS analysis.

N adsorption testing was performed using a Micromeritics ASAP 2010 instrument.
To characterize the silica network in the ionogel, we modified a procedure reported previ-
ously.!® In the current case, the ionogel was immersed in acetone which tends to dissolve the
ILE. Then the acetone is removed by supercritical drying using liquid COz. In this way, the
acetone is removed without generating the capillary forces that would collapse the SiO> net-
work. Samples were outgassed overnight at 110°C before testing. Testing was conducted at
77°K. BET (Brunauer-Emmett-Teller) surface areas were calculated at 0.2 P/P, and DFT
pore distributions were calculated using the Tarazona cylindrical pore model provided by
Micromeritics Instruments from the isotherm data.

TEM (transmission electron microscopy) images were obtained with a FEI Technai
G2 T20 and used to determine the effect of the acid. Images were taken of the formic acid

exposed and unexposed electrode powders.

4.3 Results & Discussion

4.3.1 Ionogel-Electrode Interfacial Reactions
Tonogels have been increasingly used as a solid electrolyte for Li* batteries.!”!8 Silica

ionogels have been integrated into Li" cells through two different approaches: incorporating
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the electrolyte as a sol with subsequent gelation (solution-processed) or by separately gel-
ling an ionogel electrolyte and sandwiching it between the anode and cathode (freestanding).
While the final configuration is effectively the same, the two processes expose the electrode
surface to different chemistries. As freestanding ionogels are gelled before cell fabrication,
the electrodes are only exposed to silica and ILE. As such, freestanding ionogels have been
used in Li* cells with a range of electrode compositions.'® Although high capacities were
obtained for freestanding ionogels, the separate gelation process prevents the sol from pene-
trating through the electrode and wetting the surface. Processing separately also increases
the thickness of the gel which increases the resistance of the cell. For these reasons, solu-
tion-processed ionogels where, the sol wets and penetrates the electrode, are favorable.
However, solution-processed ionogels have only been reported using LFP. To understand
the nature of this limitation, LiCoO; (LCO) exposed to the ionogel sol was analyzed in
terms of its interfacial chemistry, morphology and electrochemical properties. LCO was se-
lected for this series of experiments due to its use frequent use in commercial devices and
well understood electrochemical properties.'*?! LCO has the additional benefit of having

shown stable cycling with an ILE electrolyte cell.*
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Figure 4.1: Electrochemical Properties of LCO and LFP Ionogel Electrolyte Cells

A) Galvanostatic measurements of different electrolytes for the LCO/Li cell at C/10. Re-
sults are shown for ILE (red), a separately processed ionogel (green), and a spun, solution-
processed ionogel (blue). A blowup is provided of the low capacity region. (B) Galvanos-
tatic measurements of different electrolytes on LFP at C/10. Results are shown for a spun
ionogel (blue) with ILE serving as a comparison (red). (C) Capacity variation with cycling
at C/2 for a spun ionogel on LFP for 150 cycles.

Electrochemical cycling of LCO cast electrodes with ionogel electrolyte was per-
formed to identify any electrochemical issues. Processing and cycling conditions were re-
ported earlier in Ashby, et al.!* Figure 4.1A shows the cycling data for LCO tested at C/10
with neat ILE (red), a freestanding ionogel (green), and the solution-processed ionogel
(blue). A blowup of the low capacity region is provided. The figure demonstrates that expo-
sure of the ionogel sol can have a drastic effect on the cycling performance of LCO. For the

freestanding ionogel cell, capacities of 140 mAh/g were obtained, comparable to the ILE cy-
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cled cell. This is starkly different then the solution-processed ionogel which showed no dis-
cernable redox capacity (2 mAh/g). LFP was used as a control to determine if stable cycling
could be achieved with the solution-processed ionogel. Figures 4.1B and 4.1C demonstrate
that the ionogel sol instability is electrode dependent as stable cycling over 150 cycles (97%
retention) was achieved for LFP cycled at C/2. Analyzing the EIS spectrum for a symmetric
LCOI|LCO cell, the cycling instability can be correlated to the high interfacial resistance
(Figure 4.2). The figure shows that the charge transfer resistance greatly increased over 1
day of exposure; such behavior is not seen for the LFP|LFP symmetric cell (Figure 4.2B)
subjected to similar exposure. Based on the cycling and impedance data, it is clear that a
component of the ionogel sol is affecting the interfacial stability for the LCO|ionogel sys-

tem.

0 260 41‘)0 6(‘)0 8(‘)0 1000 0 1‘0 2‘0 3‘0 4‘0 50
Z (Ohm) Z (0hm)

Figure 4.2: Temporal Stability of Ionogel Systems

A) Electrochemical impedance spectroscopy of an LFP/Ionogel/LFP symmetric cell.
(B) Electrochemical impedance spectroscopy of an LCO/Ionogel/LCO symmetric cell.
Data is shown for the system immediate after sol addition (black) and after 1 day

(gold).

4.3.2 Mechanism of the Acid Attack
The LCOJionogel interface was analyzed through spectroscopic and microscopic
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methods after exposure to the chemical components present in the ionogel sol. For a silica-
based ionogel, the sol consists of ILE, silica precursor(s), and an acid catalyst. To under-
stand each component's effect, LCO powder was separately exposed for one week to ILE,
tetramethylorthosilicate (TMOS), and formic acid. The formic acid molarity was correlated to
the acidity of the ionogel sol. TMOS was chosen as a representative inorganic silica precursor.
During the sol-gel reaction, hydrolysis and condensation of the TMOS will produce alcohol and
water in solution that must be taken into account when analyzing the spectroscopic data.?® Like-
wise, the dissociation of the formic acid will produce formate in solution that can take part in
chemical reactions.

The exposed powders were analyzed first using Raman spectroscopy. Figure 4.3A-C
show the spectra obtained for the LCO powder exposed to ILE, Formic Acid, and TMOS, re-
spectively. Figure 4.3A shows a superposition of the characteristic LCO and ILE Raman spectra,
which indicates LCO does not react with the ILE.*** Figure 4.3B also demonstrates that there is
no interaction of the LCO powder with the silica precursor with only the characteristic LCO
peaks identified. However when LCO is exposed to formic acid, several new peaks appear indi-
cating an instability between the acid and powder (Figure 4.3C). The peak at 670 cm™! has been
associated in literature with Co30s, which indicates a change in the cobalt oxidative state oc-
curs.?® Along with the identified inorganic peak, large carboxylic and C-O peaks appear indicat-

1.27

ing a reaction between the organic components of the sol.”” From Raman spectroscopy, it is

unclear the exact bonding nature of the organic species.
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Figure 4.3: Spectroscopic Analysis of the Ionogel Constituents

A) Raman spectroscopy of LCO powder exposed to the ILE electrolyte. (B) Raman spec-
troscopy of LCO powder exposed to TMOS. (C) Raman spectroscopy of LCO powder ex-
posed to formic acid corresponding to the same molarity as the ionogel sol. Peaks associ-
ated with corresponding reacted species (red) and constituents (black) are identified. (D)
XPS analysis of the C 1s spectrum for the formic acid exposed LCO powder. (E) XPS anal-
ysis of the Co 2p spectrum for the formic acid exposed LCO powder. The unreacted LCO
powder spectrum is displayed as the blue dotted line. The reacted species in (D) and (E) are
identified (red).
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Figure 4.4: XPS Peak Fitting

A) Peak fitting of C 1s and Co 2p spectra for unexposed LCO powder. B) Peak fit-
ting of C 1s and Co 2p spectra for formic acid exposed LCO powder. Multiplet splitting is
observed for the Co valence states. The peak envelope is identified by the dotted line.

