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ABSTRACT OF THE DISSERTATION

The Design and Fabrication of

Non-Planar and Solid State Lithium Ion Batteries

by

Maggie Taylor Fox
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2023

Professor Bruce S. Dunn, Chair

With the continual growth of the Internet of Things and miniaturization of consumer
electronics, there is a need to improve the power sources for these technological advancements.
Batteries represent a potential power source because of their ability to continuously provide
power, however there is a current bottleneck in improving their device performance due to their
traditional planar designs. This limitation highlights a shift towards utilizing a nonplanar
electrode architecture to improve both energy and power density without sacrificing the
improvement of one parameter at the expense of the other. There are several factors to consider
when utilizing a nonplanar electrode design including the method of fabrication, microscale
considerations (i.e., pore size distribution and tortuosity), and macroscale considerations (i.e.,

aspect ratio, feature sizes, and distribution of structures). In addition to the constraints on
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performance with the current electrode design, there are also safety concerns when it comes to
other aspects of the battery such as the use of liquid electrolyte.

To address these concerns, this dissertation explores two different fabrication methods
designed to create nonplanar 3D architectures. The additive manufacturing technique, Direct Ink
Writing, will be used to print lattice designs and verify the effect of some of the macroscale
architecture considerations. Building blocks of these structures will also be characterized to
identify potential limitations in the electrode design and fabrication process. The other
fabrication method is sol-gel processing to create a 3D aperiodic sponge architecture, that can be
infiltrated with a conducting medium to form a pseudo-solid cathode. Key synthesis parameters
in developing an optimized microstructure for lithium intercalation are identified. Both of these
electrodes will be utilized in combination with an ionogel pseudo-solid electrolyte to create 2.5D
pseudo-solid lithium ion batteries. The outcome of this research will be to highlight new avenues

for non-planar and solid state battery development.
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Chapter 1. Introduction and Motivation

Chapter 1.1. Motivation

For the last few decades, there has been a steady increase in the demand for lithium ion
batteries (LIBs) across several industries including mobility, stationary storage, and consumer
electronics (Figure 1.1).'~ This drive for greater reliance on LIBs has been further supported
through decarbonization efforts by the U.S. government, with goals to decarbonize the electric
grid by 2035, and to shift the automotive industry to electric vehicles in places like California.>™
More broadly, this increase in demand across all sectors can be seen through the growth of the
Internet of Things (IoT).¢ The IoT, is a network of devices that collect and share data with other
devices. For reliable self-sustained performance, these systems need sufficient, stable and
instantaneous energy sources.®’ Batteries are a strong candidate for providing power because of

their ability to store energy and provide a steady output of power needed for a given device.

Li-ion battery demand is expected to grow by about 33 percent annually to
reach around 4,700 GWh by 2030.

Global Li-ion battery cell demand, GWh, Base case

By region By sector

~4,700 ~4,700
‘ .
Rest of world
T United States 6
b - ~Bx
per annum . :E!';f:
~1,700 ~1,700

~700 [ | ~700
[

2022 2026 2030 2022 2026 2030

Figure 1.1. Projected demand for lithium globally, and the projected demand by sector. Figure

reproduced from ref 1.



With the demand of LIBs projected to grow exponentially in the next decade, the required
device performance will vary based on its intended usage. As such, new metrics or standards
have been set in various industries to support consumer usage.'* For example, recent goals set by
the Department of Energy stipulate that the manufacturing of batteries for electric vehicles need
to be cheaper than $100/kWh, have a range of 300 miles and charging times of 15 minutes or
less.>® This directly translates to the batteries’ energy and power densities respectively. While
lithium ion batteries traditionally have a high energy density, they have low power density,
leading to longer charging times. Currently, battery performance is limited by the device design,
which utilizes planar electrode components. In order to meet these new metrics, changes have to
be made to the design of batteries in both the materials being used and their architecture.

In recent years, there has been significant interest in three-dimensional (3D) batteries
where the electrodes have a non-planar configuration. The work in this dissertation considers the
differences with fundamental electrode designs and its effect on the overall performance of the
battery system (Figure 1.2). Any device integration shown in this dissertation will be a 2.5D
battery device utilizing a 3D cathode architecture, versus a 2D planar electrode (pressed lithium

metal), and separated by a pseudo-solid electrolyte.

<—— 2D Planar Electrode —— —

Pseudosolid Electrolyte —— ¢

3D Electrode ———

Figure 1.2. Example of 2.5D batteries with (a) a 3D printed electrode and (b) a 3D porous

electrode, using a pseudo-solid electrolyte and a 2D planar cathode.



Chapter 1.2. Considerations for Non-Planar and Solid State Batteries

A current bottleneck in battery design is the use of planar electrodes. Typically, in a 2D
planar system, thicker electrodes can have higher loading of active material giving larger energy
densities, while thin electrodes have high power density, due to shorter diffusion distances.’ The
planar design especially limits micro-battery applications because in a confined areal footprint,
either energy or power density is sacrificed. By using a multidimensional battery, the energy and
power can be decoupled and the material loading and diffusion distance of Li-ions are more
easily manipulated. The shift to non-planar architectures provides a pathway to faster rate
capabilities because of the increased electrode/electrolyte interfaces, giving way to better
penetration of electrolyte to the electrodes and increased charge/discharge rates.!®!! A Ragone
plot of a planar versus multidimensional electrode below (Figure 1.3) shows the relationship that

these different architectures have with energy and power density.



@ (b)

Electrode

Electrode

Energy Density

©

Power Density

Figure 1.3. (a) Ragone plot of planar and multidimensional electrodes normalized to area. (b)
Cross sectional depiction of a multidimensional electrode with a pillar design, and (c) example

diffusion distance of the pillar.

Other three dimensional architectures reported in the literature, besides the interdigitated
pillar or rod design shown in Figure 1.3, can be used to demonstrate the deconvolution of energy
and power density'%!%13 This includes, but is not limited to, structures based on interdigitated
plates, concentric tubes, inverse opals and aperiodic sponges.'*?! When developing an electrode
design, both the anode and cathode need to be taken into consideration to ensure that the
architectures are complementary and do not require additional alignment which can limit device
fabrication and affect performance. For battery applications in general, certain material
characteristics such as high specific capacity (charge stored normalized by mass), a large voltage
window between the anode and cathode, and stable reversibility among others are taken into

consideration. Additionally, when designing 3D architectures, another important characteristic of



the material is having a low volume expansion to prevent mechanical failure from expansion and
contraction during charging and discharging processes which occur in a battery.?!-*?

There are several means of fabricating 3D electrode architectures, however many
microfabrication techniques are not trivial and have large startup costs. Some fabrication
techniques include vat photopolymerization, photolithography, fused deposition modeling, and
stereolithography. However, for manufacturing purposes, we not only want to keep the cost of
manufacturing low but also have a large range of materials compatible with the technique.!!-?-%
With those considerations, Direct Ink Writing (DIW) will be the manufacturing technique used in
some of this work. DIW is a continuous printing process which has shown promise for large
scale processing while maintaining lower production costs and can be used with a variety of
materials.

An alternative cost-effective scalable technique is sol-gel processing. In sol-gel
processing, a precursor and catalyst form a colloidal solution which then aggregates to form a gel
network.?%?7 While this technique is typically followed by additional processing and used for
general material synthesis, it can also be used to create a highly porous gel network with an
aperiodic sponge-like structure. An example of this is with ionogels which are pseudo-solid
electrolytes.?® This synthesis can be used for a variety of cathode materials—most commonly
with transition metal oxides.

Another consideration with battery design is the electrolyte. In traditional batteries a
liquid electrolyte is used to enable ion transport. These electrolytes, while they have good
reported wetting and ionic conductivities, also have low physiochemical stability and
flashpoints—Ileading to safety concerns. To improve safety, solid state batteries have been an

area of interest. However, solid state electrolytes typically have lower conductivities and



experience higher device resistance. Lastly, in conjunction with a non-planar electrode, there are
manufacturing difficulties when using solid state electrolytes such as void formation and
mechanical stress on the 3D architectures. A well-studied option has been to use a pseudo-solid
electrolyte, like an ionogel. Here, the use of sol-gel processing to create a silica network that
serves as a host medium for an ionically conducting medium, such as an ionic liquid electrolyte
(ILE), allows for the sol to be used to coat any non-planar structures before gelation of the silica
network. In this case silicon alkoxide precursors are used to form an ultra-porous network via an
acid/base catalyzed reaction.”® ILEs can then be infiltrated throughout the silica matrix to make it
ionically conducting. While silica is electronically insulating, the high porosity of the gel
network lets the electrolyte flow easily, allowing for the characteristics of the liquid electrolyte to
still be used while encapsulated in the solid medium.?#-32 In this work, ionogels will be used as

the electrolyte when discussing the fabrication of full devices.
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Chapter 2. Electrochemical Characterization Techniques

Electrochemical Energy Storage (EES) Systems, such as batteries, utilize chemical
energy and convert it to electrical energy. There are a variety of techniques used to study EES
systems that can explain the behavior of a given device. Electrochemical cells are made of an
anode, cathode and separated by an electrolyte. Each side of the cell is its own half-cell where at
the anode and cathode sides an oxidation or reduction reaction occurs. '

These processes can be described by thermodynamics, where Gibbs free energy can be

used to derive equations such as the Nernst Equation?:

E=-2C_Muk=r-Znk (Eqn. 2.1)
nr nr nr

In addition to thermodynamics, kinetics also need to be favorable. When connected in a circuit, a
battery has current that flows throughout to make it kinetically controlled. Additional energy is
put into the system, the battery, to promote a reaction by overcoming a kinetic barrier. The
energy needed to overcome the kinetic barrier is the overpotential.!>* Various techniques have
been accepted by the battery community as a means of gaining more insight into the ongoing
mechanisms inside the battery. Electrochemical testing is not limited to those mentioned here.

Rather, these are the ones most commonly used in this dissertation.

Chapter 2.1 Galvanostatic Charge/Discharge Cycling

Galvanostatic Cycling (GV) is a commonly used technique to characterize the battery
which involves charging and discharging the battery within a given voltage window at a constant
current.! In a half-cell, this experiment reports the charge (mAh) of the electrode of interest
normalized to the mass of the active material (specific capacity: mAh g™!), or the electrode areal

footprint (areal capacity: mAh cm2).
12



GV data is reported in terms of a charge rate or a C-rate that describes how long the
battery takes to complete a charge or discharge. C-rates (mA) can be determined by taking the
calculated maximum capacity and dividing that by the time to charge/discharge in hours. The
resulting C-rates can then be reported as values such as C/10, 1C, or 5C, etc. to represent
charging at 10 hours, 1 hour, or 12 minutes respectively. At slower C-rates, there are typically
small deviations in overpotentials and specific capacities close to the theoretical value for the
active material are achieved. At the faster rates, there are typically limitations in the kinetics, and
the system sees a decrease in capacities, and increases in polarization. The decreases in capacity
come from faster charging and discharging rates not allowing for as many redox reactions to
occur due to limitations in diffusion and ionic transport in the electrolyte. The increases in
polarization can occur from other processes such as ohmic drops (internal resistance),

polarization of the activation energy, and concentration polarizations (Figure 2.1.).>6
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Figure 2.1. (a)Polarization curve (IV) for a battery material with contributing factors indicated
for decreases in the cell potential at increasing currents (C-rates). Factors that lead to decreases
in potential include ohmic drops, activation polarization, and concentration polarizations. (b)

Resulting discharge from an increase in current density or C-rate. [Modified from reference ]

Lastly, one of the more commonly reported metrics for this test is the coulombic
efficiency (CE), which describes the ability for a battery to recover the capacity achieved during
charging. High CEs of almost or at 100% are needed for batteries to function over a number of
cycles. Decreases in coulombic efficiency can be indicative of degradation in the battery such as

formation of a solid electrolyte interphase (SEI) layer.

Chapter 2.2. Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) has long been used to distinguish a
variety of processes that happen within an electrochemical energy storage system. Parameters
include electrolyte resistance, bulk diffusion, and charge transfer resistance within an electrode
among others.” EIS reports the instantaneous current response based on an oscillating voltage at

a given voltage and frequency to give an impedance value. Impedance is a resistance vector and
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can be related to the current and voltage response by Ohm’s Law.!® The reason that impedance is
used instead of Ohm’s law is because EES is often characterized by a non-ideal resistor.

The potential curve over the period of oscillation is represented as a function of time in
terms of angular frequency (Eqn. 2.2.) and the current as a function of time in terms of angular
frequency and peak phase shift (Eqn. 2.3., Figure 2.2.):

e; = Esin(wt) (Egn. 2.2)

i, = Isin(wt + ¢) (Egn. 2.3)
where w is angular frequency or 2mf. Then using Ohm’s law along with the potential and current
corrections over a given frequency range, the resistance at a given frequency (i.e., impedance)

can be calculated:

7 =

(Egn. 2.4)

V e _ Esin(wt) __ sin(wt)
I it Isin(wt+¢) 0 sin(wt+¢)

This data is then commonly represented in one of two ways: either a Bode or Nyquist plot
(Figure 2.2.). The Bode plot shows the relationship of the measured phase shift and resulting
impedance value at a given frequency. This is helpful to understand what is happening at an
exact frequency value. On the other hand, a Nyquist Plot shows the impedance vector broken
down into Zm and Zre or the imaginary and real components. The imaginary component indicates
how reactive or how well it can store energy while the real component indicates how well the

system resists the flow of current.!”-
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Figure 2.2. (a) Potential and Current response versus time, the phase shift of the peak current
and potential is indicated. A representative (b) Bode plot, and (c) Nyquist plot for a (d) resistor

and capacitor in parallel. For the Nyquist plot, the frequency range increases closer to the origin.

Figure 2.2. shows a simple circuit where at low frequencies current goes through the
resistor element, while at the high frequencies, the current goes through the capacitor. Circuits,
and the resulting Nyquist plot do get more complex depending upon the nature of the system. For
example, for electrolyte resistance in a given system, the Nyquist plot could show a semicircle
shifted to the lower frequency range, and have an initial non-zero point on the real axis. This

non-zero value can be representative of initial electrolyte resistance. Then the following
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semicircle describes the element the current travels through in the same way described in Figure
2.2, giving a capacitive or more kinetically controlled response.

When considering other materials, such as redox active materials in the presence of
electrolyte, the Nyquist plot is represented by a Randles Circuit. The Randles Circuit describes a
system that at high frequencies shows a semicircle followed by a tail at lower frequency ranges,
shown in Figure 2.3. In the representative Nyquist plot, the initial value R; is the solution
resistance, and R the charge transfer resistance. At higher frequencies, there is a more capacitive
dominated mechanism (kinetic control), followed by a region of mixed capacitive and diffusion
controlled behavior. At the lowest measured frequencies, the impedance indicates there is mass
transfer or diffusion control, indicated by the Warburg tail (Warburg Impedance element in the
circuit). Values such as diffusion coefficients or the kinetic rate of reaction can be calculated
from information deduced by the Warburg tail. Analysis of Nyquist plots will be done in chapters

3,4,and 5.
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Figure 2.3. Representative Nyquist plot of a Randles Equivalent Circuit (circuit noted for all
frequencies). Here, at higher frequencies the system is dominated by kinetic control, and towards

lower frequencies diffusion/mass transfer control.

