Towards Thick Battery Electrodes and Interdigitated
Cell Architectures Via Micro-structured Carbon
Nanotube Forests
by
Richard Bertram Church

B. Eng, McGill University (2016)
M. Eng, McGill University (2018)

Submitted to the Department of Materials Science and Engineering in partial fulfillment of the
requirements of the degree of

Doctorate of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
September 2023
© 2023 Richard Bertram Church. All rights reserved.

The author hereby grants to MIT a nonexclusive, worldwide, irrevocable, royalty-free license to
exercise any and all rights under copyright, including to reproduce, preserve, distribute and
publicly display copies of the thesis, or release the thesis under an open-access license.

Authored By: Richard Bertram Church
Department of Materials Science and Engineering
August 18, 2023

Certified by: Anastasios John Hart
Professor of Mechanical Engineering
Thesis Supervisor

Certified by: Carl V. Thompson
Professor of Materials Science and Engineering
Thesis Reader

Accepted by: Robert J. Macfarlane
Associate Professor of Materials Science and Engineering
Chair of the Departmental Committee on Graduate Studies



THIS PAGE IS LEFT INTENTIONALLY BLANK



Towards Thick Battery Electrodes and Interdigitated Cell
Architectures Via Micro-structured Carbon Nanotube Forests

by
Richard Bertram Church

Submitted to the Department of Materials Science and Engineering on August 18, 2023 in partial
fulfillment of the requirements for the degree of Doctorate of Philosophy

Abstract

The growing demand for electric vehicles and portable electronics has created a significant
interest in the scalability, recyclability, and economics of both traditional and emerging battery
technologies. Although lithium-ion batteries (LiB) are approaching their theoretical energy density
they will remain a widespread and promising technology as alternative (e.g., Li-metal) chemistries
and solid-state architectures are still in relatively early stages of commercial scale-up. In the
meantime, LiB performance can be improved by redesigning the cell geometry to incorporate thick
3D electrodes. Using thick electrodes increases the cell level energy density by minimizing the
volume and mass contributions of inactive components, including the current collectors and
separator. However, batteries with thick planar electrodes suffer from capacity limitations due to
increased mechanical fatigue, Li-ion diffusion distances, and tortuosity. 3D electrode designs
compensate for this weakness by providing micro-scale channels within the electrode to enable
rapid charge transport and accommodate active material expansion. To meet these criteria, the
materials used in 3D electrodes must be mechanically robust, electrically conductive, and
processable in a manner enabling precise control over geometry and porosity.

In this thesis we first develop thick 3D “honeycomb” battery electrodes using patterned,
vertically aligned carbon nanotubes (VA-CNTs) on metal foils as current collectors. We translate
insights from CNT growth on silicon wafer substrates to grow CNT forests over 250 pum tall on
thin metal foils (Cu) that are suitable for electrode fabrication. Thick electrodes are then created
by coating CNT forests with Si thin films by low pressure chemical vapor deposition. Half-cells
using monolithic and honeycomb patterned Si-CNT electrodes were cycled over a range of current
densities, demonstrating the electronic connection between the deposited Si and Cu foil via the
aligned CNTs. The honeycomb electrodes exhibit large gravimetric (~1750 mAh/gs;) and areal
(~20 mAh/cm?) capacities, and exhibit reduced capacity fading when compared to non-patterned
electrodes.

Next, the Si-CNT composites are investigated as a template for a 3D full cell design,
Geometrically, compared to a planar electrode of a given energy density, the decreased diffusion
distance of a 3D cell results in an improvement in power density, thereby decoupling the inherent
tradeoff between the energy density and power density that is experienced by planar cells. The
difficulty of producing 3D full cells comes from the need to produce high conformality electrolyte
films that are pinhole free and which demonstrate sufficient ionic conductivity. To address this
issue, we utilize an initiated chemical vapor deposition (iCVD) process to deposit conformal
poly(hydroxyethyl methacrylate-co-ethylene glycol diacrylate) thin films on to the patterned Si-