XPS was performed on the formic acid exposed LCO sample to better identify the
products and composition at the interface. XPS analysis focused on the C 1s and Co 2p
spectra because of their pertinence to the reaction products identified in the Raman spectra
(Figure 4.3D,E). The C Is spectrum confirms that an organic layer forms on the surface as an
increase in the C-O and C=0 peak intensities occur which correlate well with the Raman
data. Formate is identified from the O-C=0 peak. The Co 2p spectrum supports the Co*" to
Co”" reduction reaction observed seen in the Raman spectra. This result suggests that Co at
the interface is either changing phases or transitioning to an inactive intercalation state, ei-

ther of which could hinder lithium insertion/de-insertion into the LCO material. As the Co-
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formate peak overlaps with the Co®" satellite, the presence of cobalt formate on the surface
cannot be deconvoluted. XPS peak fitting and identification was performed using Gaussian-
Lorentzian peaks and a Shirley background (Figure 4.4). The peak identification process

was used to deconvolute the XPS spectra in this chapter.
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Figure 4.5: Determining the pH Range of Stability

XPS analysis of the LCO powder exposed to different molarities of formic acid corre-
sponding to a (A) pH of 1.6, (B) pH of 3, (C) and a pH of 3.5. The unreacted LCO pow-
der spectrum is displayed as the blue dotted line. The corresponding species are shown

for the identified peaks. The species associated with the reacted species are shown
(red).

It is unclear from the current testing whether the chemical attack is pH dependent or
related to the conjugate base of the acid. To understand the pH dependence, LCO was ex-
posed to formic acid at molarities corresponding to pHs of 1.6, 3, and 3.5 before analyzing
using XPS (Figure 4.5A-C). The pH was calculated using the dissociation constant of formic
acid in water. The data shows that below pH 3.5 the Co is reduced to the Co*"state and an or-

ganic layer develops on the surface. No change in the decomposition products can be identi-

fied with the changing pH. At a pH >3.5, the system is stable to reduction and the acidity is
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not sufficient to catalyze alcohol-based reactions.
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Figure 4.6: Determining the Role of the Acid

XPS analysis of the LCO powder exposed to (A) acetic acid, (B) citric acid, (C) oxalic
acid, and (D) HCI with all molarities corresponding to a pH of 3. The unreacted LCO
powder spectrum is displayed as the blue dotted line. The corresponding species are
shown for the identified peaks. The species associated with the reacted species are
shown (red).

XPS was performed on LCO exposed to acetic, citric, oxalic, and hydrochloric acid
(HCl) at a pH of 3 to determine the chemical attack dependence on acid composition (Figure
4.5). Organic acids were tested as a nonaqueous route was still desired to reduce the sys-
tem’s water content. The acids were chosen to give a range of dissociation constants, with
oxalic and citric acid possessing higher dissociation constants than formic acid whereas the
acetic acid constant is lower.?® The dissociation constant range allows us to discern not only
the role of the conjugate base, but if the acid concentration affects the interface stability.
HCIl was tested as a control to determine if the organic conjugate base affects the reaction
mechanism. Figures 4.6A,B show that exposure to acetic and citric acid reduces the system

similarly to formic acid. Hydrochloric and oxalic acid exposed LCO do not show Co reduc-
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tion seen in the other acids (Figures 4.6C,D). The lack of reduction in the HCI] sample indi-
cates the surface instability could be associated with the conjugate base. While no reduction
occurred, there is an increase in percentage of organic compounds on the surface for the ox-
alic acid and HCL exposed LCO. To test the electrochemical performance, oxalic acid cata-
lyzed ionogel was deposited onto LCO electrodes and cycled against lithium metal (Figure
4.7). Ata pH of 3 the LCO was still not able to be stably cycled leading to a capacity of only
5 mAh/g at C/10. Further study is required to better elucidate the effect of the conjugate
base on the interface reaction and pH stability window for LCO and other lithium-ion elec-

trode materials.
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Figure 4.7: The Catalyst's Role in the Ionogel-Electrode Stability

A) Galvanostatic measurements of a pH of 3, oxalic acid-catalyzed ionogel on LCO at
C/10. Results are shown for ILE (red) and the citric acid catalyzed ionogel (green).

Two main reaction pathways are proposed to occur from the ionogel sol interaction
with LCO (Figure 4.8A). As the proton from the acid interacts with the LCO surface, reduc-
tion and dissolution of the Co occurs simultaneously with delithiation forming a surface spi-

nel layer of Co3O4and Co?" and Li" in solution. (Equation 1)
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LCO B Li;xCo1.y-,02 + xLi" + yC0304+ zCo?" 4.1)
The metal ions can interact with trace amount of water or formate anions to form hydroxides

or metal formates. In solution, etherification and esterification of the formate and alcohols is

proposed to occur through catalysis by the proton (Equation 2 and 3).2%-°
HCOOH + ROH <45 HCOOR + H,O (4.2)
ROH + R’OH 5 ROR’ + H,O (4.3)

The two mechanisms would explain the organics identified in the XPS and Raman spectra.
The large presence of organics on the surface could also exist due to the catalytic ability of
C0304.313% Acidic attack of LCO has been reported in previous studies that investigated re-
cycling cathode materials. In many of these studies, a strong mineral acid is used to leach
Co and Li into solution with efficiencies approaching 100%.%-% Even weaker organic acids,
such as citric or oxalic acid, have shown dissolution of transition metals from layered cath-
odes in the pH range used by the majority of silica based ionogel syntheses.***’ Comparing
TEM imaging of exposed and unexposed LCO, acid exposure is seen to create pitting on the sur-
face which can correlate with the proposed metal dissolution (Figure 4.8B and 4.8C respec-

tively).
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Figure 4.8: The Proposed Chemical Attack

A) Diagram of the proposed chemical attack of the ionogel sol on LCO. (B) TEM imag-
ing of formic acid exposed LCO powder. (C) TEM imaging of the unexposed LCO
powder. All scale bars represent 50 nanometers.

4.3.3 Tonogel/Electrode Interfacial Stability for Common Li+ Electrodes

In addition to the interfacial reactions occurring between LCO and a solution-pro-
cessed 1onogel, the question arises as to whether similar reactions are observed with other
electrode materials. Several common cathode and anode materials were selected for analy-
sis: LiMn2O4 (LMO), LiNig.8Co0.15Al0.0502 (NCA), Nb2Os, V20s, a-Si (amorphous silicon),
and LFP. An analogous electrochemical measurement approach to that employed for LCO
was used to identify interfacial instabilities as the various electrodes were cycled against Li
in ILE or a solution-processed ionogel electrolyte (Figure 4.8). NCA, with the same layered
structure as LCO, shows similar cycling behavior as LCO with the ionogel inhibiting Li* in-
tercalation/deintercalation (Figure 4.9A). The other electrodes cycled with the ionogel elec-

trolyte show a much higher capacity retention compared to LCO. However, there is a lower
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capacity and a greater degree of polarization compared to the ILE, which cannot be ex-

plained solely by the resistance of the ionogel (Figure 4.9B-E, 4.1B). All cells, except

Nb2Os, were cycled at C/10 rates to reduce any polarization issues arising from the cell re-

sistance. Nb,Os was cycled at 2C as previous research showed worse cyclability at slow rates.*®

As the polarization for Nb2Os is comparable to the other cells cycled at C/10, the capacity loss is

most likely not due to the electrolyte resistance. From the electrochemical data, it is unclear

whether the capacity loss is due to chemical or physical interactions of the electrode with the

ionogel or electrode design.
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Figure 4.9: Electrochemical Properties of Ionogel Electrolyte Cells

Galvanostatic measurements of different electrolytes on (A) NCA, (B) LMO, (C) Nb20s,
(D) V205, and (E) a-Si. All cycling, except for Nb20s which was cycled at 2C, was per-
formed at C/10. Results are shown for ILE (red) and ionogel (blue) spun onto the various

electrodes.