Chapter 2.3 Galvanostatic Intermittent Titration Technique

A technique used to calculate the kinetics of the battery system is the Galvanostatic
Intermittent Titration Technique (GITT). The technique utilizes pulses of current for a period of
time followed by a relaxation period. The voltage responses during the charging and relaxation

periods can give insight into the operation of the battery system.!%!!
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Figure 2.4. Representative GITT spectra showing an initial potential (OCV), and after an applied
current the potential increases until it plateaus (AEr). After a defined period of applied current,
there is a relaxation period followed by an initial iR drop and potential equilibrates. The
difference between the initial OCV and the potential after the relaxation period is AE;, and the
overpotential represented by the peak potential and the equilibrate potential. [Modified from

reference '°].

In a half-cell arrangement, GITT can be used to calculate both the overpotential and the
internal resistance at the electrode being studied. In this measurement the overpotential (77) is
determined by the measured potential at the end of the charging period, before current is stopped,
and the potential at the end of the relaxation period when no current is flowing (open circuit
voltage).'"!2 From here, the internal resistance can be calculated by dividing the overpotential

by the applied current.

Internal Resistance () = InTI (Egn. 2.5)
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Other information including the kinetics and thermodynamics of the system can be
determined. An example is the open circuit voltage (OCV), being the Gibbs free energy at

thermodynamic equilibrium (AG°(x)):

Cathode Anode (x)

0CV = AG®(x) = — M )k

e

(Egn. 2.6)
Where e is the electronic charge, and u is the chemical potential at either the anode or
cathode.>'%!3 Additionally, the measurement can be used to calculate the diffusion coefficient

that can be obtained by Fick’s first law*:

aCLl'

Jo =1o = (=Do %H |10 ) Sz14 (Eqn. 2.7)
Fick’s first and second law of diffusion can be used to derive an equation for the diffusion

coefficient of lithium:

D=2 (%)2 (%)2 for (t & LEZ) (Egn. 2.8)'°

nt \ MpS AE;
Vmand Mg are the molar volume and molecular weight of the electrode material. Respectively, Es
is the difference in the open circuit potentials before the charging and relaxation period, E: is the
initial potential drop after current is stopped. Lastly ms, S, and t are representative of the
electrode mass, area and the time increments for charging/relaxation periods. Using this method,
the diffusion coefficient can be calculated at potentials across the entire studied potential
window. Major changes in the value for the diffusion coefficient can be representative of another

process happening at that potential where the change occurs.

20



Chapter 2.4. References

(1) Bard, A. J.; Faulkner, L. R.; White, H. S. Electrochemical Methods: Fundamentals and
Applications, Third.; Wiley-VCH, 2022.

(2) Goodenough, J. B.; Park, K.-S. The Li-lon Rechargeable Battery: A Perspective. J. Am.
Chem. Soc. 2013, 135 (4), 1167-1176. https://doi.org/10.1021/ja3091438.

3) Gao, J.; Shi, S.-Q.; Li, H. Brief Overview of Electrochemical Potential in Lithium Ion
Batteries. Chinese Phys. B 2016, 25 (1), 018210. https://doi.org/10.1088/1674-
1056/25/1/018210.

4) Porter, D. A.; Easterling, K. E. Phase Transformations in Metals and Alloys, Second.;
Chapman & Hall, 1992.

%) Doyle, M.; Fuller, T.; Newman, J. Modeling of Galvanostatic Charge and Discharge of
the Lithium/Polymer/Insertion Cell. Journal of The Electrochemical Society 140 (6), 1526—-1533.
(6) Saha, B.; Goebel, K. Modeling Li-Ion Battery Capacity Depletion in a Particle Filtering
Framework. 2009.

(7) Lazanas, A. Ch.; Prodromidis, M. 1. Electrochemical Impedance Spectroscopy—A
Tutorial. ACS Meas. Sci. Au 2023, 3 (3), 162—193.
https://doi.org/10.1021/acsmeasuresciau.2c00070.

(8) Browne, W. Electrochemistry; Oxford University Press: New York, New York, 2018.
9) Fisher, A. C. Electrode Dynamics; Oxford University Press, 1996.

(10) Kim, J.; Park, S.; Hwang, S.; Yoon, W.-S. Principles and Applications of Galvanostatic
Intermittent Titration Technique for Lithium-lon Batteries. J. Electrochem. Sci. Technol 2022, 13

(1), 19-31. https://doi.org/10.33961/jecst.2021.00836.

21



(11)  Zhu, Y.; Wang, C. Galvanostatic Intermittent Titration Technique for Phase-
Transformation Electrodes. J. Phys. Chem. C 2010, 114 (6), 2830-2841.
https://doi.org/10.1021/jp9113333.

(12)  Olson, J. Z.; Lopez, C. M.; Dickinson, E. J. F. Differential Analysis of Galvanostatic
Cycle Data from Li-Ion Batteries: Interpretative Insights and Graphical Heuristics. Chem. Mater:
2023, 35 (4), 1487—1513. https://doi.org/10.1021/acs.chemmater.2c01976.

(13)  Chen, L.-Q. Chemical Potential and Gibbs Free Energy. MRS Bull. 2019, 44 (7), 520—

523. https://doi.org/10.1557/mrs.2019.162.

22



Chapter 3. Fabrication of Non-Planar Cathodes via Direct Ink Writing

The need for improved energy and power density in micro-batteries highlights a shift
towards utilizing nonplanar electrode architectures. Differences in geometry- spacing/pitch
length, aspect ratio, and proportion of printed features can dictate device performance metrics
such as areal capacity and rate capability. Additive manufacturing processes including direct ink
writing, are more cost effective than traditional microfabrication techniques and allow for
versatility in printed structure in terms of design, while maintaining a high resolution. While 3D
electrodes have shown improved energy and power densities, they do come with shortcomings in
terms of fabrication, particularly in regard to alignment of the two 3D electrodes. Instead, the
present work will aim to improve device performance by utilizing a 3D cathode structure in a
2.5D battery. A 2.5D battery utilizes a 2D planar electrode versus a 3D one, minimizing
manufacturing defects during device fabrication. Among the accomplishments described in this
chapter are the development of optimized lattice electrodes and areal capacities as high as
4.6mAh/cm? for a lattice with an aspect ratio of 3. Further testing was done to fully integrate the
3D architecture into a 2.5D device. Areal capacities of 1.2mAh/cm? were demonstrated for the

full device.

Chapter 3.1. Introduction

Over the past few decades, there has been a steady increase in the demand for lithium ion
batteries across several industries including mobility, stationary storage and consumer
electronics.! More broadly, this increased demand across all sectors can be seen through the
growth of the Internet of Things (IoT).?? The IoT is a network of devices that collect and share
data with other devices, with the addition of new devices in network projected to be a billion per
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year.? As these devices have gotten smaller, powering them efficiently has been a continued
problem.

Because most of the [oT technology relies on being able to continuously process new
information and provide a means of communication, a system that can enable high-energy and
power output at the microscale is necessary. There have been advances in microscale power
systems that would enable the necessary metrics for IoT technology, however, many experience
fluctuations in power output because of their reliance on environmental means of deriving its
power.>*3 Batteries, more specifically micro-batteries, are strong candidates to be the power
sources for these devices because of their ability to store energy and provide a steady output of
power needed for a given device.? Lithium Ion Batteries (LIBs) are known for their high energy
density but tend to lack the power density required for future consumer electronics, especially
with regard to fast charging and discharging. These devices typically use planar electrodes in
their design, leading to bottlenecks with electrochemical performance.

In a 2D planar system, thicker electrodes have higher loadings of active material giving
larger energy densities, while thin electrodes have high power densities due to shorter diffusion
distances.® The planar design in particular limits micro-battery application because in a confined
areal footprint, either energy or power density is sacrificed. As such, there has been a shift seen
in battery research from the traditional 2-dimensional planar battery electrodes to non-planar
electrode architectures.”” The move to non-planar architectures provides a pathway to faster rate
capabilities because of the increased electrode/electrolyte interfaces giving way to lower local
current density, better penetration of electrolyte to the electrodes and increased charge/discharge
rates. However, the fabrication of 3D batteries is not trivial, and many use microfabrication

techniques that are not cost effective. Here, we use an additive manufacturing (AM) method,
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Direct Ink Writing (DIW), to print 3D architectures. DIW is a method that allows for high
volume and precision, with rapid, repeatable results.''"'* Inks developed for DIW need to have
shear yield stress and viscosities that enable for flowability of the ink while maintaining the
printed shape. These ink metrics ensure high printing resolution, adhesion of printed structures,
and uniformity of the electrode.

The 3D electrode architecture will then be integrated into a 2.5D micro-battery device. In
a 3D battery, while there is improved energy and power density as mentioned above, the
fabrication of these batteries tends to not be cost effective and defects that are prone to happen
during manufacturing diminish their performance. Through this project, we will take advantage
of the performance seen in 3D battery designs by slightly modifying the battery structure to help
with cost and manufacturing. Previous work in this area demonstrated the development of a 2.5D
battery structure.® The 2.5D battery would mean that instead of two electrodes of 3D vertical
arrays, there would only be one (here the cathode) and the other electrode would be planar—
removing the alignment step necessary in 3D batteries.

For non-planar architectures, by balancing line dimensions, height, aspect ratio, and pitch
(distance between lines), it is possible to increase both energy and power density (area
normalized) relative to conventional batteries with planar geometry. Because of the effective use
of the “z” direction, 3D batteries have relatively small footprints and thus are being actively
investigated for applications where compact designs are beneficial.”-!>!¢ The focus of this work
is on optimizing a 3D lattice cathode architecture for improved electrochemical performance,
using lithium iron phosphate (LFP) as the active material, a common cathode material that
possesses an olivine structure. The LFP olivine phase is made up of LiO¢, FeOs octahedra, and

POs4 tetrahedra that help to form channels in the [010] direction for lithium ion transport. The
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benefit of this structure during charging and discharging is its stability during cycling and
minimal volume expansion, reported to be about 6.7%, appropriate for use in a non-planar
architecture.'”"!” Materials that have low volume expansion during charging/discharging
processes are ideal for non-planar applications as they minimize the mechanical stress
experienced in the device.!4?°

In designing different electrode architectures, to ensure that the electrochemical behavior
in terms of energy, power density and rate capability are being characterized effectively, a
baseline means of comparison needs to be established. In this work areal solid fraction (ASF),
and area enhancement or enlargement factor (AEF) will be used. ASF, uses a top-down approach,

neglecting height, and is a ratio of covered area vs the total areal footprint.

Covered Area 12—(n—1)2s2
ASF = _ = LoD
Total Areal Footprint 12

(Egn. 3.1.)
Where [ is the length of the electrode, » is the number of printed lines, and s the lattice spacing.
The unitless value gives an indication on how open the 3D electrode structure is. In literature,
this value is typically used to describe the device as a whole, but since this work focuses on the
cathode, and testing is done in a half cell arrangement, it will just be used in reference to the 3D
electrode.!" AEF- area enlargement or enhancement factor describes the increase in accessible
surface area when switching from a 2D planar design to a 3D architecture.?!23 AEF gives a non-
unit metric to compare the differences in the increased surface area of the architecture. With this
value, lattices with a variety of different dimensions can be compared. These dimensions include
variations in height and will more accurately be able to describe differences in aspect ratio. For

this project, we used using a square lattice or grid design, so the calculation for AEF is as

follows, where # is the electrode height:

2 —1)2(sxh)—(11—1)2 2
AEF = Electrode Surface Area _ 1“+4(n—-1)“(sxh)—(n—1)“s (Eqn. 3‘2.)

Total Areal Footprint 12
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Other studies reported in literature have compared the efficacy of different additive
manufacturing methods, and geometries.!!->*

The present study manipulates line dimension, lattice spacing, and height of a 3D
architecture to assist in electrode design by effectively using area and volume for a given

electrode. This work will explore the effect of these aspects of electrode design for an optimized

3D cathode as well initial integration into a 2.5D device.

Chapter 3.2. Experimental Methods

Tape Cast Electrodes

For tape-cast electrodes, Lithium Iron Phosphate (LFP; American Elements) was
prepared as a conventional electrode, where LFP was mixed with C65 carbon black and
poly(vinylidene fluoride) (PVdF) in N-methyl-2-pyrrolidone (NMP) solution to form a uniform
slurry. The formed slurry was cast onto an aluminum foil current collector using a doctor blade
and dried in a vacuum oven at 110°C. Electrodes were then cut into 0.785cm? discs with loading
from 1-2mg/cm? active material and thickness of 15um. Electrodes were then assembled in an
argon-filled glove box into a half cell arrangement using a coin-cell with a lithium counter

electrode and 1M LiClO4 in EC:DMC (1:1 by volume) electrolyte.

Direct Ink Writing 2D and 3D FElectrodes

Ink development and printing was led by Marissa Wood at Lawrence Livermore National
Lab. Ink for printing 2D and 3D electrodes was prepared from a mixture of LFP, C65, and PVdF
in a NMP solution mixed using a Thinky Mixer. Prepared inks were loaded into a syringe with a

200um nozzle, and electrodes printed with a Hyrel Printer. 2D electrodes were printed using a
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200pum nozzle to cover a lcmxlcm area. 3D printed lattices were printed with either a 200 or
250um nozzle and line spacing between 100-800pum to cover a Ilecmx1cm area, with 1-5 layers of
printed material. Electrode structures were printed onto carbon coated aluminum foil or glass. All
printed electrodes were dried by covering with a petri dish in ambient conditions. Once dried,
printed electrodes were further dried in a vacuum oven for 1 hour at 110°C before assembling

into a 2032 coin cell or flooded cell for electrochemical testing.

Microstructure Characterization of Printed Electrodes

Scanning Electron Microscopy (SEM) was done using an FEI Nova 230 Nano scanning
electron microscope. Both planar and cross-section of tape cast and printed electrodes SEM
images were obtained. SEM images were used to qualitatively determine the porosity of prepared
electrodes using ImagelJ analysis. N2 adsorption testing was performed using a Micromeretics
ASAP 3500 instrument to characterize the size distribution for internal pores of the printed
lattices. Samples were heated at 110°C for two hours to remove any water before testing. BET

surface areas were calculated, and BJH pore size distributions determined from isotherm data.

Electrochemical Testing

For tape-cast electrodes, electrochemical characterization was done on the assembled
coin-cells. With printed electrodes, electrochemical testing was done in an assembled coin-cell or
flooded cell with a lithium metal counter and reference electrode. All testing in a flooded cell
was done in an argon-filled glove box. Cyclic voltammetry (CV) and galvanostatic charge-
discharge (GV) measurements were made from 2.8-4V (vs. Li/Li+), and electrochemical

impedance spectroscopy (EIS) measurements using a VMP potentiostat/galvanostat (Bio-Logic)
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or a Solatron Impedance Analyzer. Conductivity measurements were done using impedance
spectroscopy on a Solatron. To determine electronic conductivity, samples were printed on glass
slides and silver contacts were painted on to serve as contacts for testing. For 1onic conductivity,
samples were tested in a flooded three neck arrangement. The resistance and conductivity were

then determined from the data in a Nyquist plot.

Chapter 3.3. Results and Discussion

For inks developed for DIW application, there are baseline mechanical properties for ink
metrics to ensure their flowability while being able to maintain shape. Beyond studies of ink
composition at UCLA, ink development and printing was led by collaborators at Lawrence
Livermore National Laboratory. The developed inks demonstrated thixotropic or shear-thinning
behavior, where viscosity decreases over time at a constant shear rate.?>?¢ Viscosity
measurements were taken of all developed inks to compare printability and their electrochemical
properties. Two inks (LLNL1 and LLNL2) with comparable rheological properties and different
active material content were developed and tested to determine specific capacity and coulombic

efficiency (Figure 3.1).
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Figure 3.1. Comparison of specific capacity for LLNL Ink 1 and Ink 2 over 20 cycles and their

coulombic efficiencies.