CNT composites. Doping these copolymer films with lithium salts results in ionic conductivities
on the order of ~10” S/cm, which is among the highest conductivities exhibited by conformal
electrolyte technologies. To complete a full battery cell, a slurry-based cathode is infiltrated into
the iCVD coated Si-CNT composite electrode. These cells are then soaked in a liquid electrolyte
and cycled to demonstrate the first-time use of an iCVD polymer electrolyte in a full cell and a
proof-of-concept CNT-based 3D full cell. Lastly, a 2D finite element simulation is presented to
predict the theoretical energy and power densities of idealized interdigitated CNT-based full cells.
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Chapter 1- Introduction
1.1 Lithium-Ion Batteries: Interest and State of the Art

Today’s society faces a challenging issue in meeting the world’s increasing energy
demands in a sustainable and efficient manner. The current energy economy is largely dependent
on fossil fuels, which are non-renewable and have significant concerns over their negative effect
on environmental issues, such as climate change and air pollution [1]. While clean energy sources,
such as solar and wind, have seen significant development over recent years a significant hurdle
is the efficient integration of energy storage for transportation and small-scale personal devices
[1], [2]. Electrochemical energy storage in rechargeable batteries has emerged as a feasible
solution, and has seen significant research in the market for portable electronic devices (cell
phones, laptops, tablets, etc.) and in electric vehicle (EV) development [1], [2]. Similarly, the
developmental surge in microelectromechanical (MEMS) circuits has created a niche for thin film
micro batteries that are < 10 um thick to power these autonomous microsystems, with applications

ranging from medical implants to sensing and communication [3], [4].
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Figure 1.1: A) Specific and volumetric energy density comparisons for various battery technologies. Reproduced with
permission [2]. Copyright 2001, Springer Nature. B) LiB cell level sales from 2000 to 2016. Reproduced with
permission [1]. Copyright 2017, Springer Nature.
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The amount of electrical energy per unit weight (specific energy density, Wh kg!) or per
unit volume (volumetric energy density, Wh L!) is an important characteristic in determining
battery suitability for powering devices and is determined by the cell potential (V), active material
capacity (mAh kg!) and active material amount [2]. Figure 1.1A compares the energy densities of
various electrochemical storage chemistries that were available as the global society started to
become more mobile and information-rich in 2001. In the 20 years since, the development and
implementation of these different chemistries has been a product of their associated energy
densities, with one technology emerging as a favorite. Of the technologies in Figure 1.1A, Pb-acid
(20-40 Wh kg!), Ni-Cd (20-50 Wh kg!) and Ni-Metal Hydride (Ni-MH, 70-100 Wh kg'!) see
limited use [1], [2]. For example Pb-acid systems are restricted mainly to ignition in automobiles
and Ni-Cd are used in high-power applications like power tools [2]. Due to their high energy

density Li-based batteries are seen as superior to these other electrochemical systems, Figure 1.1B
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shows the significant increase in LiB sale between 2000 and 2016 that resulted from the creation
of additional markets in personal electronics and EV [1]. Today LiB account for ~63% of

worldwide battery sales and have an estimated $213.5 billion global market [6].

Table 1.1: Components and approximate make-up for commercially available LiB cell.

Positive electrode ~20-85
Material Charge Capacity (mAh g!) Electrode Weight Percent (%)
Transition metal oxide (e.g., LCO, NCA or
NMQ) ~125-225 ~80-90
Conductive additive (e.g., carbon black)
and binder (e.g., polyvinylidene fluoride 0 ~10-20
(PVDF))
Negative electrode ~20-65
Material Charge Capacity (mAh g!) Electrode Weight Percent (%)
Graphite 372 ~90-95
Si 3600 ~0-5
Binder (e.g., PVDF 0 ~5
Inactive Battery Components
Material Charge Capacity (mAh g!) Thickness (um)
Organic solvent electrolyte (e.g., | M
LiPFs in 1:1 ethylene carbonate:dimethyl 0 -
carbonate)
Separator (e.g., polyethylene or 0 25
polypropylene)
Negative electrode current collector (Cu) 0 9
Positive electrode current collector (Al) 0 15