XPS was used to achieve greater insight regarding the interfacial chemical reactions

for each of the cycled electrode materials (Figure 4.9). XPS analysis was performed on the

electrode powder after 1 week of exposure to the formic acid corresponding to the same mo-

larity as the ionogel sol. Similar to LCO, NCA exhibits reduction of the Ni** to Ni** along
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with formation of nickel formate (Figure 4.10A). The C Is spectrum is consistent with the
proposed chemical attack mechanism as a large percentage of organics are found at the sur-
face. Like LCO, the significant presence of organics on NCA could relate to the increased
catalytic properties of Ni and Co. The XPS spectra for LMO also displays the formation of
organics, albeit at lower concentrations than LCO, while also showing an increase in the
Mn*"/Mn?" ratio (Figure 4.10B). The stability of LMO to reduction is surprising based on
the ease of manganese dissolution during cycling in carbonate electrolytes.>* Hunter, et al.
hypothesized that this increase of the 4" state was due to the acidic environment delithiating
LMO to form MnO,.*’ As Li has a low signal to noise ratio in XPS, it is difficult to discern
whether there is a change in the Li concentration. The reduction of the lithium concentration
and formation of MnOz could help explain the lower capacities obtain for the ionogel sam-
ple. Additional studies are required to determine if Mn?* was dissolved in solution. Nb>Os and V>0
do show a reduction of the transition metal when exposed to formic acid (Figure
4.10C,4.10D). It is interesting to note that while Nb,Os and V»Os are partially reduced, the
capacity retention is comparable to the ILE cells, thus indicating that reduction of the transi-
tion metal does not necessarily lead to poor cycling behavior as observed with LCO. Figures
4.10E-F show that exposure of LFP and Si to the ionogel sol does not affect the state of the
transition metal or lead to an organic layer. The absence of interfacial reactions with LFP is

1.*! This result is also consistent with

unsurprising due to the chemical stability of the materia
studies regarding the leaching of LFP in acidic solutions which show that a low pH is needed

for dissolution of the metals.*>** Si has a well-known resistance to highly acidic environments

due to the native oxide, so its stability versus the ionogel sol is unsurprising.??
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Figure 4.10: Interface Analysis of Ionogel/Electrode Systems

XPS analysis of the formic acid with a molarity corresponding to a pH of 1.6 exposed to (A)
NCA, LMO, (C) Nb20s, (D) V205, (E) a-Si, and (F) LFP. The C Is spectrum and corre-
sponding transition metal spectrum for each material is displayed. The unreacted electrode
powder spectrum is displayed as the blue dotted line. The corresponding species are shown
for the identified peaks. The reacted species are identified (red).

TEM imaging of the electrode materials was performed before and after exposure to
the formic acid solution to ascertain whether morphological changes occurred (Figure 4.11).
The images indicate that exposure to the acid does not affect the morphology of LMO,
Nb2Os, and LFP (Figure 4.11B-C, 4.11E). For NCA and V205 though, a morphological
change observed after exposure to the formic acid can be correlated to dissolution (Figure

4.11A,4.11D). Dissolution of V205 during cycling or in acidic media is a common issue in
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the battery community so its occurrence here is not unusual.** The dissolution of V>0s can
help explain why a lower capacity was achieved with the ionogel even though similar XPS
results to Nb2Os were obtained. Si was not imaged due to its direct processing on a sub-
strate.

A)

Figure 4.11: Topological Relationship with Ionogel Stability

TEM imaging of formic acid exposed (A) NCA, (B) LMO, (C) Nb20s, (D) V20s, and
(E) LFP. The unreacted materials are shown for comparison. All scale bars are 50 na-
nometers.

4.3.4 Tonogel Modification

This study has established that the acidic catalyst used in the sol-gel process is the
source of ionogel-electrode interface reactions which, in turn, have a significant effect on
electrochemical properties. To circumvent these reactions, the well-understood silica sol-gel
chemistry is used to shift the sol acidity into a stable pH region. Moving the sol to a higher
pH by using less acid or a weaker acid can influence the gelation mechanism, which affects
gel morphology and porosity.***® With increasing pH, the gelation mechanism will change
from electrophilic attack of the end group Si atoms to nucleophilic attack on the central Si at-

oms. This can decrease the pore size and thus decrease the ionic conductivity. As shown by
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Sharp, et al., the use of mild, nonaqueous acids (pKa>4) also leads to drastically decreased ge-
lation rates.*’ Since a single catalyst does not seem to be beneficial, a two-step catalyst sol-gel
route was developed. In this process, the first step involves hydrolysis in the low pH range fol-
lowed by pH adjustment with a base. The intent of this approach is to maintain the desired pore
structure (low pH) and move the processed sol into a pH range that is compatible with LCO. The
two-step process has been shown to achieve similar porosities to that of a strong acid catalyzed

silica gel.*8
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Figure 4.12: Two-Step Modified Ionogel Properties

A) Galvanostatic measurements of the modified ionogel spun onto LCO at C/10
(black). Comparison to ILE is shown (red). (B) Capacity variation with cycling for the
ab-ionogel on LCO. All cycles were performed at C/5. The capacity for the 2" cycle of

LCO cycled in ILE at C/5 is provided as a comparison in red. (C) N2 adsorption iso-
therm for the ab-ionogel sol (black). The isotherm for a-ionogel is provided (blue). An
inset is provided for the pore distribution calculated through DFT. (D) Temperature
dependence of the ionic conductivity for the modified gel. The ab-ionogel is compared
to the neat ILE and a-ionogel. The activation energies are shown.
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Lithium hydroxide was chosen to adjust the sol pH over organic bases to limit the
percentage of organics in the solution that can form an interfacial layer and hinder cycling.
The original gel synthesis route (formic acid only) will be herein referred to as a-ionogel and
the LiOH-modified synthesis as the ab-ionogel. LiOH has the additional benefit of adding
lithium to the system while not adding bulky anions that can increase the viscosity and thus
decrease the ionic conductivity. The water produced from the hydroxide was removed along
with the trace amount of water from the sol-gel reaction through a heating step. The concen-
tration of added LiOH was calculated to adjust the pH to 4 which was shown earlier to be
stable to LCO. Cycling of the ab-ionogel cast onto an LCO electrode obtained capacities
comparable to the neat ILE at C/10 (Figure 4.12A,133 mAh/g). After a few conditioning cy-
cles, a maximum capacity of 110 mAh/g was achieved at C/5 that showed only a 0.2% per
cycle drop in capacity over 50 cycles (Figure 4.12B). The obtained capacity at C/5 matches
well to the capacity of the system cycled in ILE.