LLNL1 had a composition of 85% LFP and 7.5% of both carbon and PVdF, LLNL2 had 82.5%
LFP to 8.75% of both carbon and PVdF by weight. Based on the cycling data, it was determined
that while both had similar coulombic efficiencies over the tested cycles of at least 95%, LLNL2
maintained 94% of its capacity over 20 cycles while LLNL1 maintained 85% at a rate of C/10.

Based on these findings, all lattices were made with LLNL2 ink.

Designing the Electrode- Considerations for Geometry

A baseline was created to compare electrodes made via a tape cast method to electrodes
printed with DIW both in a 2D planar and 3D printed lattice geometry. Testing at various charge
rates showed that the printed inks and slurry compositions have similar electrochemical

properties to one another, and differences can be attributed to electrode geometry.
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Figure 3.2. (a) Depiction of a tape cast, 2D printed planar, and 3D printed 2 layer lattice
electrodes. (b) Specific Capacity of electrode structures at various rates. (¢) First cycle specific

capacity of 3 electrode architectures at C/10 rate.

The 2D printed row electrode and 3D printed lattice both have similar thicknesses of
150um and 110um respectively and loadings of 14mg/cm? versus 10mg/cm?. Comparing the 2D
printed electrode to the more open 3D printed structure, the 3D structure has a higher coulombic
efficiency on the first cycle charge/discharge curve, higher specific capacity and also has a lower
overpotential. This is shown by a smaller voltage separation between the charging and
discharging curves, as well as a longer plateau region before sharply discharging at the knee.
Having a well-defined knee indicates that there is less internal resistance compared to the 2D

printed row.?’ An increased overpotential in the charging curve of the printed row can be seen.
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Beyond charging at a rate of C/10, rates up to C/2 were tested and a higher maintained capacity
at fast charging rates is shown in Figure 3.2. for the 3D lattice versus both the 2D printed and
tape cast electrodes, where 88% of the capacity was maintained. The metrics ASF and AEF can
be used to form an additional basis of comparison for these different structures. For ASF and
AEF the 2D printed row has values of 1 for both, as the entire areal footprint here is covered.
Comparatively, the 3D printed lattice demonstrates an ASF of 0.60, meaning 40% of the
structure is open, and an AEF of 1.87 showing an increase in internal surface area as compared to
the 2D printed lattice and tape cast electrode. From this, it can be determined that having a larger
thickness will not impede device performance if there is a shorter diffusion pathway available,

i.e., the open area given in a 3D lattice.

Table 3.1. Summary of a tape cast, 2D printed planar electrode, and a 3D printed lattice,

comparing gravimetric and areal capacities.

. . Areal Gravimetric Areal
El?rctr(;de (Il;?a/clll:% Thzcll(lzl)ess Footprint | ASF AEF Capacity Capacity
yp & M (em?) (mAh/g) | (mAh/cm?)
Tape Cast 2 15 0.785 1 1 145 0.29
2D Printed 14 150 1 1 1 140 1.96
Row

3D Printed

Lattice 10 110 1 0.6 1.87 157 1.57
(2 Layers)

By modifying various aspects of the initial lattice design, metrics such as areal capacity,
areal energy density and power density can be improved. In 3D battery architectures made via

DIW, some ways to change the printed structure include the spacing between printed structures,
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the pitch, height, width of the printed line, and the aspect ratio (Figure 3.3.).2%2* Aspect ratio is

the ratio of the width of a feature to its height:

Width
Height

Aspect Ratio = (Egn. 3.3.)

As mentioned previously, when changing multiple aspects of the architecture, it is more difficult
to have a baseline for their comparisons which is why comparison metrics such as ASF and AEF

will be used to compare a 2D and 3D architecture (Table 3.1).

1:5

i 1:4

Spacing

lHeighl

Figure 3.3. Geometry considerations when developing 3D architectures. (a) Representation of
printed lattice, with architecture components identified, and (b) studied aspect ratios shown for

1:1up to 1:5.

In addition to studying the effects of the overall geometry on electrochemical
performance of the electrodes, microstructure of the electrode is also taken into consideration.
However, because the same ink was used in the printing of all the electrodes, the pore structure
was determined to be similar if not the same as one another by testing via nitrogen porosimetry.
Nitrogen porosimetry is important to understand the pore size distribution (PSD) of the printed
inks- for the mesopore regime in order to compare the lattices by another measure. BET data

shows that the inks have the same pore size, and comparable surface areas, regardless of how
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much ink is printed. Therefore, just the printed geometry can be compared for the

electrochemical data.
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Figure 3.4. Pore size distribution for lattices printed with a 200um nozzle and 200um spacing

with 2 or 3 layers.

Effect of Changing Pitch Length

One of the ways to modify the architecture is the pitch between features or spacing
between the 3D features. The smaller the pitch, the higher the loading of active material as well
as the AEF and ASF. However, it is important to note that the limit of how small the pitch
length/spacing can be is determined by the smallest feature that can be resolved with the ink
being used for printing. In this case, because a 200um nozzle is being used for printing, the
smallest spacing that can be clearly resolved is 100um, or one half the diameter of a lattice line.
From this limiting size, the spacing can then be increased to 200um, 400um, and 600um or 1:1,

2:1, and 3:1 ratio of the spacing to the diameter of the printed line.
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Figure 3.5. Lattices printed with a 200micron nozzle (a) initial renditions, (b) images, and (¢)
optical microscope images of lattices with 100, 200, 400, and 600pum spacing. (d) Measured

specific capacity at rates of C/10, C/5, C/2 and C for all lattices and a 2D Planar Electrode

As shown in Figure 3.5, regardless of spacings, all lattices and the planar electrode have
similar capacities at the slowest charge rate. At C/10, values are in the range of 150-155mAh/g or
88-91% of the theoretical specific capacity of LFP (170mAh/g). However, at faster charging
rates there is a greater decrease in capacity for the 2D planar electrode and the 200um, and
600um spacing lattices. From the charging rate of C/10 to C/2 the 600um spacing lattice and the
planar lattice decreased capacity by 57%. Diffusion lengths, here the lattice spacing, become too
great when more than twice the line width, and greater decreases in capacity are seen at faster
charging rates. Electrochemical impedance comparisons (Figure 3.6) show a somewhat higher
charge transfer resistance for the lattice with 200um spacing compared to the 100um and
400pm.
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Figure 3.6. (a)Nyquist Impedance with a simulated fit for printed lattices with 100, 200, and

400um spacing, (b) origin of Nyquist impedance.

Changing Proportions of lines —200um vs 250um nozzles

Loading of active material in the same areal footprint can be further increased by
increasing the size or width of printed lines (Figure 3.3) while keeping other lattice proportions
such as spacing and number of layers unchanged. The width of printed lines was enlarged from
200um to 250um by increasing the size of the printer nozzle. The lattice spacings used in the
initial set of printed lattices allows for diffusion distances to remain low but with an increased

areal capacity due to the higher loadings in the fixed areal footprint.
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Figure 3.7. Measured specific capacity at rates of C/10, C/5, C/2, C and 2C for all lattice

spacings printed with a 250um nozzle.

The resolution of the printed lattices was not as high with the large nozzle as with the
smaller printer nozzle leading to a limit on the separation distance between lattice lines and the
number of layers that could be printed. For a 250um nozzle, the limitation was 200um spacing
or a 0.8:1 ratio for lattice spacing to line width. Other lattice spacings printed were 400 um
(1.6:1), 600pm (2.4:1), and 800um (3.2:1). Despite the poorer printing resolution, high areal
capacities were achieved. Moreover, with the 400 and 800pum spacing samples, the specific
capacity is retained at faster charging rates, with only a 13% decrease in specific capacity from
charging rates of C/10 to C/2. This behavior is similar to the decrease in capacity for samples
printed with a 200pm nozzle and comparable ratios of lattice spacing to line width of about 2:1.
The decrease in specific capacity for the lattice printed with the 200um nozzle and a ratio of 2:1

was 15% from the C-rates C/10 to C/2.
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or 250um nozzle, with various spacings. (The legend reads as nozzle size/lattice spacing).

All two layer lattices printed with either size nozzle can be compared by determining
their areal capacities as a function of current density (Figure 3.8). For lattices of the same
spacing, the lattices printed with a larger nozzle had higher areal capacities than the lattices
printed with a smaller nozzle. This can be attributed to the increased loading of active material.
However, when comparing increased line proportions and decreased lattice spacing, smaller
lattice spacing is more effective for increasing areal capacity. Comparing the lattice with 100pm
spacing and printed with a 200pum nozzle, the areal capacity is higher than any of the lattices
printed with the 250pum nozzle even when charged and discharged at higher current densities
(Figure 3.8). A summary of the printed 2 layer lattices is listed in Table 3.2, with ASF as the
metric of comparison, since they utilize the same or similar heights as two layer lattices.

From these results and analysis, a minimum ASF of 0.25 proves beneficial for increasing

and maintaining areal capacities at higher current densities. For lattices with small ASFs, an
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example being the lattice with 800pum spacing and 250pm nozzle with an ASF of 0.19, decreases

in specific capacity were small, with as low as a 13% decrease when increasing the C-rate from

C/10 to C/2. However, the areal capacities for lattices with ASFs lower than 0.25 are too low

compared to those with higher ASFs because of low loading of active material. For micro battery

applications the higher areal capacities are desirable because of the limited amount of available

area for the power source.

Table 3.2. Summary of 2 Layer lattices, with their predicted and experimental areal capacities.

Size of Predicted Experimental

Number of Lattice Areal Solid . Areal

Printing Areal Capacity .
Layers Spacing (cam) Fraction Capacity
Nozzle (cam) (mAh/cm?) (mAh/cm?)

2 200 100 0.54 1.13 1.12
2 200 200 0.40 0.84 0.71
2 200 400 0.26 0.56 0.55
2 200 600 0.20 0.42 0.46
2 200 800 0.16 0.34 0.51
2 250 200 0.44 1.17 1.17
2 250 400 0.30 0.81 1.67
2 250 600 0.23 0.62 1.46
2 250 800 0.19 0.50 1.18
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Increasing Aspect Ratio

Beyond increasing areal capacity and loading by increasing line width, areal capacity can
be increased with aspect ratio. As demonstrated in Figure 3,3 and equation 3.3, aspect ratio is the
ratio of the width of the printed element to its height. The lattices already reported on have aspect
ratios of 1:2 for a 2 layer lattice with a fixed line width of 200um. In this section the studied
aspect ratios will range from 1:1 for a single layer of the lattice design, up to 1:5 by printing a 5
layer lattice. To be able to predict what the areal capacities will be for the lattices printed with an
increasing number of layers, density of the ink, and specific capacity can be used. The predicted
loading and areal capacities for lattices printed with a 200pum nozzle using various spacings and

increasing layers is shown in Figure 3.9.(a).

40



() (b) ;
4 24 1 Layer cno
1 Layer
2 Layer
2Layer + 21 6 -3 Layer
—~ 43 Layer w4 Layer
L 1 a 5 Layer C/10
g 3 . 4 Layer 18 - E 5 4 ]
= A5 Layer g = H
E + 15 & E
= A U% E4 ¢
Ci2 Cci2
;., 2 . 112 ,—E-. ‘E‘ C;lﬂ
L) H
g A 4} 5 &3 .
8 to & S
3 . - 3 s
E 1 } - + 6 2 2 C/10 2
i T3 ! cio 7
C2
0 +— e | 0 0
100 300 500 700 0 1 2 3 4 5 6
(©) Pitch Length (um) d) AEF
170 2.3E+00 1 Layer Lattice
c/io cs oy C/2
2 Layer Lattice
150 O : ' #—3 Layer Lattice
= N 1 g 208400 .
] . 4 a 1 S —==—4 Layer Lattice
I, a 1 = \ 5 Layer Lattice
% 130 . N Ia E a
‘E | A . L.SE+00
o I | A 4 a = \
S 110 + | g
£ ! 3 .
6] ! 14 § 1.0E+00
& o0 | ! b, o
5 I 1 ~
E 1 1 E ¢
@ I I < 5.0E-01
70 + 1 1
I I
50 + t ! + + : + t + 0.0E+00
0 2 4 6 g 10 12 14 16 00E+00 2Z.0E+00 4.0E+00  6.0E+00  B.O0E+00  1.0E+01
Cycle Number Areal Energy Density (mWh/cm?)
1 Layer Lattice 2 Layer Lattice 4 3 Layer Lattice
4 4 Layer Lattice 5 Layer Lattice

Figure 3.9. (a)Projected areal capacities and loadings for electrodes of varying pitch lengths and
aspect ratios. (b) Areal capacity as a function of AEF for charging rates of C/10 to C/2, (¢)
specific capacity at varying charging rates, (d) areal power and energy of lattices with a fixed

width (200pum), spacing (200pum) and increasing thickness (number of layers).

From the predicted values, the optimal lattice spacings and number of layers can be
determined. Based on the results for the two layer lattices, the 100pm spacing lattice had the best
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performance metrics. However, because of ink bleeding during printing, resolution of the printed
lattice could not be maintained as more layers were added. For this reason, 200pum spacing was
used. In this case, all printed lattices have the same ASF due to the same lattice spacing and line
width. Therefore, AEF can be used to further compare the lattices’ areal capacity at multiple
charging rates. Typically, AEF has been reported to have a positive correlation with improved
areal capacity as well as rate capability.??2>?® Based on the results at rates of C/10 and C/5, the 5
and 3 layer lattices had the highest specific capacity, however, the 5 layer lattice did not maintain
the capacity at the faster charging rates. Similar behavior was seen in terms of the areal energy
and power density.

The decrease in specific capacity and areal capacity of the 5 layer lattice might be
attributed to there being a mechanical limit to the lattice design. The 5 layer and 4 layer lattices
both experience a 10% decrease in capacity when the charge rate is increased from C/10 to C/5,
and an additional 30% decrease in capacity at C/2. This compares to lattices with 3 layers or less,
where the initial decrease in capacity from C/10 to C/5 is approximately 6%. When increasing
the rate to C/2 for the 3 layer lattice, the decrease in capacity is still less than half that of the 4
and 5 layer lattice at only 14%. Taken together these results indicate that the areal capacity is
highest for a five layer lattice, but this is only at slower rates. For a fast charging application, as

in the case of IoT devices, the higher aspect ratio lattice should not be used.

Lattice Recommendations
In analyzing all of the printed lattices, the most effective means of increasing areal
capacity, and loading of active material was by increasing the number of layers used in the lattice

design (Figure 3.10). This point is evident when considering all of the two layer lattices. All two

42



later lattices have similar areal capacities. While AEF does increase with both the 200um or

250um printed lattices with different spacings, the improvement is not as clear as with the higher

aspect ratio lattices.

200um/ | Layer
® 100um/2Layers
6 200um/2Layers
©400pum/2Layers
® 600pum/2Layers

w

® 200pm/3Layers a
® 200pum/4Layers
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Figure 3.10. Areal Capacity as a function of Area Enhancement Factor for all lattices printed

with a 200pm nozzle at C/10.

While the high AEF that came from increasing the aspect ratio had the highest areal capacities,
the capacities decreased more rapidly at faster rates than lattices with aspect ratios of 1:3 or less.