A typical LiB cell (Figure 1.2A), is comprised of a porous graphite negative electrode and
porous LiCoO; (LCO), or other transition metal oxide (LiNixCoyAl,O>-NCA or LiNi,MnyCo,0;-
NMC), positive electrode infiltrated by a liquid organic electrolyte and separated by a separator
membrane [1], [5], [7], [8]. In order to maintain electrical and mechanical integrity the active
materials in each electrode are supplemented with conductive additives and organic binders. The
negative and positive electrodes are connected to current collectors to complete the circuit [7]. A
breakdown of typical LiB composition and dimensions are available in Table 1.1. During discharge
electrical power is generated when Li" ions, via the electrolyte, and electrons, via the external
circuit, spontaneously move from the negative to positive electrode. During charging, this process

is reversed by an applied external voltage. The voltage across the cell is determined by the active
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materials used and is typically in the ~3.5-3.8 V range for commercial LiB [1], [2], [6], [8]. Typical
commercial LiB cells (Figure 1.2B through D) are made by slurry casting the active materials onto
metal foils and then rolling or folding the layers into the desired geometry [2], [7]. These designs
are inexpensive to manufacture and a state-of the art cell (Samsung ICR18650-32A LiCo0.) has

an energy density of approximately 270 Wh kg™ (~720 Wh L) at the cellular level and is rated

for 300 cycles [7], [9].
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Figure 1.3: A) Energy density of standard LiB from 1990 to 2015. Reproduced with permission [10]. Copyright 2016,
Springer Nature. B) Updated 2017 comparison of volumetric and specific energy densities for various Li-based battery
technologies. Reproduced with permission [1]. Copyright 2017, Springer Nature.

1.2 Issues Limiting LiB Implementation and Performance

Due in large part to materials development and innovation, the specific (~80 = ~300 Wh
kg!) and volumetric (~200 = ~700 Wh L!) LiB energy densities have tripled since the initial LiB
production by Sony in the early 1990’s [1]. Despite this impressive improvement, the current LiB
configuration is close to reaching its theoretical maximum energy densities (Figure 1.3A) [1], [6],
[7]. Despite having a larger capacity compared to other electrochemical systems, LiB have
historically had difficulty keep up with the increased energy demands in both the EV and
microbattery fields. While modern EVs have mostly overcome the “range anxiety” of previous

models, and there numerous EVs with a range over 200 miles on a single charge, the energy density
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of LiB still lacks far behind conventional fossil fuel sources [7], [11]-[13]. To address these
problems the United States Advanced Battery Consortium set a goal to achieve 350 Wh kg!
specific energy density and 300 W kg! peak specific power at the cellular level by 2020 [14]. It
should be noted that this goal does not include other aspects required for system level integration,
such as packaging, controls and thermal management. Outside of EV, LiB also have difficulty
meeting applications that require high energy and power storage density due to their small size.
This includes medical implants, microsensors and micro-electromechanical systems (MEMS) [3],
[4]. These devices require rechargeable batteries where all components are compacted into a 1-10
mm? volume [4]. In fact, it is not uncommon in MEMS systems for the battery to be several times
larger than that of the device [3]. In both EV and MEMS applications it is necessary to find ways
to increase the energy and power density of the devices that power them, thereby decreasing