The ab-ionogel was analyzed through N> adsorption and EIS to measure the porosity
and ionic conductivity, respectively (Figure 4.12C-D). The isotherm demonstrates the ab-
ionogel maintains a high surface area of 415 m?/g with an average pore size comparable to
the a-ionogel. The ionic conductivities of the ionogels are quite similar. The a-ionogel is
slightly more conductive than the ab-ionogel (1.4 mS/cm vs 2 mS/cm at room temperature)
with comparable activation energy (0.19 eV). The lower conductivity can be correlated with
the decreased porosity of the modified gel due to the addition of the base. While lower than
a-ionogel, the conductivity of the modified ionogel is still significantly greater than other

solid electrolyte systems, such as LiPON.*
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Interfacial reactions between LCO and the modified ionogel were characterized with
Raman spectroscopy and XPS. For the Raman spectroscopy, LCO was exposed to the LiIOH
ionogel sol and aged for one week before analysis. The Raman spectrum indicates there is
no discernable reaction between the gel and LCO interface as only peaks characteristic of
the ILE, SiO; matrix, and LCO are evident (Figure 4.13A). For the XPS experiments, LCO
powder was exposed to a LiIOH-modified formic acid solution. XPS analysis confirms the
Raman data with no indication of Co reduction or organic formation (Figure 4.13B). As the
modified gel is not material dependent, it should be readily applied to other material sys-

tems, thus enabling ionogels to be incorporated in a wider range of cell chemistries.
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Figure 4.13: Analyzing the LCO/LiOH Ionogel Interface

A) Raman spectroscopy on LCO that was exposed to the ab-ionogel sol. The peaks for

LCO (*), ILE (O), and SiO2 (e) are labeled. (B) XPS analysis of LCO powder exposed

to a LiOH-Formic acid solution corresponding to the ab-sol. The C 1s and Co 2p spec-
tra are provided.

91



4.4 Conclusion

Ionogels have recently attracted interest as Li' solid electrolytes due to their exem-
plary physiochemical properties and ability to be solution processed, but the lack of infor-
mation about the interfacial instability with many electrode materials limits their applica-
tion. In this study, we demonstrated that the low pH of the sol, originating from the acid cat-
alyst, reduces the Co in LCO and catalyzes organic formation on the surface, which hin-
dered the electrochemical cycling. The degree and pathway of chemical attack is material
dependent, with many common Li" cathodes and anodes being susceptible to transition
metal reduction and organic formation. The chemical attack can be overcome by adjusting
the sol-gel process to conditions within the pH stability window of the active material. Us-
ing a 2-step, acid-base catalyzed sol-gel synthesis, stable cycling of a LCO/ionogel system
was attained, while maintaining the properties of the trapped ionic liquid electrolyte.
Though demonstrated only for LCO, the acid-base catalyzed ionogel can be adapted readily
to improve the stability of other electrode/ionogel systems. This modification allows the
ionogel electrolyte system to be better utilized in various energy storage designs increase

their commerciality.
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Chapter 5: Fabrication of an All-Solid State 2.5D Battery

In current battery designs, the gravimetric and areal capacities of planar and stacked elec-
trodes are restricted by the electrode electronic and ionic diffusion distances. Herein, the fabrica-
tion and properties of a multidimensional, high areal-capacity 2.5D battery is described. The bat-
tery is composed of a 3D LiFePOys array, a planar anode, and the solution-processable ionogel
electrolyte. Due to the solution-processability and high ionic conductivity (2 mS cm™) of the
ionogel electrolyte, appreciable current densities can be obtained between the planar anode and
the 3D cathode. The resulting device configuration demonstrates high areal capacities at fast cy-
cling rates of 1.1 mAh cm™ at 1 mA cm™? (4.6 mWh cm™? at 1.4 mW cm™) with uniform electro-
lyte access to the 3D cathode. The 2.5D device demonstrates comparable energy and power den-
sities to the best 3D batteries in literature while having a simpler fabrication process. These re-
sults present a promising direction for the integration of high performance, electrochemical en-

ergy storage devices into on-chip devices and microelectronic applications.

5.1 Introduction
Technological advancement in the last several decades has been driven by the miniaturi-
zation of electronics.! With electronics shrinking, the need for smaller energy storage devices
(i.e. microbatteries) that still maintain high energy and power densities has increased accord-
ingly. While electronic fabrication technology has steadily progressed, energy-storage device de-
sign has lagged behind. To achieve high energy densities, current battery designs stack or roll
electrodes, which increases the percentage of the cell consisting of separators or current collec-

tors. This not only increases the volume of the cell, which limits the specific capacity, but also
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increases the cost. Dense planar electrodes have been fabricated using solid-state electrolytes for
microelectronic applications to increase the volumetric capacity, but these devices have a trade-
off between energy and power density.> High areal capacities using these devices have been ob-
tained by scaling the film thickness, but this increases the diffusion distance for both electrons
and ions which can severely hinder the power density.? For these reasons, 3D electrodes have
been increasingly explored as a means to maximize the areal capacity while not limiting the de-

vice’s power density.

Three-dimensional (3D) batteries were first proposed in the early 2000°s by Rolison, et
al. as a novel design to deliver high areal energy densities while maintaining acceptable power
density and cycling stability.* The 3D design takes advantage of the third dimension, height, to
increase the amount of electrode within a footprint area. Through intertwining 3D architectures,
the ion diffusion distance between electrodes is kept short, essentially decoupling the energy and
power density. Several electrode architectures have been fabricated using ALD deposition™® 3D
printing,”® templating®!% or electrodeposition.'""!> Energy densities which are an order of magni-
tude higher than planar films have been achieved in the 3D structures at appreciable power den-
sities, but many of these designs have inherent limitations which limit the cell performance. For-
mation of internal short circuits or voids has limited the build success rate and performance of
the cells.”!*!* Incorporating a conformal electrolyte for an all solid-state device also reduces the
achievable power density due to the inherently low ionic conductivity of materials designed for

conformal coatings (1108-10°S cm™).!>17
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In literature, discussion of non-planar batteries have focused on 3D batteries. How-
ever, recent interest has arisen for other multidimensional architectures, such as “2.5D” bat-
teries. 2.5D batteries, consisting of a 3D electrode partnered with a 2D planar electrode,
were recently proposed as a means of simplifying the fabrication issues typically found in
traditional 3D batteries and increase the functional electrolyte and electrode selection. By
not needing a second 3D electrode, the chances of having voids and short-circuits during
electrode alignment/filling is reduced. Further, as a conformal solid electrolyte is no longer
needed, a solid electrolyte with high ionic conductivity can be used as a replacement for lig-
uid electrolytes to create a high power, all-solid-state device. Several studies on these 2.5D
or “semi-3D” architectures have shown that high areal capacities (>1 mAh cm™) can be
achieved at reasonable cycling rates. While these semi-3D structures were designed for 3D
batteries, they demonstrate the feasibility of fabricating a 2.5D device. Recent multiphysics-
based modeling by Mckelvey et, al. of a 2.5D system has also emphasized that for electro-
lyte ionic conductivities above 10 S cm’!, theoretical capacities can be achieved in high as-
pect ratio devices at appreciable power densities.!® A key result of this analysis is that the
ionic conductivity of the electrolyte is the limiting factor for both the energy and power den-
sities. A key result of their analysis was that the ionic conductivity of the electrolyte is the
limiting factor to achieve high, electrochemical performance 2.5D batteries. The analysis by
Mckelvey et al. underscores the importance of choosing high ionic conductivity electrolytes,
such as ionogels, for these multidimensional batteries. Though 2.5D devices generally have
a simpler fabrication process, this is dependent on the fabrication route and material choice.

Ionogels, a subclass of solid electrolytes composed of a room temperature molten salt (ionic
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liquid, ILE) confined within an inorganic or organic matrix, have demonstrated promising
properties for LIB. In research to date, ionogels have been adapted as high ionic conductiv-
ity Li" electrolytes in planar batteries as thin films,!® ink-jet printing,?° and cast bulk films.?!

These materials have not been explored in 3D electrode architectures.

In this study, we fabricated an all-solid state 2.5D battery consisting of a 3D LiFePO4
(LFP) post array and a planar anode separated by a solution-processed ionogel electrolyte. 3D
LFP posts were fabricated through slurry infiltration to obtain a 5:1 aspect ratio cathode. Ionogel
electrolyte is shown to infiltrate uniformly throughout the array and penetrate into the individual
posts. The ionogel-infiltrated posts were cycled against Li metal and a-Si in full cell devices
demonstrating capacities up to 1.1 mAh cm? at 1 mA cm? (4.1 mWh cm™ at 2.8 mW cm?).
These cells were shown to be stable over 50 cycles at 500 pA cm™ with a 99% capacity reten-
tion. In comparison against 3D devices, the 2.5D Li cell demonstrates energy and power densi-

ties comparable to the best devices while having a simpler design.