A summary of all lattices printed both with the 200 and 250um is listed in Table 3.3.
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Table 3.3. Summary of all printed electrode. Values for areal capacity, areal energy density and

areal power density are from a charge rate of C/5.

Thickness Areal Areal Energy Areal Power
Sample (- ASF AEF  Capacity Density Density
I (mAh/cm?) (mWh/cm?) (mW/cm?)
Tape Cast 15 1.00 1.00 0.29 0.35 0.07
2D 150 1.00 | 1.00 176 2.11 0.42
Planar
20020011 5 049 | 145 0.63 0.76 0.15
Layer
200-100 2 400 0.73 248 1.78 2.13 0.43
Layer
200-2002 ), 0.60 | 2.41 1.50 1.80 0.36
Layer
200-4002 1 44 047 | 2.19 1.36 1.63 0.33
Layer
200-600 2 400 0.40 1.76 1.31 1.57 0.31
Layer
2002003 | ¢4 0.60 | 3.22 4.63 5.56 .11
layer
2002004 1 ¢4 060 | 4.03 3.04 3.65 0.73
layer
2002005 |9 0.60 | 4.84 5.77 6.92 1.38
layer
250-2002 1 5 0.64 | 258 1.09 1.31 0.26
Layer
250-4002 1 4, 0.51 | 1.59 1.63 1.96 0.39
Layer
250-6002 1 5, 044 | 124 1.41 1.69 0.34
Layer
25080021 549 039 | 0.93 113 1.36 027
Layer

2.5D Device Integration
While verification of the individual DIW electrodes is important for determining the
capacity of LFP in various 3D architectures, integration of these 3D lattices into a full 2.5D

solid-state battery provides important insight for the future development of 3D solid-state
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batteries. To integrate the lattices into a device, the lattices were first coated with a pseudo-solid
electrolyte. The pseudo-solid electrolyte, known as an ionogel, uses sol-gel processing to form an
insulating silica matrix which incorporates a continuous ionically conducting liquid phase.
Because the ionogel is made by a solution based process, it can be coated on any geometry and
maintain its microstructure.?*3! In this case, the ionogel coating allows for a uniform surface that
can be placed on a 2D planar electrode (pressed lithium metal). A similar device using a pillar
cathode design was previously reported by Ashby et.al.®

The conducting phase of the ionogel is comprised of an Ionic Liquid Electrolyte (ILE).
ILEs are known for their high chemical and thermal stability, and low volatility.3>=* This makes
them an ideal solvent to infiltrate into the silica network, because it will not evaporate from the
pores unlike an alcohol-based solvent that will evaporate from the ionogel pores due to its high
volatility. However, when screening different potential ILEs, it was found that there were better
kinetics and higher capacity when using an organic electrolyte. A pre-cycling process was
developed in which the initial ionogel that was synthesized using an ionic liquid electrolyte was
subsequently immersed in a flooded cell with desired organic electrolyte (1M LiClO4 in
EC:DMC) to produce solvent exchange. By using this procedure, it was determined that by doing
2 to 3 charge/discharge cycles at a slow rate (C/10), solvent exchange can occur faster and was
more effective in removing the majority of the ionic liquid electrolyte from the ionogel coating
the LFP lattice. Using a flooded cell, longer term studies were also done to determine if pre-
cycling had any major effect on the stability of the ionogel and the system as a whole (Figure
3.11). The tested pre-cycled ionogel coated lattice was shown to be stable after the initial pre-
cycling process. The slight polarization in the charging curve of the sample at all rates is from

the initially mixed ILE and organic electrolyte in the silica network.
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Figure 3.11. Galvanostatic Cycling for a solvent exchanged ionogel coated lattice (line width
200um nozzle and spacing 400um) at (a) various rates from C/10 to C, (b) discharge capacity at
C/2 for 25 additional cycles. Pre-cycled sample, testing was done in a flooded 3-neck with 1M

LiClO4 EC:DMC electrolyte.

The pre-cycled electrodes were assembled into a full 2.5D device after the initial slow
rate cycles. The fabrication process is outlined in Figure 3.12. Initially, there were contact issues
between the ionogel and the lithium metal anode due to uneven coating of the gel. To help
mitigate this issue, a glass fiber separator with a window cutout for the lattice was used in device
fabrication. The addition of the separator helped with the contact issue and a full 2.5D battery
was fabricated. The ionogel/lattice electrode underwent two pre-cycles in a flooded cell at a rate
of C/10 before being integrated into the device. The full 2.5D battery underwent over 50 cycles

at rates of C/10, C/5, and C/2. The discharge capacities for these cycles are shown in Figure 3.13.
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Figure 3.13. Measured discharge capacity by cycle for a full 2.5D battery at various rates. The
measured discharge capacity at C/2 was approximately 105mAh/g, ~63% of the theoretical

lithium capacity for LFP. Capacity did improve at slower rates of C/10 and C/5, where at C/10
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the areal capacity was 1.2mAh/cm?. The measured discharge beyond cycle 30 showed decay in

the capacity.

Table 3.4. compares the current work to other reported multidimensional batteries
specifically using LFP as a cathode. This shows that these results are comparable to a variety of
different 3D battery designs, both for the full 2.5D device (Lattice: 200 um nozzle, 400um
spacing, 2 layer) and for the multidimensional electrode (Lattice: 200 um nozzle, 200pm
spacing, 3 layers). Compared to the work of Ashby et. al., that used an LFP pillar array fabricated
by etching to achieve 1.2mAh/cm? at 5SmA/cm?, all the other cited work use a 3D printing
technique.® The work of Sun et. al., uses the same microfabrication technique (DIW) and
electrolyte (1M LiClO4 EC:DMC) as the current work, but with an interdigitated wall geometry.
They were able to achieve 2.0mAh/cm? at a rate of 1C, compared to the full device in this work
that was 1.2mAh/cm? at C/10. Further work on the full device, using the optimized 3 layer lattice
will further improve the reported areal capacity. As stated previously, in a half cell arrangement,

the 3 layer lattice has reported areal capacities of 4.63mAh/cm? at C/5.

48



Table 3.4. Comparison of LFP Multidimensional Electrode Devices reported in literature to the

current work.

Electrode Areal
Electrode | Microfabrication Charging
Material Electrolyte Capacity Reference
Geometry Technique Rate
(Cathode/Anode) (mAh/em?)
LFP/Li Pillar Array | XeF,Dry Etching | TIonogel | 1.2 mAh/cm? | 5 mA/cm? €
LFP(rGO)/ Interdigitated IM LiPFs
3D Printing 152 mAh/g 50 mA/g 35
LTO(rGO) Walls EC:DEC
IM LiPFg
LFP/Li Planar Ink Jet Printing 80 mAh/g 9C 5
EC:DMC
Interdigitated IM LiClO4
LFP/LTO DIW 2.0mAh/cm? 1C 20
Planes EC:DMC
IM LiClOy
LFP/Li Lattice DIW 4.63mAh/cm? C/5 This Work
EC:DMC
LFP/Li Lattice DIwW Ionogel 1.2mAh/cm?’ Cc/10 This Work

Chapter 3.4. Conclusions

The research in this chapter shows the development of electrode architectures based on a

lattice design printed via DIW. Architecture and loading of active material play a role in the

electrochemical performance and increasing metrics such as the areal enhancement factor have

been shown to improve areal capacity. Overall, lattices printed using two different size nozzles

and spacings ranging from 100um to 800um, and 1 to 5 layers were successfully fabricated and

tested. Based on electrochemical measurements made in a half-cell arrangement, the optimized

lattice was determined to have a high AEF and a minimum ASF of 0.25. The results also show

that an aspect ratio no larger than 3 should be used to limit capacity decay. A LFP 3D lattice was
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successfully coated with an ionogel pseudo-solid electrolyte and integrated into a full 2.5D
micro-battery device, achieving areal capacities of 1.2mAh/cm?. The ability to identify
architectural parameters that can be modified in order to achieve high areal capacities is
important for improving upon current micro-batteries. For all lattices, a summary of their
electrochemical performances are summarized in Table 3.3. The performance of these devices
also establishes that using DIW in the fabrication of 3D battery designs with solid state

architectures offers a promising direction for battery technology.
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Chapter 4. Ion Transport in Printed Structures

An important consideration for designing 3D battery architectures is the minor structures
or building blocks that make up the larger electrode arrangement. While many aspects of the
electrode design have been previously studied including proportion sizes, spacing and aspect
ratios - the individual elements are less commonly expanded upon. By studying individual
components of an overall electrode design, a better use of the micro-battery areal footprint can be
determined and give insight into optimized electrode designs. In this chapter, four building block
structures- a cross, box, line, and layer, were identified from a larger lattice structure and
characterized. This study demonstrated the importance of utilizing a continuously printed
structure to minimize the printed electrode inconsistencies and discontinuities within the Direct

Ink Writing process.

Chapter 4.1. Introduction

With the continued rise of the Internet of Things (IoT) and the miniaturization of
consumer electronics, there has been a drive to redesign their power supply.!-? As discussed in
chapter 3, IoT technology relies on being able to continually process new information and
provide communications, thus requiring a high performance power supply. Micro-batteries are a
leading candidate for such power supplies due to their ability to store energy and provide a
steady output of power. However, while lithium ion batteries (LIBs) have high energy densities,
they do not have the power densities needed to support many consumer electronic devices. The
traditional planar designs of these batteries lead to limitations in their performance metrics.>*

Utilizing non-planar electrode architectures has proven to be a promising means of
improving device performance by decoupling energy and power densities through use of the z-
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direction or height. This enables diffusion distances to be kept short, thus enabling high power.
Increasing thickness leads to greater loading of active material and high energy density.>® Some
key features when considering 3D electrodes are the chosen material, the fabrication process, and
the type of architecture. For the research reported in this chapter, Lithium Iron Phosphate (LFP)
is being used as the cathode material, thus providing an extension of the work in chapter 3.

LFP is a common cathode material with a reasonable theoretical capacity (170mAh/g)
and long cycle life. Its stability during charging and discharging has been shown at a variety of
rates and operating conditions.”® LFP is known for being a low cost material, using less critical
materials than other common battery materials such as Lithium Cobalt Oxide (LCO) or Lithium
Nickel Manganese Cobalt Oxide (NMC), which will help reduce the cost of the final device.?!°
For use in a 3D architecture, another desirable quality of LFP is its low volume expansion under
charging and discharging. The low volume expansion is ideal for multidimensional electrodes to
minimize mechanical stress in the device during operation.'!~14

The most common 3D electrode architectures fall into three categories- interdigitated,
concentric, and aperiodic.'>!® These terms describe specific electrode geometry and, to some
degree, how the two electrode architectures fit together.!” Each multidimensional electrode can
then be described by their individual architecture such as a pillar array or 3D lattice. There are a
number of considerations when designing an electrode architecture with one of the most
common being the distribution of the architectural elements.'®2? These minor architectures or
building blocks can be used as a point of reference for scaling to larger areal footprints to
describe limitations in the electrode design.’

3D electrode architectures can be fabricated through a variety of different fabrication

techniques, however the technique chosen dictates the flexibility of the electrode design. Some
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of the more traditional microfabrication techniques include atomic layer deposition, chemical
vapor deposition, photolithography, etching and templating.>?3>-23 These methods have shown the
ability to closely tune electrode designs, however they can be costly to implement. Additive
manufacturing methods have more recently been studied for battery microfabrication
applications. Many additive manufacturing methods are considered to be a cost effective
alternative for large scale battery development and are characterized by their bottom up
approach.

Among the additive manufacturing techniques available, 3D printing methods have been
the most easily adapted for battery materials. Some of these techniques include fused deposition
modeling, stereolithography, inkjet printing and direct ink writing. There are benefits and
limitations to all of these techniques, including such factors as low waste, having a range of
compatible materials, printing resolution, and flexibility of design. The most versatile of the
printing techniques is direct ink writing (DIW), which is the microfabrication technique of
choice in this study. While there have been reports of design versatility with the DIW process,
most designs normally utilize connected architectures because of the needed ink requirements for
this process. However, limitations in rheological properties make the fabrication of smaller self-
sustaining architectures such as pillars, difficult to achieve with these inks. Many developed
battery inks have thixotropic qualities, meaning they maintain uniform viscosity under a constant
shear rate, which is not conducive to having a stoppage in ink printing and limits the ability to
create unique printed features.!!-17.26-28
One of the biggest differences between traditional microfabrication techniques and

additive manufacturing ones, is the ability to make self-sustaining minor structures that are

continuous processes.'?® In the case of direct ink writing, this means that all the pieces will be
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connected and layered, so all of the minor architectures are important for the continuity of the
electrode itself.?® The goal of this work is to characterize the building blocks of the larger lattice

geometry and determine, if any, the limitations of DIW in this printed structure.

Chapter 4.2. Experimental Methods
Materials

Lithium Iron Phosphate (American Elements), C65 carbon black (Timrex), and
poly(vinylidene fluoride) (Solvay) were used as received. Lithium perchlorate, Ethylene
Carbonate, and Dimethyl Carbonate (Sigma-Aldrich) were anhydrous and stored in an Argon
filled glove box before use. Conductive silver paste (Ted Pella) was stored in a freezer (-18°C)

until use.

Printed Cathode Structures

Ink for printing 3D electrodes was prepared from Lithium Iron Phosphate, LFP
(American Elements), C65 carbon black and poly(vinylidene fluoride) (PVdF) in N-methyl-2-
pyrrolidone (NMP) mixed using a Thinky Mixer. Prepared inks were loaded into a syringe with a
200um nozzle, and electrodes printed with a Hyrel Printer. The cathode architectures were
printed using dimensions from a lattice with 200pum spacing. The structures were printed onto
aluminum foil or glass. All printed electrodes were dried by covering with a petri dish at ambient
conditions. Once dried, printed electrodes were further dried in a vacuum oven for 1 hour at

110°C before assembling into a coin cell or flooded cell for electrochemical testing.
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Microstructure Characterization of Printed Electrodes

Scanning Electron Microscopy (SEM) was done using an FEI Nova 230 Nano scanning
electron microscope. Both planar and cross-section of tape cast and printed electrodes SEM
images were obtained. SEM images were used to qualitatively determine the porosity of prepared

electrodes using ImagelJ analysis.

Electrochemical Testing

For structures printed on aluminum foil, electrochemical characterization was done in
both a coin-cell and flooded cell with a lithium metal counter and reference electrode, and 1M
LiClO4 in EC:DMC (1:1 by volume) as the electrolyte. Testing in the flooded cell, and assembly
of the coin-cells were done in an argon-filled glovebox. Cyclic voltammetry (CV) and
galvanostatic charge-discharge (GV) measurements were made from 2.8 to 4V vs Li/Li".
Galvanostatic intermittent titration technique (GITT) measurements were carried out using a
VMP potentiostat/galvanostat (Bio-Logic). More details on GITT and GV can be found in
chapter 2 on electrochemical characterization techniques

Electrochemical Impedance Spectroscopy (EIS) measurements were taken using a
Solatron Impedance Analyzer. Silver contacts were painted onto the printed structures and
copper wires were used to complete the circuit for the EIS measurement. EIS was taken both
with and without electrolyte to determine the mixed ionic-electronic and electronic conductivity
respectively. Several measurements were taken from varying points on the printed structures.
The resistance and conductivity were then determined from the data in a Nyquist plot.