battery’s the mass, volume and surface area contribution to the system.
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Figure 1.4: Schematic representations of cells for various Li-based electrochemical cells. Modified with permission
[15]. Copyright 2012, Springer Nature.
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In the quest to improve cellular energy density, a significant amount of research is devoted
towards developing systems with Li-metal as the negative electrode. Li-metal regarded as the
“Holy Grail” negative electrode, as it has a large charge capacity (~3860 mAh g') and low
electrochemical potential (-3.040 V vs. the standard hydrogen electrode) [1], [6], [16]. Several
potential Li-metal systems are under development and may exhibit superior energy densities
compared to current LiB (Figure 1.1A and Figure 1.3B) [1], [15]. These include the classic Li-
metal system, where the LiB’s graphitic negative electrode is replaced with Li-metal, and Li-O»
and Li-S systems where the transition metal oxide active material in the cathode is replaced with
O: or S respectively (Figure 1.4) [1], [15]. Despite intensive research these technologies are still
several years away from commercialization, as several issues plague Li-metal anode

implementation (Figure 1.5A).
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Figure 1.5: A) Schematic of difficulties facing Li-metal battery operation. Reproduced with permission [6]. Copyright
2017, American Chemical Society B) Dendrite formation on bare Li foil after cycling observed using SEM.
Reproduced with permission [17]. Copyright 2018, Elsevier. C) Schematic of Li dendrite growth in Li-metal battery
causing short circuit. Reproduced with permission [16]. Copyright 2016, Royal Society of Chemistry.

The most dangerous obstacle is the potential for short circuiting due to dendrite formation
and growth. During repeated cycling scanning electron microscopy (SEM) images show the Li
dendritic fingers grow away from the negative electrode (Figure 1.5B), easily penetrating through
the liquid electrolyte and porous polymeric separator. Eventually some dendrites will make
physical contact with the positive electrode, forming an electrical contact between the cell’s two

electrodes (Figure 1.5C). This provides a low resistance path for electron transport, eliminating
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electron flow through the external circuit, and leads to high self-discharge currents. This self-
discharge is typically accompanied by thermal runaway, which ignites the flammable organic
liquid electrolyte, causing dangerous fires and explosions [6], [7], [16]. In fact the volatility of
traditional Li-metal batteries due to dendrite formation was a significant reason research originally
moved away from Li-metal systems and towards intercalation based LiBs [1], [7]. Until a solution
to the dendrite problem is achieved, Li-metal batteries remain too dangerous for wide scale

implementation and consumer use.

1.3 Optimizing LiB Energy Density, Safety and Performance

1.3.1 Higher Capacity Active Materials

Another pathway, and one that avoids Li-metal anodes, towards high energy density cells
is to further improve and optimize the geometry and materials selection for LiB systems (Figure
1.3B). The simplest way to do this is to introduce active materials that either increase the LiB’s
operating voltage or have increased specific charge capacities [1], [8]. For increased operating
voltage, research has been performed on using high voltage intercalation positive electrode
materials, such as LiMn>O4 or LiC0,04, that increase the operating to > 4.0 V (Figure 1.6A). For
increased capacity significant work has focused on introducing conversion positive and negative
electrodes. For example, negative conversion electrodes (Figure 1.6B), have large specific
capacities when compared to graphite (~372 mAh g!'). Of the conversion electrodes Si is readily
abundant, cheap and exhibits an impressive~3600-4200 mAh g! specific capacity. However,
during cycling Si suffers from a 250-300% volume changes [8], [18]. As a result, Si electrodes
suffer a significant capacity fading issue, as particle pulverization or thin film delamination leads
to active material loss upon repeated cycling (Figure 1.6C) [18], [19]. Finding ways to integrate

these high-capacity materials, such as Si, will be integral to improving cell level energy density.
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capacity for anode materials. Reproduced with permission [8]. Copyright 2015, Elsevier. C) Failure mechanisms
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1.3.2 Solid State Electrolytes