5.2 Experimental Procedures
5.2.1 Tonogel Synthesis

Tetramethylorthosilicate (TMOS, 99+%, Sigma Aldrich), triethylvinylorthosilcate
(VTEOS, 97%, Sigma Aldrich), and formic acid (Puram, Fluka Analytical) were purchased
for the silica sol-gel reaction. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.95%,
Sigma Aldrich) and I-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide

([BMIM] [TFSI], 99.5%, Solvionic) were obtained for the ionic liquid electrolyte.
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Ionic liquid was first degassed using a vacuum oven and bubbled with Ar at 150°C
before storing inside an Ar gas filled, I ppm H>O glovebox. 0.5M LiTFSI BMIM TFSI ionic
liquid electrolyte (ILE) was then prepared from the degassed ionic liquid. The ionogel fabri-
cation and processing parameters were reported in a previous paper. '

5.2.2 Electrode Fabrication

The silicon mold templates were fabricated following a published procedure.?? In
brief, the patterns for silicon molds were defined by lithographic techniques using AZ5214-
E photoresists, and silicon dioxide grown by plasma-enhanced CVD (STS Multiplex CVD)
served as a hard mask. Using a Plasma-Therm Versaline DSE II, deep reactive ion etching
(DRIE) was performed to anisotropically etch channels through the silicon.

LiFePO4 (LFP; MTI), Ketjen Black EC300J (Lion Specialty Chemicals Co.), Timrex
KS4 graphite (MTI), polyvinylidene fluoride (PVDF Sigma Aldrich) and 1-methyl-2-pyrrol-
idinone (NMP 99.5% anhydrous, Sigma Aldrich) were used without further processing.
Electrode slurries were made with 70 wt % LiFePO4, 8 wt % KS4, 13 wt % Ketjen Black,
and 9 wt % PVDF dispersed in NMP. The slurry was infiltrated into the Si mold using a
high-pressure syringe pump inside a Whatman filter holder (14 mg cm™ mass loading).
Pelco Conductive Carbon Glue (Ted Pella) was used to adhere the infiltrated molds onto a
stainless steel substrate. A XeF; dry etching process (homebuilt etcher) was used isotropi-
cally etch the silicon after filling the mold. The freestanding posts were infiltrated with iono-
gel sol and let sit overnight to dry. Before testing, the infiltrated electrodes were dried over-

night in a 110 °C oven.
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Amorphous boron doped, silicon anode films were deposited by electron beam physi-
cal vapor deposition (CHA Mark 40, CHA Industries) onto a stainless steel substrate with a

thickness of 300 nm.

5.2.3 Array Characterization
SEM was performed using a FEI Nova 230 Nano SEM with attached EDS. Imaging and
EDS mapping were performed on the 3D LiFePOs4 cathodes and ionogel infiltrated electrode.
Cross sections were obtained by sectioning the LFP cathode and ionogel infiltrated cathode. The
longitudinal and latitudinal cuts were performed approximately halfway through the post array.
Raman Analysis (Renishaw inVia confocal Raman microscope) was performed on
planar LFP films before and after exposure to the XeF> gas. Analysis was performed with a

514 nm Ar laser and 1800/mm grating through a 20x objective lens.

X-ray photoelectron spectroscopy (XPS; Kratos Axis Ultra) with a monochromatic
aluminum X- ray source was used to probe the surface of the LFP posts after exposure to the

XeF». Peak calibration was performed using the adventitious carbon peak.

5.2.4 Electrochemical Characterization

3-electrode half-cells were tested using a 3-neck flask containing 10 ml of ILE and a
Li metal counter and reference electrode. The cathode consisted of a freestanding LFP array
or one infiltrated with ionogel. The 2.5D full cells were constructed by pressing a planar Li
or a-Si electrode against the ionogel-infiltrated LFP array. The full cells were cycled without
packaging inside an Ar filled glovebox. Galvanostatic (GV) and electrochemical impedance
spectroscopy (EIS) measurements were made using a BioLogic VMP3 potentiostat. GV

measurements were performed between 2.5-4V for the LFP-Li cells and 0.5-3.9V for the
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LFP-Si cells. The cells were cycled at rates from 50-5000 pA cm™. Long term cycling was
conducted at 500 pA cm for 50 cycles. EIS was performed from 1MHz to 100 mHz with a
10 mV amplitude. For reference, planar LFP electrodes fabricated through doctor-blade dep-
osition were constructed in a two-electrode configuration versus lithium metal with a 0.5M

LiTFSI [BMIM] [TFSI] electrolyte.

5.3 Results & Discussion

5.3.1 Fabrication of the 2.5D Device

Fabrication of a 2.5D microbattery has many similarities to fabrication of a 3D battery,
but it differs in several key areas. In both cases, production of a 3D electrode array is needed to
obtain high areal capacities. In 3D batteries, this array is typically coated with a conformal elec-
trolyte and backfilled with a complementary electrode material or interdigitated with a second
3D electrode array and backfilled with a liquid electrolyte.” In either electrode configuration,
low ionic conductivity of the conformal electrolyte, shorting from nonuniform electrolyte cover-
age, or void formation has limited 3D battery commerciality. 2.5D batteries differ as a solution-
processable solid electrolyte can backfill the array and be combined with a planar electrode in-
stead of requiring a conformal/liquid electrolyte and second electrode array (Figure 5.1). This de-
sign simplifies the fabrication process and allows for a greater flexibility in geometric design and

material choice.
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Figure 5.1: Multidimensional Battery Architectures

2.5D Cross Section

Diagram representing the design differences between 3D and 2.5D batteries.

In fabricating the 2.5D battery, first a 3D LFP post array was created using a silicon tem-
plate adapted from Cirigilano.?? The template was formed using deep reactive ion etching
(DRIE) on a Si wafer to give a 15x15 post array with a 100 micron pitch between posts. The
molds were designed in a 5:1 aspect ratio with 100x500 micron dimensions. A slight increase in
diameter is seen at the bottom of each post pattern due to the scalloping during the DRIE etching
process. By using a syringe pump, the LFP slurry was infiltrated uniformly through the mold and
dried before adhering to a stainless steel current collector. After mounting, the Si template can be
selectively removed using a XeF etch to give a freestanding LFP array. An overview of the pro-

cess is provided in Figure 5.2.

107



Si Array Mold
5:1 aspect ratio

[
B)
P,,= 7000 Torr
13

Slurry gw  Silicon Mold
Infiltration -
( ) PTFE Holder

D) Celgard

|

Whatman Paper 1

) Stainless Steel Mesh

XeF, Etchl P 2 Torr

Figure 5.2: Fabrication Process of the 3D Cathode Array

A) Schematic of the required steps to infiltrate the Si mold and remove the template to ob-
tain a freestanding array. SEM images are provided of the posts/mold at each step of the
process with 500, 50, and 250 micron scale bars, respectfully. (B) Diagram of the slurry in-
filtration setup.