Electrochemical tests used in this chapter are explained in more detail in chapter 2.
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Chapter 4.3. Results and Discussion

The larger 3D lattice architecture previously studied in chapter 3, could be broken down
into its building blocks and studied. The minor architectures identified are denoted as a cross,
box, line and layer (Figure 4.1.(a)). These smaller architectures mimic different junctions and
components that exist in the larger lattice architecture. The spacing and thickness of the printed
lines is based on lattices printed with a 200um nozzle and 200um spacing. The lattice is
comprised of overlapping single layers rotated at 90°. The layer architecture was an identified
structure to understand the contribution of each layer to the overall lattice design. The cross and
box are representative of the overlapping intersections of the printed layers. The cross represents
the junction of two overlapping lines. Comparatively, the box is a more complex structure
comprised of two overlapping crosses, and forms the repeating square present throughout the
lattice structure. The line is the simplest of the building blocks showing one rotation of the
printer nozzle. For a lattice with the dimensions noted above, a single layer structure is
comprised of 21 line structures.

Initial electrochemical testing included cyclic voltammetry and galvanostatic
charging/discharging (GV). For GV testing the capacity is reported normalized to the areal

footprint of each of the printed structures (Figure 4.1).
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Figure 4.1. (a) Representations of tested lattice components (i.e., cross, box, line, and layer). (b)
Areal capacity at various charging rates and (c) galvanostatic charge/discharge curve at a rate of

C/10 for the shown lattice components.

A comparison of the areal capacity for all the structures at various C-rates (Figure 4.1.(b))
indicates that the layer and line configurations have the highest areal capacity, at just greater than
0.6mAh/cm?. The layered structure was able to maintain more of its capacity at the faster
charging rates, maintaining 79% of its capacity when going from a rate of C/10 to C. The areal
capacity of the single layer lattice does scale when compared to the 2 and 4 layer lattices that had
areal capacities of 1.5mAh/cm? and 3.0mAh.cm? respectively (Table 3.3). This shows that the
architectural building blocks of the lattice can be used to predict the experimental performance of
the larger architecture, similar to what was shown in Figure 3.9(a).>*¢ The remaining printed
structures only maintained approximately 50% of their initial capacity at the faster C-rates.
Lastly, the overpotential is lowest for the single layer structure compared to the other three

simple structures which suggests there is less interfacial resistance in this structure compared to

the others.
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Figure 4.2. For the layer structure (a) galvanostatic charge/discharge curves and (b) cyclic

voltammetry curves at various charging and scan rates respectively in the voltage window 2.8 V-

4V (vs. Li/Li).

In evaluating the layered structure at different C-rates, there is some polarization
observed in the charging and discharging curves at higher rates, as indicated by the deviation in
potential from the operating potential of LFP (3.4V vs Li/Li").7**3% The polarization can be more
clearly demonstrated in the GV by observing the charge/discharge curves at C-rates of C/10 and
C/5, where both discharge specific capacities are the same (~120mAh/g). However, at C/5 there
is a decrease in the coulombic efficiency, and an increase in the overpotential, suggesting that
this increase in polarization can be attributed to internal resistance, perhaps from charge transfer
resistance. This polarization is also observed in the cyclic voltammogram obtained by CV, from

the increase in separation of the redox peaks at faster scan rates.?%>!
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Figure 4.3. (a) Galvanostatic Intermittent Titration Technique (GITT) profiles for the different
lattice building blocks, and (b) profiles for multiple layered lattices. Reported conductivity and

resistivity values were calculated for the various lattice components.

The GITT in Figure 4.3 demonstrates the different voltage responses for each of the
lattice building blocks and multilayer samples. As described in chapter 2, the potential drop
during the relaxation period or overpotential divided by the applied current gives the internal
resistance experienced at the electrode (Eqn. 2.5).32*3 The potential drop in the layer architecture
is much less than that for any of the other lattice building blocks and this resistance is also over a
much larger area. Comparing the areal internal resistances for these four structures, the internal
resistance for the layered structure (1.9x10° Ohm c¢m) is two orders of magnitude less than for
the box, layer, and line structures that had resistances on the order of 10°-10° Ohm c¢m™.

The overpotential observed by GITT continues to decrease as the number of lattice layers
is increased (Figure 4.3.(b)). Comparing the lattices with multiple layers to the single layer

lattice, the 4 layer lattice had the smallest overpotential (20mV) and the single layer an
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overpotential of 30mV (Table 4.1.). While the single layer and 2 layer lattice had the same
overpotential, the 2 layer lattice covers a greater area than the single layer resulting in a lower
internal areal resistance. The calculated conductivity for the building blocks and the multilayered
lattices were in the same order of magnitude (10° S/cm). This is a mixed conductivity value
because there are contributions from the electrode and the electrolyte (1M LiClO41in EC:DMC)
as the GITT testing was done using a flooded cell arrangement. The layer structure had the
highest conductivity of all the building block structures at 1.52x10-* S/cm. The conductivity
increased in multilayered lattices where it plateaued at 2.28x10-* S/cm. The calculated internal

resistance and conductivity by GITT are reported in Table 4.1.

Table 4.1. Overpotential, internal areal resistance and mixed conductivity of building block

structures, 2 and 4 layer lattices measured by GITT in a flooded half-cell.

. Internal Areal Mixed

Overpotential . ..
Structure Resistance Conductivity
V) —2

(Qcm™%) (S/cm)
Cross 0.39 1.60E+06 1.35E-03
Box 0.39 7.99E+05 6.73E-04
Line 0.41 5.60E+05 1.19E-03
Layer 0.03 3.84E+03 1.52E-03
2 Layers 0.03 3.15E+03 1.52E-03
4 Layers 0.02 2.10E+03 2.28E-03
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Figure 4.4. Representation of (a) printed structures on glass and (b) an example of placement of
silver contacts for impedance measurement. (c) Graphical representations, clockwise from the
upper left corner, are shown of the silver contact placements for a layer, line, box
(perpendicular), cross (perpendicular), cross (parallel), and box (parallel). Measured Nyquist
impedance spectra of structures printed on glass, (d) without and (e) with electrolyte and view of
the origin for structures (f) without and (g) with electrolyte. A fit for the Nyquist plot data was

determined (dashed line) and the representative circuits are shown respectively.

As described in chapter 2.2, the Nyquist plot can be used to calculate the conductivity
and resistance of the measured device (Eqn. 2.4). The Nyquist plots for all the building block
architectures are shown in Figure 4.4 both with and without electrolyte. Figure 4.4(d) and 4.4(e)
show the representative plots for the electronic (without electrolyte) and mixed (with electrolyte)
resistance, respectively, for all of the building block structures. The samples that had a
continuously printed structure (the layer and line) have smaller measured resistance over their
areal footprint (Table 4.2.). EIS measurements of the two other structures, the box and the cross,
involved the use of the two contact locations as shown in Figure 4.4.(c). The parallel contacts are
placed on a continuously printed line, while the perpendicular contacts were placed on two
discontinuously printed lines. To create the box and cross structures, the continuous DIW process
is interrupted to be able to achieve that architecture. The discontinuity of the printed overlapping
lines are shown in the SEM images in Figure 4.6. In doing so, there are more disconnected points
of contact between the printed lines. For the cross structure the measured electronic resistance
(Table 4.2.) increased by an order of magnitude compared to the measurement using parallel

contacts (4.14x10* Ohm cm) versus perpendicular contacts (4.71x10° Ohm cm™?).
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The representative circuit for the Nyquist plot was determined in order to achieve a better
understanding of the dominating current response among the different building blocks. For both
plots with and without the inclusion of electrolyte, there is an initial resistance at the higher
frequencies, seen in the shift to a non-zero value on the real axis. This is followed by capacitive
behavior at lower frequencies before becoming resistive again.>*3¢ While there are similar
capacitor like behaviors for both the electronic and mixed system, the mixed system deviates
from ideal capacitor behavior. The deviation from ideal capacitor behavior is represented by a

constant phase element (CPE) and the impedance value is fitted by3437-38;

1
ZCPE = W (EC]l’l 2])

where Q is the CPE parameter, and « is the CPE exponent. CPEs have been attributed to many

things including, but not limited to, the presence of a electrical double layer and the electrode

geometry.37-38
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Figure 4.5. Measured impedance of the printed box structure on glass, (a) without and (b) with
electrolyte. Two sets of impedance measurements were taken where the silver contacts were
placed on the same printed line or side of the box (Box Parallel Contact) and on opposite printed
lines or diagonal corners of the box (Box Perpendicular Contact). A fit for the impedance data

was determined (dashed line) and the representative circuits are shown respectively.

Figure 4.5 shows the isolated Nyquist plots for the box structure with either the parallel
or perpendicular contacts. EIS was done both without (Figure 4.5.(a)) and with (Figure 4.5(b))
electrolyte. Regardless of the electrolyte used, the perpendicularly placed contacts had a higher
initial resistance compared to the parallel contacts. For the electronic resistance, the measured
values were both more resistive than the other building blocks, with resistances of 1.28x10” Ohm
cm? and 1.05x107 Ohm c¢m for the perpendicular and parallel contacts respectively. For the
calculated mixed resistance, the resistance difference based on contact placement is more
pronounced. For perpendicular contact placement, the resistance was 1.23x10® Ohm ¢cm™ and for

parallel contacts the resistance was an order of magnitude less (2.86x10° Ohm cm™).
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The difference in measured resistances can be attributed to the distance between the
contacts, overlap of the printed lines, and discontinuity of the printing. As mentioned previously,
the same behavior can be observed in the printed cross structure where there is an increase in
resistance over the areal footprint when comparing perpendicular to parallel points of contact. A
summary of the resistance and conductivity measurements both with and without the electrolyte
are recorded in Table 4.2. normalized to the areal footprint of the structure. The resistance values
show that over the covered areal footprint, the layer structure has the lowest electronic and mixed
resistances, followed by the line structure. The same trend was seen in the calculated interfacial
resistances from GITT (Table 4.1).

While one of the reasons for the larger increase in resistance in the box and cross
structure comes from the overlapping lines, the same trend is not seen as significantly with the
multilayered lattices. This is because with the multilayered lattices, the structure is continuously
printed and there is no disconnect between the layers. For the box and cross, the printing process
is not continuous. Because of the lack of discontinuity, the printed lattices mentioned previously

are a singular electronic structure.

Table 4.2. Summary of structure resistance and conductivity measurements, both electronic

(without electrolyte) and mixed (with electrolyte) normalized to area.

Electronic Electronic Mixed Mixed
Contact K . . .
Structure Placement Resistance Conductivity Resistance Conductivity
(Ohm/cm?) (S/cm) (Ohm/cm?) (S/cm)
Layer - 8.23E+03 3.11E-04 5.03E+03 2.59E+01
Line - 2.01E+04 1.32E-03 5.20E+04 1.28E-02
Box Perpendicular 1.28E+07 3.42E-06 1.23E+06 5.01E-04
Parallel 1.05E+07 3.42E-06 2.86E+05 1.88E-03
Cross Perpendicular 4.71E+05 1.74E-04 1.62E+06 1.26E-03
Parallel 4.14E+04 1.98E-03 1.58E+05 1.36E-02
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As stated previously, the comparison of these structures highlights the importance of
having continuously printed DIW electrodes over unique features that require printing to be
discontinuous. SEM images showed that the structures that required the ink flow to stop in order
to finish printing the rest of the architecture exhibited inhomogeneities in the printed line
thickness and the line width (figure 4.6). Having a continuous flow of ink is an important
consideration for both ink development and the DIW printing process. Inks are made to have
thixotropic properties, or to be able to maintain uniform flow and viscosity at a constant shear
rate.>*?° In this case, the printer uses mechanical extrusion, where the syringe plunger is set to a
specific rate to help control pressure at the nozzle tip. When the flow of ink is suddenly stopped

and restarted, there is an increased output of ink from the build-up of pressure at the nozzle tip.

Figure 4.6. SEM of printed (a) cross, (b) box, (c) line, and (d) layer structures, scale bar 1mm.
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Chapter 4.4. Conclusion

In this chapter, building block structures that make up the overall lattice architecture
described in the previous chapter were identified and characterized. The layered structure
demonstrated the highest areal capacities (normalized to structure areal footprint), capacity
retention, conductivity, and lowest interfacial resistance compared to the other identified
structures. The testing of these architectures also emphasized the importance of having a
continuously printed structure when utilizing the DIW additive manufacturing process because
the thixotropic characteristics of the ink are meant for continuous ink flow. This is especially
clear when observing the uniformity of the printed structures by SEM, and from the increased
resistances in the printed structures which were not printed continuously - the box and the cross.
The performance of the complete lattice electrode depends upon the electrochemical
characteristics of each of the building blocks. In future work, it should be possible to determine
the electrochemical properties of the 3D lattice electrode described in Chapter 3 by summing the
contributions of each of the building blocks. The initial observation on the importance of having
a continuous structure that spans the allocated areal footprint provides a basis for understanding

the 3D lattice architecture.
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Chapter 5. Graded Electrodes in Sol-Gel Derived Catholytes

Solid state lithium ion batteries have been a continued area of interest especially in the
electrification of vehicles. Solid state batteries provide a potential solution to safety issues from
the traditional use of organic liquid electrolytes. However, in these devices, there is a sacrifice in
performance due to high resistance at the electrode/electrolyte interface. This study expands
upon the work introduced with ionogels, a pseudo-solid electrolyte, which has an ionically
conducting medium infiltrated throughout an insulating porous silica gel network. In this chapter,
the ionogel concept is applied to a cathode system, with a redox active transition metal oxide gel
network infiltrated with an ionically conducting electrolyte medium. The transition metal oxide
studied in this chapter is vanadium pentoxide, in part because of the tunability of the gel
synthesis and because of the range of oxidation states of vanadium that can be accessed during
charging/discharging. Optimal synthesis parameters for a vanadium catholyte were identified,
and the electrochemical results shown present a direction for further work on the catholyte

system.

Chapter 5.1. Introduction

Lithium ion batteries (LIBs) have emerged as the principal technology for a wide range
of mobile energy storage applications, from portable electronics to electric vehicles. Current
battery technology is based on using organic liquid electrolytes which lead to safety concerns of
high flammability and internal shorting of the device. To overcome these safety issues, research
in the LIB field has moved towards developing a fully solid-state battery design.! Solid-state

batteries substitute a non-flammable solid electrolyte for the liquid electrolyte and can be
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operated at higher temperatures because of the solid material’s thermal stability. Solid
electrolytes also minimize the formation of the solid electrolyte interphase (SEI) at the
electrode/electrolyte interface.'= For these reasons there has been considerable interest in the
design and development of materials for solid-state batteries. Solid electrolytes in particular have
received considerable attention over the past few years and much research has focused on the
issue of ion transport at the electrode/electrolyte interface. For current LIB technology, this
interface and the role of ionic conductivity is fairly well understood. Liquid electrolyte can
penetrate the pores of the cathode material and the mobile ions in the liquid electrolyte help to
promote redox reactions within the electrode. A solid-state battery has no liquid electrolyte; in
this case a solid/solid interface is produced between the solid electrolyte and the cathode
material, leading to high interfacial resistance. Thus, a problem in shifting to solid-state battery
designs is the increased battery resistance, leading to lower power devices with generally poorer
battery performance than that of current LIB technology.*°

One approach that has led to the successful development of solid-state electrolytes is
based on ionogels.>” Tonogels make use of ionic liquids which possess such desirable electrolyte
properties as thermal and electrochemical stability, reasonable levels of ionic conductivity, low
vapor pressure and nonflammability.” Tonogel synthesis is designed to incorporate ionic liquid
electrolytes (ILE) into a solid matrix that can be made from polymers or inorganic solids such as
silica. In the latter case, ionogels are synthesized using a sol-gel method. The ILE is combined
with appropriate sol-gel precursors so that upon hydrolysis and condensation, a mesoporous
network forms which confines the ILE by capillary forces within nanoscale pores. The resulting
ionogel behaves as a solid macroscopically, however, at the nanoscale it behaves as a liquid. As a

result, the ionic conductivities and electrochemical stability windows of ionogels are close to
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those of liquid electrolytes.>® The two interpenetrating phases, the ILE and the silica network, are
in intimate contact, with ion transport occurring solely within the ILE phase.’

The concept of the ionogel can be taken and applied to cathode design. That is, this
‘ionogel-cathode’ material can be designed to mimic the same principles explored with ionogel
electrolytes, only now the inorganic network will be electrochemically active instead of being
insulating. An inorganic porous network, similar to that of an aerogel, can be synthesized and
infiltrated with an ionic liquid. The aerogel-like structure can be compared to that of an aperiodic
sponge- a porous high surface area 3D electrode structure. In this way, the porous network
interacts directly with the ionic liquid, allowing for high surface area interaction while keeping
the resistance at interfaces low. A transition metal oxide, specifically vanadium oxide, is a good
material to consider for this application because of its ability to be formed by sol-gel methods as
well as the various valence states and structures in which it can exist.!%!!

Vanadium pentoxide (V20s) is a transition metal oxide that has been of interest to the
battery field for a number of years as a cathode material. In part, it is because of the range of
oxidation states of vanadium that can be accessed during charging/discharging leading to high
theoretical specific capacities.® For many decades, vanadium pentoxide xerogels were the area of
focus of this material. While the xerogel material works well as an electrode material, the current
research will instead use vanadium pentoxide ambigels as the cathode material. In comparing a
xerogel to an ambigel, or the more commonly referenced aerogels, the difference is in their
morphology and microstructure achieved by drying the material from different solvents. >3
Xerogels are dried from the synthesis solvent. During drying they experience high capillary
pressures as the solvents have high surface tensions and vapor pressures, which results in lower

overall porosities.'>!3 Aerogels on the other hand, have extremely high porosities because they
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are supercritically dried. In this process the material is said to experience no capillary pressure,
therefore, the pores do not collapse. The ambigels, which will be further developed in this
project, have porosities higher than xerogels and lower than aerogels. This is because ambigels
are dried ambiently from a nonpolar drying solvent, and although surface tensions are
minimized, they are still present during the drying process.!? The microstructures of the ambigels
are desirable for lithium intercalation because of their optimal pore size distributions
(mesoporous sized pores). Work reported in literature has proven that these materials are good
for electrode applications. !

The dried vanadium pentoxide gels are nanocrystalline or amorphous in nature, meaning
they generally lack long range order. However, local V20s structures have been studied and
identified. The V20s xerogel is made up of two V20s single layers of repeating square pyramidal
units of VOs that form bilayers. These bilayers form slabs or nanoribbons, both are common
ways to describe the microstructure of V20s. The space between the bilayers is where ions
intercalate (Figure 1). The V20s expands and contracts as ions are inserted and removed.'®!” This
is different compared to crystalline V20s because in its crystalline form, the oxide is made up of
connected single layers instead of the bilayer structure. Thus, the space between the layers is
smaller. The other benefit of utilizing vanadium pentoxide derived from sol-gel is the ability to
fine tune the synthesis process to be able to include additives such as carbon. In traditional
electrode designs, carbon additives (i.e., carbon nanotubes, carbon black, carbon nanofibers, etc.)
help to create 3D electrically conducting networks within the electrode.?? A similar concept has
shown to be true when integrating carbon nanotubes into a V20s gel because the material has low

electronic conductivity.!”-?
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Figure 5.1. V205 xerogel structure comprised of nanoribbon-bilayers of square pyramidal units

of V20s, the nanoribbon double layer has interlayer spacing that allows for the intercalation of

ions.!0-18

The overarching research objective of this chapter is to adapt the previously studied V205
xerogels and develop processes so that synthesized gels can be used as free standing electrodes
for lithium ion batteries. Due to the porous structure, V20s gels will be infiltrated with an
ionically conducting medium, here ionic liquid electrolytes, to create a “catholyte” to be used as
a cathode in a solid state battery. Infiltrating the 3D cathode with electrolyte should improve
characteristics of the electrode such as rate capability and assuming that 100% of the cathode
space in the cathode is infiltrated, this can also help make sure that the entire cathode is
participating in the redox process.?!-??

While cathodes with a 3D porous architecture have shown promise as cathodes in a solid
state battery (SSB), SSBs face challenges when it comes to the internal and interfacial
resistances, as well as the overall conductivity.>*>> To address this issue, a graded battery system
can be used where the porosity and pore size distributions of both the cathode and electrolyte are
manipulated. In this case the system would be the optimized vanadium gel as the cathode and the
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solid electrolyte an ionogel, where there would be a continuous ionic liquid electrolyte phase
throughout. Studies have been done on different levels of graded electrode systems with different
numbers of layers of varying porosities. For the present case this will be a 2 layer graded system.
One consideration here is that the varying layers should have a similar porosity to minimize
mismatch between layers.?32%26 This should also minimize some of the interface effects

commonly seen to help improve electrochemical properties.

Chapter 5.2. Experimental Methods

General Vanadium Aerogel Synthesis

Sol-Gel synthesis was used to create vanadium aerogels using previously reported
compositions as a basis for the work.'%?” Samples were made both with and without carbon
additives. The carbon additives in this work were added by weight, 10% single walled carbon
nanotubes (SWNTs) and 15% multi-walled carbon nanotubes (MWNTs) (both purchased from
Sigma-Aldrich and used as received). Carbon was suspended in acetone by mixing via vortex
mixer for 10 minutes. Water was then added to the acetone/carbon, or acetone solution and
sonicated for 45 minutes. Once sonicated, the water/acetone mixture with and without carbon
was then cooled in an ice bath for one hour to slow the rate of gelation. Vanadium (V)
Triisopropoxide (purchased from Sigma-Aldrich) was mixed with the cooled solution and then
the sol was cast prior to gelation. Depending on intended measurements, gels were cast to be free

standing, or were cast onto a aluminum foil or stainless steel mesh substrate.

Determining effect of aging: The first set of samples considers the effect of aging time on the gel

network. The synthesis followed the procedure outlined in the general vanadium aerogel
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synthesis, using a composition of 1:20:40 vanadium precursor to water to acetone. Once cast, the
gels were sealed for 18, 24, 48 and 72 hours before undergoing solvent exchange and additional
characterization.

Determining effect of synthesis: The second set of samples considers the effect of changing the
synthesis conditions. The procedure outlined above was used. Four syntheses were identified
based on previous work;?’ the resulting compositions being ratios of 1:20:40, 1:60:75, 1:20:75,
and 1:60:100 for vanadium:water:acetone. Based on prior work, increasing water content should
result in a stiffer gel and the increase in acetone, a higher surface area. Once cast, all gels were
sealed for 72 hours before undergoing solvent exchange and additional characterization.
Determining effect of sol pH: The third set of samples considers the effect of changing the
starting pH of the sol prior to gelation. This set included no carbon additives. Sodium
bicarbonate and ammonium bicarbonate salt were added to water in order to increase the pH. The
water was then added to acetone and the resulting residue was filtered out using filter paper and a
Biichner funnel. After, the procedure outlined above was followed, the gels were cast and sealed

for 72 hours before undergoing solvent exchange and additional characterization.

Solvent Exchange of Gels

Aged gels underwent a solvent exchange process starting in acetone, which acts as a pore
fluid during the sol-gel process, to a solvent with lower surface tension, namely heptane.
Samples were either dried from heptane or underwent an additional solvent exchange step of a

heptane/ionic liquid mixture and then dried ambiently.
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Microstructure Characterization of Vanadium Aerogels

Porosity Calculation: Total porosity of the samples was measured using Archimedes principle.
Sample volumes were calculated by finding the average thickness and using ImageJ analysis for
the area. The samples were then weighed after exposure in ambient air for 30 minutes and after

being dried in an oven at 80°C. The porosity was then calculated using the equation:

(ws)
¢ =100 * -2 (Eqn. 5.1)

( a

Where ¢ is porosity, Wa. the sample weight in air, Wa the weight after drying, and p the density of

N
o

NS

the material (3.36 g/cm?®). The calculated porosity was then used to determine the total pore

volume of the gel. This can be done by:

¢

Total Pore Volume (V) = SG3)

(Egn. 5.2)

N2 adsorption testing was performed using a Micromeretics ASAP 2020 instrument to
characterize the micro- and mesoporous pore size distribution and surface area. Samples were
heated at 110°C for two hours to remove any water before testing. BET surface areas were
calculated, and BJH pore size distributions were determined from isotherm data. The volume of
micropores was calculated from the adsorption-desorption isotherms using the relative pressures
at p/p,=0.2 and for the mesopores p/p,=0.98, by converting moles of nitrogen absorbed at that
pressure to the volume of nitrogen adsorbed. From here, the value of micropores and mesopores
can be subtracted from the total pore volume to determine the volume of macropores.
Determining the pore size distribution: Dried gels without electrolyte, were cut into sections to
determine the porosity and pore size distribution of the gel from the bottom to top. Scanning
Electron Microscopy (SEM) was done using an FEI Nova 230 Nano to observe the surfaces for

macropores (pores >100nm). These gel sections were then crushed and suspended in ethanol
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before being drop cast on a Transmission Electron Microscopy (TEM) grid. TEM was carried out
using a Titan T12 instrument. TEM images were taken of the different gel sections to determine

the distribution of pores throughout the sample.

Temperature Dependent Conductivity Testing

Conductivity of the various samples was taken with and without ionic liquid infiltration
to obtain the mixed ionic-electronic and electronic conductivity, respectively. Samples were put
in a polypropylene tube between two steel posts and connected to a VMP
potentiostat/galvanostat (Bio-Logic) Electrochemical Impedance Spectroscopy (EIS)
measurements were then taken at 10°C intervals from 20°C-80°C to determine the conductivity
dependence on temperature. Impedance values were used to calculate the conductivity of the

samples at each temperature using the equations below:

o= % (Eqn. 5.3)
where p = % (Eqn. 5.4)

Here, o is conductivity (S/cm), p is resistivity (Ohm-cm), R resistance (Ohm), 4
interfacial area (cm?), and L the length between contacts (cm). Comparison of the mixed ionic-
electronic and electronic conductivity at each temperature step enables one to determine the ionic
contribution to the conductivity. Additionally, the temperature dependent mixed ionic-electronic
conductivity exhibits Arrhenius behavior. Because of this behavior, when inverse temperature
(1/T) 1s graphed vs natural log conductivity (Ino), the slope of the graph is the activation energy
(Ea) divided by the ideal gas constant (R). This can be represented by the following relationship,

and equation of a line:

Ing o —2 (Eqn. 5.5)
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ino = (—2)(2) +n4 (Eqn. 5.6)

Using the information above, temperature dependent diffusion coefficients were also calculated

using the equation:

Eq
D=A+e rrT (Eqn. 5.7)

Electrochemical Testing

Electrochemical testing was done in a half cell arrangement with a lithtum metal
reference and counter electrode using coin cells, Swageloks, and flooded cells. Coin cell
assembly, and all Swagelok and flooded cells were done in an argon-filled glove box. Cyclic
voltammetry (CV) and galvanostatic charge-discharge (GV) measurements were made from 1.5-
3.5V, using a VMP potentiostat/galvanostat (Bio-Logic) as were galvanostatic intermittent
titration technique (GITT) measurements. For CV and GV, multiple scan rates and charge rates
were tested to determine the reversibility and stability of the material. The GV and GITT tests

are explained in more detail in chapter 2.

Chapter 5.3. Results and Discussion

While there are benefits to using the porous structure for battery electrodes because of the
increase in surface area and AEF as discussed in chapter 3, there are also limiting factors when it
comes to fine tuning the microstructure. Some of these limitations include the pore size
distribution, the overall volume of pores, and the tortuosity of the gel. Many of these
characteristics can be determined by Nitrogen Porosimetry. These influence the confinement of
liquid within the pores and also contribute to higher measured resistances.?® 3 Many studies

have shown that the less tortuous the porous medium is, the lower the measured resistances
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should be and the higher the measured conductivities.?!=** This general concept is represented by
the mathematical relationship:

D
Defr = — (Eqn. 5.8)

Where Derrand D are the effective and intrinsic diffusivities of the conductive phase, T is the
tortuosity of the porous network, and € is the volume fraction of the conductive phase or
porosity. The intrinsic diffusivity is characteristic to the material, and the effective diffusivity,

determined experimentally, represents the ease with which the conductive liquid moves through

the porous medium.
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Figure 5.2. Resistance plot of a graded cathode in terms of the layer porosities [Modified from

reference 26].

In order to optimize the microstructure, several variations in vanadium pentoxide gel
synthesis were tested including aging time, synthesis composition, and pH of the sol. All of these
parameters are used to manipulate material microstructure in the sol-gel process and have been
reported on extensively.!'?1336-37 The general gelation mechanism for vanadium triisopropoxide in
the presence of water involves hydrolysis and condensation reactions which occur
simultaneously, while acetone acts as the pore fluid. The reactions have been reported in

literature as follows;18-38-39
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(C3H,0),0V(C3H,) + H,0 = (0OC3H,),0V(OH) + C3H,0H (1)
(0C3H;),0V(0OH) + (C3H,0),V0(0C3H,), » = (OV — 0 —V0) + C3H,0H (2)
The modification of the three parameters will influence the amount of cross linking, volume
shrinkage, surface area, and rate of gelation.*® All three factors were tested separately to create an
optimized vanadium gel for electrode application.

The first parameter was aging time. Longer aging times have been shown to lead to
higher degrees of crosslinking, resulting in a more mechanically stable dry gel. While some
degree of cross linking is desirable, for handling and application, aging for too long can result in
smaller surface areas. For consistency across the varying aging times, one gel composition of
1:20:40 vanadium triisoporopoxide:water:acetone was used. Samples were aged for either 18, 24,
48, or 72 hours denoted by a number 1-4 in the sample name. Aging was also done for samples
both containing and not containing carbon and are denoted by A-C in the sample name- for no
carbon, inclusion of SWNTs, or MWNTs respectively.

To characterize the microstructures of dried gels, porosities of each sample were
calculated (Eqn. 5.1) and used to determine the total pore volume of the sample (Eqn. 5.2.
Nitrogen porosimetry was measured and used to calculate the BET surface area and pore volume.
Samples aged in this set for 72 hours (4A-4C), demonstrate that the surface area decreases even
while the porosity remains within a similar range for these samples (high 70% to low 90%). Gels
aged for 24 and 48 hours had the highest BET surface areas across all three samples, and this
translated to higher ionic and electronic conductivities at room temperature, however, monoliths
were not consistently obtained through the solvent exchange process. The samples aged for 72
hours on the other hand, consistently resulted in monoliths, therefore this aging time was used

for all other studied compositions.
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After aging, multiple compositions were identified from a previously reported study,
involving high surface areas and capacity.?’ The four chosen compositions change the molar ratio
of water or acetone used in the sol to the vanadium precursor. First the ratio of acetone to the
other precursors was increased, changing the composition from 1:20:40 to 1:20:75. The
increased acetone in the synthesis resulted in higher surface area gels after drying from heptane.
One possible explanation is that less pore collapse occurred during the aging process by
preventing the acetone from evaporating, minimizing capillary pressures. The process was
repeated by increasing the molar ratio of water, and then both water and acetone for
compositions of 1:60:75 and 1:60:100 respectively. While both resulted in dried gels with larger
pores compared to the original synthesis parameters, the 1:60:100 synthesis had larger surface
areas and better conductivities with and without the carbon additives compared to the 1:60:75
sample set. Based on these results, a higher molar ratio of acetone in the initial synthesis is
needed for an ambiently dried high surface area gel. The smallest ratio of water to acetone
(1:20:75) was determined to have the optimal microstructure for cathode application due to the
high volume of mesopores, with a peak pore width of 60nm, in the pore size distribution (PSD)

shown in Figure 5.3.
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Figure 5.3. (a) Pore size distribution for samples 4G, 4H, and 41 (set 1:20:75). (b) Pore size

distributions for samples with modified pH.