LFP was selected because of its previously shown stability to the ionogel sol. Due to the simplic-
ity of the fabrication process, other electrode materials can be easily incorporated into the design
to tailor the electrochemical performance. After etching the template, the freestanding cathode
array was infiltrated with ionogel sol. The ionogel sol was fabricated using a process described
previously.'® The ionogel sol consists of a homogenous mixture of silica sol and ionic liquid that
exhibits low viscosity. The low viscosity allows the sol to incorporate uniformly through the post
array and penetrate into the posts (Figure 5.3A). When gelation occurs, the sol forms a solid net-
work around the posts producing a mechanically rigid solid electrolyte that has high ionic con-
ductivity. The homogenous distribution of ILE in the gel ensures uniform electrolyte access to all
of the LFP. Once gelation is complete and the water is removed through heating, a planar elec-
trode can be partnered on the infiltrated array to produce a 2.5D cell. The infiltrated array was
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cycled against Li and Si as high volumetric capacity materials are required to match the high ar-

eal loading of the array.

Figure 5.3: Cross-sectional Analysis of LFP Posts

A) EDS mapping of a SEM cross-section of an ILE-infiltrated LFP array shows the pene-

tration of the ILE component identified from S. LFP can be identified from the P and Fe

signal. (B) SEM cross-section of an ILE-infiltrated LFP array. A magnified image is pro-
vided to demonstrate the porosity.

The LFP posts were analyzed before infiltration to understand the physiochemical prop-
erties. SEM imaging of the posts shows the array is relatively free of defects and has sufficient
mechanical stability for infiltration (Figure 5.4A). The image also demonstrates that the posts are
geometrically uniform throughout the length. The porosity and electronic conductivity of the
posts were measured after etching the template (Table 5.1). Using a two-point probe setup, the
electronic conductivity of the posts was determined to be approximately 50 mS cm™! which is on

the same order of magnitude as planar cast electrodes.?> Assuming a uniform resistance, the volt-

age drop arising from the electronic resistance across the array should only be 4 mV at 1 mA cm’
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2. A calculated porosity of 35% was estimated based on the measured weight and geometric di-
mensions. This porosity matches well to what is seen in planar slurry electrodes.?* The porosity
is high enough to allow for sufficient electrolyte access without affecting the mechanical integ-
rity of the posts. SEM imaging of the LFP post-cross-section demonstrates the porosity is uni-

form through the post with no indication of voids or inclusions (Figure 5.3B).

A)

B)

Figure 5.4: Microscopic Analysis of the 2.5D Battery

A) SEM image of the LFP posts after removal of the Si template. A magnified image of the
array is provided. The scale bar corresponds to 250 and 150 microns, respectfully. (B)
Cross-sectional SEM image of the posts after ionogel infiltration. An outline of a post is
provided in orange. The scale bar corresponds to 50 microns. (D) EDS analysis of the iono-
gel infiltrated cross section. The post can be identified from the P and Fe spectrum. The
ionogel is identified from S and Si.

). Previous work has demonstrated a high electrolyte ionic conductivity of 2 mS cm™ at room
temperature, sufficiently high enough to not hamper the electrochemical performance.'®* SEM
imaging and EDX of the LFP/ionogel post array shows infiltration occurs uniformly throughout
the array while not affecting the mechanical stability of the posts (Figure 5.4C and 5.4D). A
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cross-section analysis of the ionogel infiltrated array demonstrate that ILE and SiO> are able to
penetrate uniformly into the post (Figure 5.5). The electronic properties of the Si or Li metal are

not expected to inhibit the cycling performance of the 2.5D cell.

Table 1: Cell Physiochemical Properties

Physiochemical properties for the components of the 2.5D cell.

Post Electronic Conductivity (100 um) ~50 mS cm?
Porosity ~35%

lonic Conductivity 2mScm?
Si Electronic Conductivity 2.5mS cm?

Figure 5.5: Topographical and Penetration Ability of Ionogels

SEM cross-section of an ionogel-infiltrated LFP array. EDS mapping shows the penetra-
tion of the ILE and SiO: components Si, and S. LFP can be identified from the P and Fe
signal.
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5.3.2 Electrochemical Performance

Electrochemical cycling was first performed on the 3D LFP array in an ILE, 3-electrode
setup to understand the innate characteristics of the array. Figure 5.6A demonstrates the electro-
chemical cycling of the posts. A blowup of the low capacity region is provided. The cycling
shows a high OCV (3.5V) and essentially zero capacity from the posts in the initial charge. Dur-
ing discharge, a capacity of 1.55 mAh cm™ was obtained which is close to theoretical values cal-
culated from the post density and geometry (1.8 mAh cm™), but at a lithiation voltage much
lower than expected for LFP. After the first cycle of the posts in ILE, the capacity retention re-
duces to 25% (0.375 mAh cm?), but the cell does maintain satisfactory rate capability. SEM im-
aging of the posts after cycling in ILE shows post fracture, which helps explains the low capacity
achieved after the first cycle (Figure 5.6B). It is unclear why the fracture occurred with relithia-
tion as LFP is known to have a low volume change during lithium cycling (6.8%).%> The fractur-
ing could stem from high density regions of voids or inclusions originating from the fabrication
process.2® Subsequent cycling of the array for 50 cycles show a stable capacity indicating that,

after the initial lithiation step, the surviving posts are mechanically stable (Figure 5.6C).
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Figure 5.6: Electrochemical Performance of the 3D Cathode

A) Galvanostatic cycling of the LFP posts in an ILE half-cell. All cycles correspond to the
3" ¢ycle at that current density. The low capacity region is magnified to show the first
charge. (B) SEM imaging of the LFP posts after cycling. Posts were rinsed with MeOH be-
fore imaging. (C) Capacity variation with cycling for the half cell. Cycling stability was per-
formed at 0.5 mA cm.

The irregular first cycle behavior indicates that the XeF» etching process might be affect-
ing the cycling performance. To understand the relationship, Raman spectroscopy of the LFP
electrode was performed before and after XeF2 etching. The data suggests that the system be-
came delithiated after exposure forming FePO4, which explains the low capacity in the first cycle
(Figure 5.7A). All unidentified Raman peaks are associated with LiFePO4.>” The XeF» induced
delithiation can be explained by the formation of LiF on the surface, which is inactive in Raman
spectroscopy. XPS analysis after XeF> etching could only identify a dominant F signal along
with O and C which indicates that a thick, surface fluoride layer could be affecting lithium inter-
calation (Figure 5.7B). As Li has a low signal to noise ratio in XPS, it is difficult to discern
whether there is a change in the lithiation state. In order to understand the effect of the XeF»

etching, impedance spectroscopy of the cell was performed before and after cycling (Figure
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5.8A). Tracking the frequency of the initial interfacial resistances at 140 and 3 Hz, a decrease is
seen for both interfaces after cycling. The interfaces are most likely related to the LFP charge
transfer resistance (140 Hz) and the fluorine compound that forms from the XeF> etch (3 Hz).
The decrease in the resistance with cycling can be attributed to the relithiation of the LFP and
dissolution of the fluorine compound after exposure to the electrolyte. Dissolution of the fluorine
is supported by the impedance of an ionogel-infiltrated sample that shows a much smaller initial
interfacial resistance than the ILE sample (Figure 5.8B). The decrease of the fluoride interface
resistance with exposure to the ionogel could originate from the acidity of the sol, lengthier ex-

posure time, or exposure to elevated temperatures during the water removal step.
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Figure 5.7: Processing Conditions effect on the 3D cathode

A) Raman analysis of the LFP electrode before (red) and after (black) XeF: exposure. (B)
XPS analysis of the LFP electrode after XeF2 exposure. The concentration percentage of
the identified elements are provided.
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Figure 5.8: Interfacial Analysis of the 3D Cathode

A) Impedance analysis of the ILE half-cell before (black) and after cycling (gold). The fre-

quency is provided corresponding to the interfaces. (B) Impedance analysis of the ionogel

half-cell before (black) and after cycling (gold). The frequency is provided corresponding
to the interfaces.