Finally, the rate of gelation can be controlled by changing the pH of the sol solution prior
to gelling. Sol-gel processing involves competing hydrolysis and condensation reactions that are
favored depending on the pH of the solution.'?!3 In order to further increase the rate of reaction
and the condensation mechanism, the pH of water was increased. By increasing the rate of
condensation, the resulting vanadium gel has a stiffer network that will minimize shrinkage
during the aging process, helping to maintain higher surface areas and possibly improve lithium
conduction. The pH was increased from 8 to a range from 8.4-9.01, using the same synthesis as
that outlined for sample 4G. By increasing the pH from 8, the measured surface area was higher
for all samples in this set. The vanadium gels with the highest surface areas were synthesized at a
pH of 8.5 and 8.74 with surface areas above 130m?/g. These two samples were also the only two
with a peak pore size at 30nm, shifted from 60nm at a pH of 8. A peak pore size of 30nm has
been reported as an optimal pore size for lithium conduction (Figure 5.3.).!3

These two samples show some of the highest mixed ionic-electronic and electronic

conductivities (Table 5.2.). However, for device integration, the stiffer gel matrix is too brittle for
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testing in a coin cell. Further optimization of synthesis pH is a promising avenue for developing

V205 catholyte gels. A summary of the microstructure of all vanadium sample compositions can

be found in Table 5.1. Additional characterization such as XRD and TEM was done to verify the
aerogel structure. The XRD of samples 4A-4C show characteristic spectra for vanadium aerogels
and the TEM displays the characteristic fiber-like microstructure of V20Os. The darker

agglomerates are carbon nanotubes (CNTs).!04!
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Table 5.1. Summary of Microstructure Characterization for all Dry Vanadium Gels.

Vanadium: . pH Surface Total Pore BET Pore Volume of Volume of V(.)lume of Electronic
Water: Aging Car!u.)n of Sample Area Volume Volusme Macrospores Mesolj)ores Mlcrogores Porosity | Conductivity
Acetone (hr) | Additive | o, | Name (m¥g) | (Calculated) <5(fl°1‘:1 ') (Scom / g<) 5 (‘;m </§()) (2‘5“ 'e) (20°C) (S/cm)

pores nm nm<x nm nm
- 8 1A 79.63 1.41 0.62 0.79 0.61 0.045 0.82 2.22E-06
18 SWNT 8 1B 107.44 1.79 0.88 091 0.88 0.047 0.86 2.95E-06
MWNT 8 1C 37 0.95 0.28 0.66 0.28 0.015 0.76 4.70E-06
- 8 2A 97.405 2.08 0.85 1.22 0.85 0.043 0.87 9.18E-06
24 SWNT 8 2B 87.14 3.13 0.57 2.55 0.57 0.038 0.91 1.07E-05
MWNT 8 2C 7427 1.43 0.6 0.83 0.60 0.032 0.82 5.93E-06
1:20:40 - 8 3A 79.99 2.09 0.51 1.58 0.50 0.035 0.87 3.80E-06
48 SWNT 8 3B 71.25 1.44 0.49 0.95 0.49 0.032 0.83 6.75E-06
MWNT 8 3C 78.76 1.33 0.49 0.84 0.48 0.035 0.81 6.42E-06
- 8 4A 43.92 1.50 0.80 0.69 0.76 0.026 0.83 2.51E-06
72 SWNT 8 4B 48.26 1.73 0.60 1.13 0.58 0.028 0.85 9.80E-06
MWNT 8 4C 84.10 1.67 0.71 0.96 0.70 0.038 0.85 1.18E-05
- 8 4D 71.978 1.49 0.51 0.98 0.50 0.031 0.83 2.24E-06
1:60:75 72 SWNT 8 4E 75.10 1.31 0.50 0.80 0.49 0.033 0.81 2.48E-05
MWNT 8 4F 87.08 1.91 0.45 1.46 0.42 0.037 0.86 1.62E-05
- 8 4G 118.29 2.02 1.25 0.77 1.22 0.050 0.87 3.49E-06
01:20:75 72 SWNT 8 4H 91.39 1.45 0.64 0.82 0.62 0.038 0.83 1.30E-05
MWNT 8 41 77.45 1.18 0.62 0.56 0.60 0.033 0.80 1.36E-04
- 8 47 92.64 1.58 0.71 0.88 0.69 0.039 0.84 1.52E-05
01:60:100 72 SWNT 8 4K 94.89 231 0.64 1.67 0.62 0.040 0.88 5.06E-05
MWNT 8 4L 90.09 2.22 0.60 1.62 0.58 0.038 0.88 3.37E-05
- 8.4 - 109.89 224 0.90 1.33 0.878 0.047 0.88 3.29E-06
- 8.5 - 138.78 1.27 0.79 0.48 0.755 0.059 0.81 2.91E-06
1:20:75 72
- 8.74 - 131.93 1.34 0.80 0.54 0.773 0.056 0.82 1.04E-05
- 9.01 - 107.07 2.00 1.09 0.91 1.064 0.046 0.87 2.40E-06
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Figure 5.4. XRD and TEM of V205 Dry Gels with no carbon, SWNTs, and MWNTs (samples

4A-4C). The scale bar on the TEM images is 100nm.

To further characterize the gel microstructure, TEM was taken on sections of dried V20s
(Figure 5.5). From the BET data, it was determined that the majority of the pores present in each
sample are in the mesoporous regime, and the TEM was used to resolve them. In addition to
understanding the pore regimes present, their distribution is important to achieving the gradient
electrode/electrolyte interface.*>** Having a continuous pore structure throughout the entire gel
volume would be advantageous to increasing volumetric energy and power density and ensuring
that the conductive ionic liquid phase is infiltrated throughout. Because the vanadium gel will be
integrated with a silica ionogel, a high volume of pores should exist closer to the surface of the
vanadium gel. This will help to create the graded structure between the electrode and the
electrolyte. The graded design should have an increasing volume of pores towards the surface of
the electrode (vanadium gel) that will share an interface with the electrolyte (silica ionogel).*-°
Having higher porosities in the electrode and electrolyte is ideal because it minimizes the chance

of porosity mismatch between the layers and minimizes interfacial resistance.’
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Vanadium ambigel samples were prepared as normal, then cut into thirds using a sharp
blade and prepared for TEM. The three sections are denoted as top, middle and bottom. Based on
the TEM images, it can be determined that the majority of the porosity exists at the top of the
sample, which is consistent with the theory of drying developed by Scherer. When solvent is
evaporated from a porous medium, the drying process is divided into three stages.*** The initial
conditions before evaporation begins is the first stage of drying followed by a constant rate
period of steady state evaporation. Here, evaporation from the surface occurs and the gel shrinks
uniformly until it reaches a critical point where the pores themselves can begin to empty, with
solvent diffusing to the surface to dry. From there, the gel enters the falling rate period where
pores empty and solvent is evaporated.*> When pores begin to empty and shrink, capillary
pressure increases which can lead to pore collapse. Some of the capillary pressure is mitigated
through decreasing the Good-Girifalco interaction parameter by using a low surface tension non-
polar drying solvent similar to heptane.*¢

The samples are dried in containers where only the top of the vanadium gel is exposed.
Thus, the rate of evaporation is uneven from the top and the bottom. Due to the uneven drying,
the majority of solvent evaporation is going to happen from the top of the gel while the middle
and bottom of the gel will be denser than the top because of their higher capillary pressures. This
is qualitatively supported in the TEM images where there is a high volume of pores shown in the
top portion of the vanadium gel, but in the middle and bottom portion the presence of pores is
limited or not evident. For this application, the top portion of the vanadium gel is still the most
crucial to having a high volume of pores, however, the lack of pores in the middle region of the
gel means that the ionic liquid will not be able to penetrate the whole volume of the V20s. When

a solid electrolyte interphase (SEI) layer begins to form, the volume accessed will be even more
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limited leading to capacity fade. To mitigate this dense middle layer, thinner V20s gels were
made by drop casting the sol onto a stainless steel mesh or aluminum foil current collector. By
minimizing gel thickness and increasing the cast area, the gel will shrink less during the first
stages of drying because the starting volume is smaller. When drying enters the falling rate
period and the pores begin to empty, the pressure is minimized because the distance to diffuse to
the surface is shorter and solvent is more readily evaporated. Making thinner samples should

help the resulting dry gels be less dense in the middle.

Figure 5.5. V205 gel was prepared using the 1:20:75 synthesis (sample 4G), and dried from
heptane. The dried gel was cut into 3 sections and TEM images were taken of the (a)top,

(b)middle, and (c)bottom section of the gel.

Once it was evident that pores were not continuous throughout the entire volume,

additional characterization was done to determine the complexity of the pore structure via
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calculation of the mass fractal dimension from the BET isotherm.*”*® Fractal dimension
discusses the complexity of volume on a scale from 1-3, where 1 represents a less complex
system where volume is distributed in one dimension, and then values of 2 and 3 represent more
complex systems where mass is distributed in two and three dimensions. This value can be
calculated by the nitrogen adsorption isotherm, where the slope of the linear regime from the plot
of natural log of the nitrogen gas adsorbed versus natural log of pressure represents 3 minus the
surface fractal dimension which is directly related to the mass fractal dimension.*’*® This
calculation was done for all samples, and the values ranged between 2.4-2.6, where there was no
real variation between conductivities (Figure 5.9.). As such, all samples were deemed to have
similar complexity. This was further confirmed by the calculated diffusion coefficient for the
ionic liquid electrolyte in the confined vanadium gel matrix being similar values, on the same
order of magnitude with one another (Table 5.2). If the tortuosities of the samples were
drastically different, the extrinsic diffusion values calculated for the ionic liquid
([EMIM][TFSI]), would have also had to be different because the intrinsic diffusion coefficient

of the [EMIM][TFSI] should not change regardless of microstructure (eqn. 5.8.).31733
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Figure 5.6. XPS of sample set 1:20:75 sample set, (a) sample 4G, (b) sample 4H, and (c) sample

41. Similar ratios of V>*, V4, and V3" were obtained for all samples.

X-ray photoelectron spectroscopy (XPS) was used to detect the presence of V3, V4, and
V3", Their respective contents are listed in Figure 5.6. The average oxidation state for the three
samples are similar with G, H and I being V4%, V43t and V#4* respectively. All samples have
similar average oxidation states with V°* being the most abundant.

The electrochemical properties of the as-synthesized gels were measured on vanadium
dry gels and vanadium ionogels in order to determine the effect of ionic liquid infiltration. The
first step was to determine what percent of the infiltrated gels was filled with ionic liquid (Figure
5.7.). To do this, neat ionic liquid electrolyte (([EMI][TFSI]) was dripped onto the samples in
increments of SuL. Vacuum was pulled on these samples for 10 minutes, the excess electrolyte
was removed, and the samples were then weighed. Comparing samples G and H, (Figure 5.7.
(b)), the electrolyte intake was around 22% and 30% which equates to about 15 uL and 16 uL of
electrolyte respectively. This correlates to their similar measured conductivities as reported in

Figure 5.9. For the vanadium gels without carbon (4A, D, G, and J) shown in Figure 5.7., the
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higher uptake of electrolyte seen for 4D and 4J is most likely due to their higher volume of

macropores compared to 4A and 4G.
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Figure 5.7. Weight percent uptake of electrolyte in samples aged for 72 hours for (a) all

syntheses without carbon and (b) 1:20:75 sample set.

Impedance was measured for all samples from 20°C to 80°C both with ILE infiltration (neat
[EMIM][TFSI]) and without infiltration. All of the impedance data was fitted to determine a
representative circuit and calculate the conductivity. An example of this fit of the impedance data
for both with and without ILE is shown in Figure 5.8. Both the electronic and mixed ionic-
electronic Nyquist plots were fit with the same equivalent circuit using two time constants- a
resistor in series with a resistor and constant phase element in parallel.?* The constant phase
element is representative of capacitor-like behavior without being an ideal capacitor—giving the

impedance spectra the imperfect semicircle shape.
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Figure 5.8. Impedance data for sample 4H, (a)ionogel (mixed conductivity), (b) the origin of the
Nyquist plot, (c) dry gel (electronic conductivity) from 20°C to 80°C. Nyquist spectra are shown

with a simulated equivalent circuit.
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Figure 5.9. (a) Schematic of conductivity measurement procedure. (b) Plot of the conductivity
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The calculated conductivity values for the samples G-I were plotted as a function of
inverse temperature to determine the temperature dependence of the sample conductivity. The
conductivity (Figure 5.9) shows an Arrhenius relationship, and the data was used to calculate
values such as the activation energy (in eV) and the diffusion coefficient for each sample. The
mixed ionic-electronic and electronic conductivities are shown alongside the conductivity of the
neat ILE ([EMI][TFSI]). Being that the unconfined neat ILE and neat ILE confined in the
vanadium matrix are only two orders of magnitude different, this suggests that there is good
infiltration of the neat ILE throughout a majority of the vanadium matrix and that these samples
are suitable for cathode application. The differences in the electronic conductivity come from
absence (sample G) or addition of CNTs (samples H and I). The SWNTs were used in a smaller
weight percent than the MWNTs and this is seen in the increased conductivity of sample I over
sample H.

As mentioned previously, the mixed ionic-electronic and electronic conductivities were
measured by EIS over a range of temperatures (20°C to 80°C ) on a vanadium ionogel and a dry
vanadium gel, respectively. The vanadium gels are known to have low electronic conductivities,
which is why carbon additives are being used to help improve this metric. This is shown in
Figure 5.9, where the dry gels are shown to be resistive with low conductivities on the order of
10-3-10"° S/cm. Sample 4G (no carbon additives) had an electronic conductivity of 3.49x10
S/cm and sample 4H (SWNTSs) had an electronic conductivity of 1.30x10- S/cm. The vanadium
ionogels, on the other hand, are expected to and did have a more conductive mixed ionic-
electronic conductivities due to infiltration of the ILE. Sample 4G and 4H had mixed
conductivities of 9.26x10-3 S/cm and 7.43x10-3 S/cm respectively. The ionic contribution for all

samples was determined by subtracting the electronic conductivity from the mixed ionic-
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electronic conductivity. The ionic conductivity contribution was used to calculate the diffusion
coefficient at room temperature. This diffusion coefficient is representative of the diffusion of the
electrolyte [EMIM][TFSI] in the confined vanadium gel matrix. Vanadium gels with the highest
reported ionic contribution had higher diffusion values. All values calculated from the

temperature dependent impedance testing are shown in Table 5.2.
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Table 5.2. Conductivity, and Ionic Contribution of V205, Activation Energy, and Diffusion

Coefticient of tested V205 ionogels.