Cycling of the LFP array that was infiltrated with ionogel electrolyte shows a signifi-
cantly improved response. The cell was cycled in a 3-cell setup with excess ionic liquid electro-
lyte and a Li metal counter and a reference electrode. Figure 5.9A shows that capacities of 1.2
mAh cm are achieved at 50 pA cm?. All cycles shown correspond to the third cycle at that rate.
High capacities of 0.35 mAh cm™ are maintained at fast charging rates of 5 mA cm™. Long-term
cycling was performed at 0.5 mA cm™ for 50 cycles after the rate capability test (Figure 5.9B).
The cell maintained 99% of its capacity over the 50 cycles and there was no loss of capacity
from cycling at faster rates. Comparing the results in Figure 5.9 and Figure 5.6, the capacity is
shown to be significantly higher for the ionogel-infiltrated sample than the ILE cycled array at
all sweep rates. The higher capacity obtained after relithiation suggests that the ionogel provides
sufficient mechanical support to keep the majority of the posts from fracturing. While there is a
loss of capacity from the first and second cycle, it is significantly less than that seen for the ILE

cycled sample. The initial charge capacity for the ionogel is significantly higher than the ILE
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sample supporting the potential prelithiation of the 3D cathode. It is a possible the lithiation
helps avoid mechanical failure of the posts during cycling. The improved capacity and kinetics
can be explained by the removal of the fluoride surface layer and relithiation of the LFP as seen
by the decrease in the interfacial resistances (Figure 5.8B). The impedance spectrum indicates
that the posts are only partially relithiated initially as seen by the drop of the LFP charge transfer
resistance with cycling (55Hz). The impedance spectrum does show that SEI is forming on the
surface with cycling which can partially explain the lower capacity obtained between the first

and second cycle.
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Figure 5.9: Electrochemical Performance of 2.5D Half Cell Batteries
A) Galvanostatic cycling of the ionogel infiltrated LFP posts in a Li half-cell. All cycles cor-

respond to the 3" cycle at that current density. (B) Capacity variation with cycling for the
half-cell. Cycling stability was performed at 0.5 mA cm™.

2.5D devices were fabricated from the 3D LFP posts and planar Li and Si. These devices

were cycled in a two-electrode setup with no external packaging inside an Ar glove box. Cycling

of the Li 2.5D battery showed similar behavior to that of the 3-electrode cell. Figure 5.10a shows

the galvanostatic cycling of the 2.5D device from 50-5000 pA cm™. Capacities as high as 1.4
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mAh cm™ were obtained at 50 pA cm™. With the short distance between the electrodes, high ca-
pacity was retained even at fast rates (0.31 mAh cm™ at 5 mA cm?). Long-term cycling was per-
formed at 0.5 mA cm™ for 50 cycles after testing the rate capability (Figure 5.10B). The capacity
was maintained over the 50 cycles with no loss of capacity from cycling at faster rates. The high
cycling stability and good rate capability indicate that the ionogel can act as a sufficient ion con-
ductor and physical separator in a 2.5D device. The poorer columbic efficiency can be associated
to the lithium anode reaction with trace amount of water and oxygen in the glove box. A 2.5D
device was also fabricated using planar a-Si to demonstrate a device for on-chip applications.
Due to the high volume expansion of Si, the thickness of the Si was limited to 300 nm which did
not allow capacity matching of the electrodes.?® Figure 5.10C demonstrates the galvanostatic cy-
cling of the 2.5D device using a-Si (0.35 mAh cm™ at 50 pA cm2). This matches close to the ex-
pected capacity of 0.4 mAh cm™ for a 300 nm Si cell. The lower rate capability obtained for the
Si than Li 2.5D cell most likely is due to material loss from the volume expansion masking the
true capacity at faster rates. The cycling demonstrates that with proper design, the 2.5D design
can be used for high capacity, on-chip applications. Further work is required to optimize the Si

anode to better match the high areal capacity of the 3D cathode.
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Figure 5.10: Electrochemical Cycling of a 2.5D Battery

A) Galvanostatic cycling of ionogel infiltrated LFP post/Li full cell. All cycles correspond to

the 3" cycle at that current density. (B) Capacity variation with cycling for the LFP post/Li

full cell. Cycling stability was performed at 0.5 mA ¢cm2. (C) Galvanostatic cycling of iono-
gel infiltrated LFP post/Si full cell. All cycles correspond to the 3" cycle at that rate.

5.3.3 Microbattery Comparison

As mentioned above, multidimensional batteries have been fabricated in several different
geometries for Li" batteries. The energy and power densities of these devices range widely based
on the electrode dimensions and the electrolyte (Table 5.2). Examples include 3D printed,”'? pat-
terned,''>?? and templated structures.”!*** Sun, et al. demonstrated that by using ink-jet print-
ing, high areal capacities could be achieved even at fast rates (0.9 mAh cm™ at 7.1 mA cm™).”
While high power densities were achieved, the use of a liquid electrolyte creates packaging limi-
tations and restricts the usage in microelectronic devices. Patterning and other techniques have
been applied to fabricate 3D networks, but low mass loadings have limited the available areal ca-

pacity as seen by Ning, et al. work with an inverse-opal structure.'! Templates, ranging from in-

verse molds to pillared structures, have also been used to create 3D structures.> Depending on
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the material deposition method, the obtained capacity and power density ranged widely. Hur, et
al. demonstrated that by using a conformal electrolyte coating, high areal capacities could be ob-
tained from a Si/NCA array (2.8 mAh cm™ at 110 pA cm™), but the low ionic conductivity and
volume expansion of the Si limited the cyclability and rate capability. In contrast, Pearse, et al.
demonstrated remarkable rate capability through an all-solid-state battery deposited using ALD,
but only achieved low capacities because of the low material loadings (3.5 pAh cm™ at 10 mA
cm).> These systems demonstrate that for the majority of 3D battery designs a compromise ex-
ists between the energy and power density stemming from the electrode material choice, electro-
lyte conductivity, and material loading. By moving to the simpler fabrication process of 2.5D
materials, there is less need to compromise the material choice and loading allowing for high

power and energy densities.

Table 5.2: 3D Batteries Electrochemical performance

Comparison of the electrochemical performance of reported 3D batteries. The architec-
tures were designed in several different geometries using multiple fabrication techniques.
Electrolyte, material loading, and electrode dimensions vary between the reported devices.
The current result is in red.