Ng:‘:c(:rl;);i:- Tonic Activation Diffusion
Vana([li:;l;n\;Vater: Sample Name pH Conductivity ((;gg(tjgll();/tclrc:; E?ee\l;)gy (Zﬁfce?:z:z?:")
(20°C) (S/cm)
1A 8 6.55E-03 6.55E-03 2.46E-03 1.20E-04
1B 8 4.39E-03 4.38E-03 3.97E-03 8.02E-05
1C 8 5.16E-03 5.14E-03 5.91E-03 9.40E-05
2A 8 1.20E-02 1.20E-02 4.37E-03 2.20E-04
2B 8 1.27E-02 1.27E-02 4.52E-03 2.33E-04
1:20:40 2C 8 1.50E-03 1.49E-03 6.07E-03 2.72E-05
3A 8 1.05E-02 1.05E-02 4.05E-03 2.51E-04
3B 8 4.55E-03 4.54E-03 4.00E-03 8.31E-05
3C 8 1.38E-02 1.37E-02 4.04E-03 1.92E-04
4A 8 4.61E-03 4.15E-03 2.80E-03 8.43E-05
4B 8 9.61E-03 8.40E-03 4.09E-03 1.76E-04
4C 8 4.30E-03 6.14E-03 2.50E-03 7.85E-05
4D 8 4.43E-03 6.33E-03 2.30E-03 1.16E-04
1:60:75 4E 8 7.38E-03 7.36E-03 2.53E-03 1.35E-04
4F 8 6.23E-03 4.83E-03 2.83E-03 8.83E-05
4G 8 9.26E-03 9.26E-03 2.76E-03 1.69E-04
01:20:75 4H 8 7.43E-03 7.41E-03 2.38E-03 1.36E-04
41 8 6.19E-03 6.05E-03 2.42E-03 1.11E-04
4] 8 4.86E-03 4.84E-03 3.25E-03 8.85E-05
01:60:100 4K 8 6.75E-03 6.70E-03 2.83E-03 1.23E-04
4L 8 4.11E-03 4.07E-03 3.12E-03 7.45E-05
- 8.4 5.08E-03 5.93E-03 3.26E-03 9.26E-05
- 8.5 6.78E-03 6.77E-03 3.72E-03 1.71E-04
1:20:75
- 8.74 1.35E-02 1.35E-02 3.67E-03 2.46E-04
- 9.01 5.94E-03 5.06E-03 3.42E-03 1.08E-04

Based on the conductivity results, initial cyclic voltammetry data, and ease of gel

processing, sample H was determined to have the most desirable characteristics from the
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previously identified sample set using the 1:20:75 synthesis. Both the SWNTs and MWNTs were
determined to improve the performance of the V205 gel in terms of their conductivity, however,
the addition of SWNTs was favored over MWNTs because the SWNTs were easier to disperse
throughout the gel during the synthesis (Figure 5.4.) and monoliths were more successfully
obtained. Additionally, SWNTs have been previously shown to help keep the structural integrity
of V205 xerogels and prevent capacity fade.!%!3

Sample H was deposited in a thin layer onto an aluminum foil substrate, infiltrated with
ILE during the solvent exchange process and then dried. The “dried” infiltrated gel was then
assembled into a coin cell versus lithium. The material was then cycled at various charging rates
from C/20 to C/5 (Figure 5.10.). The discharge curves have the representative shape of a
vanadium pentoxide xerogel as previously reported by Livage with a gradual slope and slight
knee at faster rates.*® At a rate of C/20, the specific capacity of the gel was 100 mAh/g, 70% of
the theoretical capacity of V20s with one electron redox. Previous work using V20s aerogels
have shown higher than one electron redox with higher specific capacities, which is attributed to

capacitive contributions due to the aerogel materials having higher surface areas on the order of

200-400 m?/g instead of about 90m?/g of sample H.'4-!7
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Figure 5.10. (a) Fifth cycle discharge capacity and (b) specific capacity by cycle at rates of C/20,
C/15, C/10, and C/5. All data shown is in a coin-cell with sample H in a half-cell arrangement;

the electrolyte used was 1M LiClO4 in [EMI][TFSI].

The capacities at higher scan rates of C/15 and C/10 do show a leveling off of the
capacity per cycle and an overall improved coulombic efficiency. The decrease observed at C/5
can most likely be attributed to the discontinuous pore structure of the vanadium gels leading to
localized current hotspots, commonly reported in 3D architectures, leading to inconsistent
charging and discharging. Because of the complexity of the pore structure, with fractal
dimensions between 2.4-2.6 and their discontinuity, some of the open V205 volume is
inaccessible at faster charging rates.”® The capacity levels off at C/15 and C/10 because of the
finite volume of the V205 gel being utilized. The voltage window was also shortened from 1.5-
4V to 1.5-3.5V (versus Li/Li") because there was an irreversible reaction happening between 3.5-

4V. While some of the capacity is lost by shortening the voltage window, the capacity was
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decreasing more than 50% during cycling at the slowest charging rate with the expanded voltage

window.
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Figure 5.11. (a) Cyclic Voltammogram of a vanadium ionogel (sample 4H); and (b) calculated

capacity for a vanadium ionogel, a vanadium dry gel, and a tape cast gel in a flooded three neck
using 1M LiClO4 in PC at scan rates of 0.1mV/s, 0.2mV/s, 0.5mV/s, and ImV/s. The two peaks
marked on the cyclic voltammogram were analyzed with b-value analysis for values of 0.74 and

0.73 on the oxidation and reduction scans respectively.

Cyclic voltammetry (CV) was done on the vanadium ionogel, vanadium dry gel and a
tape cast vanadium gel. The tape cast gel was made by creating a suspension of crushed dry
vanadium gel and recasting it using the traditional tape cast method on an aluminum foil current
collector. In the CV experiment, the relationship of current response to sweep rate can be used to

determine the dominating charge storage mechanism by a power-law relationship:

i(v) = av® (Eqn. 5.9)
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here, a is a constant, v the scan rate, and b the power-law exponent. The b-value can be
determined by graphing the log of the peak current versus the log of the scan rate for both
reduction and oxidation scans.*” The 5#=0.5 value is indicative of a diffusion controlled process
and is representative of the charge storage mechanism in battery-like materials. For a b-value of
b=1, this is representative of capacitive storage or surface-controlled mechanism as seen in
pseudocapacitive materials.*’ For the anodic and cathodic sweeps of the vanadium ionogel 4H,
the b-value was 0.74 and 0.73 respectively suggesting a mixed storage mechanism of diffusion
and surface controlled. The specific capacity as a function of scan rate is comparable for all three
vanadium gels- the ionogel, dry gel, and tape cast gel. Thus, the capacity is not largely affected
by the infiltration of the ILE. This suggests that there is no negative impact on the
electrochemical properties of the vanadium gel regardless of whether it is infiltrated with

electrolyte or not, which is important for device development.
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Figure 5.12. (a)Comparison of Nyquist Impedance for neat ILE, free standing ionogel and an

ionogel drop cast on sample H that was not infiltrated with ILE during solvent exchange (No
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Infiltration), was infiltrated with ILE after drying from heptane (Post Infiltration), and was
infiltrated with ILE during solvent exchange (Pre Infiltration). (b) Nyquist impedance for a free
standing ionogel, vanadium ionogel/silica ionogel (Pre Infiltration in (a)), and vanadium ionogel
(sample 4H). The ILE used for all samples is [EMI][TFSI]. A simulated fit for the best

representative circuit is shown for all samples.

To create the graded vanadium interface, the vanadium gels (both ionogel and dry gels)
had an ionogel deposited on the porous cathode surface via drop-casting. The gels were aged,
and then electrochemical impedance spectroscopy measurements were done on a freestanding
ionogel, the graded dry gel/ionogel (no infiltration), a infiltrated dry gel/ionogel (post
infiltration), and a vanadium ionogel/ionogel system. The EIS measurements were done at room
temperature and the Nyquist impedance with its simulated circuit is shown in Figure 5.12. The
highest calculated conductivities were for the neat ILE and free standing gel. The free standing
silica ionogel has a measured ionic conductivity of 5.24x10-* S/cm, one order of magnitude less

than the reported ionic conductivity of unconfined [EMIM][TFSI] (5.60x102 S/cm).’
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Table 5.3. Resistance and conductivity of vanadium/silica ionogel samples.

Neat ILE 38.6 5.60E-02

Free Standing Gel 121.6 5.24E-03
No Infiltration 228.8 2.23E-03
Post- Drying Infiltration 227.3 2.26E-03
Pre-Infiltration 286.3 3.11E-03

The addition of the silica ionogel did improve the conductivity of the dry gel with and
without infiltration. The vanadium that was infiltrated with electrolyte post drying has almost the
same conductivity as the vanadium that was not infiltrated with the electrolyte at all when tested
with the silica ionogel. Because these vanadium dry gel layers can be made thinner, they are
more brittle, and the dominating part of the conductivity here can be attributed to the ionogel. On
the other hand, the pre-infiltrated gel had the highest conductivity in the graded vanadium
ionogel/silica ionogel system at 3.11x10-3S/cm. The pre-infiltrated system did have a small
increase in the measured resistance after the addition of the ionogel of about 200(). The initial
measured resistances of the vanadium ionogel and the silica ionogel on their own were 65Q and
1100, respectively. All measured resistances and conductivities are reported in Table 5.3. Full
cells were assembled with and without the use of the silica ionogel as the pseudo-solid
electrolyte and separator. Charging and discharging experiments were done on these two full
devices at a variety of different current densities ranging from 0.1mA/cm? to 1.0mA/cm?, and
within the voltage range of 1.5V to 3.5V. The exchange current was calculated by using the

Butler-Volmer relationship between overpotential and current.>*? Similar exchange currents of
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58.1 + 3.1 uA and 55.3 + 3.9 uA were observed for both the vanadium ionogel were observed
for both the vanadium ionogel with or without the silica ionogel protection layer, suggesting the

electrode/electrolyte interface isn’t affected changed with the addition of the ionogel.
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Figure 5.13. The charge/discharge experiments of V20—5 half-cell (a) without and (b) with

ionogel, and the (¢) calculated exchange current density.

Chapter 5.4. Conclusion

In this chapter, sol-gel processing was successfully used to demonstrate a vanadium
pentoxide gel as an infiltrated cathode or catholyte. Modifying the parameters used in the sol-gel
process — aging, composition, and pH, changed the resulting microstructure of the gels. For gels
where aging time was increased, the available surface area measured by nitrogen porosimetry
decreased. Increasing pH, improved condensation of the gel network, resulting in stiffer gels
with higher measured surface areas. Lastly, when modifying composition, increasing the molar
ratio of acetone increases the total available surface area leading to improvements in measured
conductivity for both dry vanadium gels and vanadium ionogels. Key results are reported in

Tables 5.1 and 5.2. Vanadium gels were then successfully infiltrated with ionic liquid electrolyte,
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and it was determined based on the cyclic voltammetry data that the infiltrated electrolyte does
not affect the chemical properties of the gel. Lastly a silica ionogel, pseudo-solid electrolyte was
used to coat the vanadium ionogel and create a graded electrode/electrolyte interface. EIS
measurements show minimal increase in resistance across the electrode/electrolyte interface and
full device integration shows successful charging and discharging with the porous
electrode/electrolyte system. This work shows a promising development of using an ionically

conductive porous network as an infiltrated cathode in a pseudo-solid state battery system.
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Chapter 6. Conclusions

The projected continued growth of the Internet of Things and the miniaturization of
consumer electronics have driven the development of current battery and micro-battery
technology. While progress has been made in optimizing micro-power sources, specifically
micro-batteries, there are limits to the improvements due to the constraints of the current device
designs, specifically at the electrodes. The use of non-planar electrodes to create 3D batteries has
shown improvements in energy and power density, however traditional microfabrication
techniques are expensive and during device integration there are issues with aspects such as
electrode alignment. To address these issues, the work here uses two different methods to create
non-planar electrodes, alongside a solution processable pseudo-solid ionogel electrolyte to create
2.5D devices. With the 2.5D device, the one multidimensional electrode increases the
electrode/electrolyte interface, and the planar electrode eliminates the need for an alignment step
in device integration helping with ease of manufacturing.

Direct Ink Writing (DIW), a material accessible and affordable additive manufacturing
process compared to other traditional microfabrication techniques, was used to develop a 3D
lattice architecture. Here the role of architecture and loading of active material was studied by
modifying various aspects of the lattice architecture such as lattice spacing, thickness, and aspect
ratio. The results for both the half-cell arrangement and full 2.5D device show that although
increasing geometric features such as areal enhancement factor are essential to the improvement
of device metrics, there are limitations depending on the ink and its resolution of pitch spacing
and achievable aspect ratio. The ability to identify architectural parameters that can be modified
in order to achieve high areal capacities is important for improving upon current micro-batteries.

A summary of electrochemical performances appears in Table 3.3. The electrode results are

121



generally comparable to other multidimensional devices. The performance of these devices also
establishes that using DIW in the fabrication of 3D battery designs with solid state architectures
offers a promising direction for battery technology.

The next chapter more closely studied the building blocks that made up the larger lattice
architectures to understand where there might be areas of higher resistance or improved
conductivity. It was determined that with the DIW process, due to the thixotropic characteristics
of the ink, having a constant flow of ink is important to achieve uniformity of the electrodes and
leads to improvements with areal capacity, capacity retention and interfacial resistance. This is
demonstrated by the results of the layer structure versus the other architectures, where the layer
structure was the only one that used a continuous ink flow and spanned the allocated areal
footprint. This point is especially significant when increasing height or aspect ratio of a printed
architecture, that the layers should be connected. This will be a key area of consideration in
optimizing not only the lattice design but for projects that want to utilize two multidimensional
electrodes for a 3D micro-battery instead of the one for a 2.5D battery.

The other studied fabrication technique was the use of sol-gel processing to demonstrate
a cathode of vanadium pentoxide ionogel. This is a vanadium pentoxide ambigel infiltrated with
a conducting medium similar to the concept of a silica ionogel typically used as an electrolyte.
Various parameters of the sol-gel process were modified, and the resulting gel structures were
characterized to determine what the key conditions were to develop this aperiodic spongelike
structure. Key results are reported in tables 5.1 and 5.2. A significant finding was that the
infiltration of ionic liquid does not affect the electrochemical properties of the gel. The vanadium
ionogels were used alongside a silica ionogel electrolyte to create a graded electrode/electrolyte

interface and low resistances were measured across the interface. This work shows a promising
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development of using an ionically conductive porous network as an infiltrated cathode in a
pseudo-solid state battery system. Further work should be continued on device development,
optimization of the ionogel electrolyte and the stability of the vanadium ionogel pore structure.
The goal of this work was to show multiple avenues of fabrication to make
multidimensional electrodes for improved micro-battery performance. The initial reported results
in chapters 3 and 4 show comparable electrode performance to other multidimensional devices
and the device integration leaves room for additional optimization to improve battery life.
Chapter 5, shows the proof of concept for a graded electrode/electrolyte system with vanadium
and silica ionogels. Being able to demonstrate even initial device integration is important for the
future development of pseudo-solid battery systems. While the stated goal of this work was
achieved, there is still future work that needs to be done to further optimize the energy and power
density, especially for the vanadium system, and achieving appropriate device performance for

integration with IoT technology.
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