Capacity Charge Rate
Electrodes Electrode Geometry Electrode Height (um) Aspect Ratio Electrolyte (mAh cm?)  (mA cm?) Reference
3 2 14 0.050 P
LFP-Li Pillar 500 5 Tonogel 11 1 This Work
0.130 0.015
i Thin Fil 2 N iP
LCO/Li hin Film 5 A LiPON 0.032 525 [3]
0.270 0.420
LT i 1. PMM iCl104 1
LCO/LTO 3D printed 30 5 A/LiClO 0.170 2.65 [10]
g 1M LiClO4 1.5 1.48
LFP/LTO 3D printed 420 14 EC:DMC 0.9 71 [7]
. 14.9 0.45 1M LiClO4 0.08 0.120
LMOiSn — Inverse Opal 12.6 0.45 EC:DMC 0.007 17.5 [
. . 1M LiClO4 0.045 0.045
LMO/NiSn Holographic Pattern 10 0.29 EC:DMC 0.006 45 [12]
V205/SnOx Silicon Arra 300 10 LiPON 0.02 0.1 [5]
v 0.0035 10
0.025 0.0037
L i i Al 4 2. LiPON 1
CO/Si Si Cone Array 5 iPO 0.003 0.028 [13]
2.8 0.11
i A Pill 4 4
Si/NC illar 00 SU8 0.5 0.66 [9]
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Figure 5.11 presents a Ragone plot of the energy and power densities of multidimensional
batteries presented in Table 2. We believe the plot represents an accurate comparison of the
higher energy or power density 3D batteries existing in the literature. As seen from the plot,
many of the 3D devices have excellent power densities due to the short diffusion distance be-
tween the electrodes, but there is a trade-off with a lower energy density. The microbattery fabri-
cated by Dudney is included as it is representative of a planar battery. The 2.5D device described
here not only shows high energy densities but also comparable high power densities because of
the high ionic conductivity and solution processability of the ionogel electrolyte that allows for
uniform electrode infiltration (2.8 mWh cm™ at 9 mW cm). Only the 3D printed device by
Lewis, et al. has comparable performance, but these cells used a liquid electrolyte.” This illus-
trates that ionogel can act as a viable solid-state replacement for liquid electrolytes in multidi-
mensional batteries while offering higher thermal and electrochemical stability. While this paper
demonstrates a 2.5D device with excellent cycling performance, there is still an ever-increasing
need to improve the energy and power density for microelectronics. By changing the electrolyte
or post geometry, it is possible to tune the energy and power density of the 2.5D battery. The
physiochemical properties of ionogels have been shown to be adaptable either through varying
the ionic liquid or the matrix formulation.*!* This allows for control of the ionic conductivity,
temperature range where fluidity is maintained, and electrochemical window. As the molds are
fabricated through a simple templating method, the 2.5D cell can be improved by focusing on
optimizing the post height, diameter, and pitch through modeling and experimental data to

achieve the highest areal energy and power densities. This paper has focused on using LFP as the
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cathode because of its stability to the ionogel electrolyte; but, by modifying the ionogel synthe-

sis, stability can be achieved for other cathodes with higher specific capacities or improved rate

capability. The nature of the 2.5D system allows for these adaptations to be incorporated simulta-

neously or in an incremental manner.
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Figure 5.11: Ragone Plot of Multidimensional Batteries

Ragone plot of varying multidimensional battery architectures. All plotted samples corre-
spond to the data in Table 2. A thin-film planar cell is provided as comparison (orange).
This papers work is marked with red stars. The planar cell is marked with open red stars.

5.4 Conclusion

In this chapter, we have described the fabrication of a 2.5D battery consisting of a 3D

LFP post array cathode, ionogel electrolyte, and planar lithium or silicon anodes. By using the

innate solution processability of a Li" conducting ionogel, the electrolyte can uniformly penetrate

the array to act as a Li" reservoir and a physical separator between the 3D cathode and 2D anode.

The use of the ionogel electrolyte in a 2.5D architecture simplifies the fabrication process while
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allowing for outstanding electrochemical performance. Cycling of a Li anode-2.5D cell demon-
strated capacities of 1.1 mAh cm at I mA cm? (3.7 mWh cm™ at 2.5 mW cm?). The device has
energy and power densities comparable to the best-reported 3D microstructures with the added
advantage of being all solid state. The nature of the ionogel and post-fabrication process allows a
high degree of flexibility in adjusting the performance of the cell to meet desired specifications.
Future work will focus on optimizing the cell design to achieve the highest areal energy and

power densities.
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Chapter 6: Summary and Future Direction

The use of liquid electrolytes in LIBs has increasingly limited the safety and energy den-
sity of commercial cells. Solid electrolytes have been explored as safe alternatives, but their poor
electrochemical stability and processing issues have curbed their use in commercial devices. A
pseudo-solid electrolyte (ionogel), where ionic liquid was trapped inside a solid, mesoporous ma-
trix, is explored in this dissertation as an alternative to solid-state electrolytes. lonogels maintain
the properties of the trapped ionic liquid, which allows the gels to preserve high ionic conductivi-
ties and a high electrochemical and physiochemical stability. The use of the sol-gel process lets
the electrolyte to be processed as a solution, which allows the electrolyte to be uniformly incor-
porated through complex 3D structures. This high conductivity and solution-processability helps

address the issues associated with solid-state electrolytes.

Chapter 3 demonstrates a novel way to process ionogel electrolytes through a spin-coat-
ing method to achieve low electrolyte resistances. The work highlights the importance of the pro-
cessing conditions on achieving good electrolyte wetting. As the ionogel is solution processable,
it is able to penetrate uniformly through a LiFePOjs cast electrode, acting as a Li* reservoir. The
uniform penetration enables the construction of low resistance, high power density cells. In com-
parison, electrolytes processed as a solid have poor electrode/electrolyte contact that leads to
high bottleneck resistance for ion diffusion. Solid electrolytes will be unable to achieve wide-

spread use if the processing conditions are not improved to allow for better wetting.

The sol-gel process was further modified in Chapter 3 by the addition of a photoacid gen-
erator to control the local gelation through a UV source. The ability to pattern the electrolyte in-

creases the processing versatility, allowing complex battery geometries to be designed for on-
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chip and microbattery applications. This versatility is especially important as battery designs
have gradually miniaturized to keep pace with microelectronic technologies. While patternable,
the photopolymerization process requires further optimization to better control the interaction of
the UV-produced acid with the ionic liquid to allow for higher resolution and thicker films to be

deposited.

The electrode/electrolyte interface is one of the least studied aspects of solid electrolytes,
but also one of the most limiting aspects in battery devices. As demonstrated in Chapter 4, LCO,
among other electrode materials, is not stable to the solution-processable ionogel electrolyte. The
chapter further elucidated that the instability originates from the acid catalyst used in the sol-gel
reaction that causes reduction of the transition metal and formation ethers and esters on the sur-
face through the catalysis of alcohols and the carboxylic acid. The reduced transition metal and
alkali metal can further dissolve in solution. This attack is shown to be pH dependent, with in-
creasing pHs improving the stability of the interface. Because of the instability, current ionogel
research is restricted in the possible cell designs because of the lack of understanding of the sol-
gel’s reaction with electrode materials. The chapter demonstrates that by using a 2-step acid base
catalyst the instability can be avoided. The modification of the sol-gel reaction is important as it
allows not only stable cycling, but also the creation of high energy and power density cells using
new, designer cathodes without hindrance from high interfacial resistances. This modified sol-
gel process is not yet optimized and can be further improved. This will be especially important in

developing ionogel electrolytes for high performance electrode materials.
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The solution processability of the ionogel offers unique opportunities to use in complex-
geometry cell designs, such as multidimensional batteries. These opportunities are further im-
proved when the stability of LFP to the ionogel sol is taken into consideration. Using the ionogel
electrolyte, a 2.5D battery was fabricated from a 3D LFP cathode and a 2D Li metal anode
(Chapter 5). The ionogel is shown to infiltrate uniformly through the LFP array and individual
posts. This provides mechanical stability to the posts, a reservoir of Li* ions, and electronic isola-
tion of the electrodes. High energy and power densities are achieved with this design, compara-
ble to the best 3D batteries in literature. It should be noted that the 2.5D design greatly simplifies
the fabrication process, which increases the build success rate of the battery. The 2.5D design
also allows the energy and power densities to be controlled by tuning the electrolyte, material
choice, and architecture. By changing the sol-gel process or ionic liquid, higher ionic conductivi-
ties are possible, which decreases the electrolyte resistance allowing for high power densities.
The use of NCA, LCO, or other cathode materials would also increase the voltage, capacity, and
rate capability of the cell with little change required to the fabrication process. The use of the
other cathodes are possible through our understanding of the ionogel/electrode interface. Modifi-
cation of the 3D electrode architecture to smaller diameter posts with a decreased pitch would
increase the theoretical capacity by two times and have the possibility to increase the rate capa-
bility. Another benefit of the 2.5D design is that these improvements can be applied incremen-

tally or all at once to better tailor the device to meet the cell requirements.
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