Another method to improve cell level energy density is to eliminate or minimize the
number of inactive components in the cell [7]. One avenue is to introduce a solid state electrolyte
(SSE), that eliminates the need for the liquid electrolyte and separator combination found in a
conventional LiB and creates a solid state battery (SSB) [1], [20]. Generally, SSEs can be grouped
into oxides and nitrides, sulfides or solid polymers by their representative composition. Due to the
inclusion of a liquid organic phase gel polymer electrolytes are not considered to be SSEs but offer
an intermediary between SSEs and liquid electrolytes. Table 1.2 outlines some common
electrolytes types that belong to each SSE class and gives a representative composition for each
[21]-[25]. As previously mentioned, the organic solvents used in LiB are highly flammable, and

thermal runaway leads to rapidly developing fires and eventually explosions [6], [7], [16]. This
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makes building large volume cells difficult, as it increases the combustible material volume and
lowers heat dissipation [20]. Using an inert, non-flammable SSE will allow for the fabrication of
safer batteries on a larger scale. One potential drawback to SSE implementation is that certain
oxide and sulfide SSE, such as garnet (LLZO), LPS and LATP in Figure 1.7A, have larger densities
than conventional liquid electrolytes. In these cases the electrolyte layer must be fabricated beneath

a certain “break even” thickness to prevent any loss in specific energy density [26].

Table 1.2: Common SSEs by designation as oxide/nitride, sulfide or solid polymer and representative compositions.

Classification Abbreviation Representative Composition
Perovskite-type LLTO LizLay3TiO3
. . . Liz0X
Anti-perovskites LiRAP X=Cl, Br, I
Lithium super ionic conductor LISICON Lir0xZn;GeOy
LATP: Li1+xAlei2.x(PO4)3
Sodium super ionic conductor-like NASICON-like LAGP: Lij+xAliGer.«(PO4)3
LisLnsM2012
M= Te, W
Garnet-type LLZO Ln=Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu
Lithium phosphorous oxynitride LiPON Li,POyN,
LiN}-iiiie LiN3 LiN3
Classification Abbreviation Representative Composition
Thiolated lithium super ionic conductor Thio- LISICON Lis.xGe1xPxS4
Li;oMP3S12
i LPS/LGPS M=Ge, Si, Sn, AL P
. LiPSsX
Argryodites - X=CL, Br, I
Solid Polymers
Classification Common Example Repeat Unit
Polyethers Poly(ethylene oxide) (PEO) H{'Ovﬁ\o _H
n

In addition to offering improved cell safety and removing the separator material, SSB may
operate at power densities higher than traditional LiB. LiB power density is limited by a number
of factors during operation. In addition to Li* ions, anions are also mobile in liquid electrolyte
(most liquid electrolytes have a transference number under 0.5) and operation at high current

density leads to diffusion limitations resulting concentration gradient formation in the electrolyte.
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Liquid electrolytes are also limited due to desolvation steps that occur before Li* can be

intercalated into the electrode. These desolvation steps have high activation energies and limit the

electrode reaction kinetics [20]. Some SSE are free from these limitations as negative charges are

immobilized within the solid framework, which is also free from solvation.
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Figure 1.7: A) Densities of several liquid electrolytes and SSEs. Reproduced with permission [1]. Copyright 2017,
Springer Nature. B) Ionic conductivity as a function of temperature for potential SSE. Reproduced plot and data taken
with permission from [10], [24], [27]. Plot copyright 2016, Springer Nature. C) Energy diagram of the electrolyte
interface with the positive and negative electrodes. Reproduced with permission [28]. Copyright 2019, American
Chemical Society. D) ESW for various SSEs.
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In order for this potential to be met SSE should possess ionic conductivities on par with
liquid electrolytes. In Eq. 1.1 the ionic resistance (R) is a function of electrolyte thickness (L),
electrode-electrolyte contact area (A4) and the ionic conductivity (o) [29]. The ionic resistance is
inversely proportional to ionic conductivity so, assuming cell geometry and SSE thickness remain
constant, the Ohmic losses are mitigated by increasing ionic conductivity. Organic electrolytes
containing Li-salts exhibit conductivities on the order of 103 to 102 S ¢cm™. Due to their larger
transference number, at a minimum, SSE should exhibit ionic conductivities on the order 10 to
103 S cm™! to be considered for study in a SSB [20], [25]. Achieving this level of conductivity has
been a challenge for SSEs of all types, and it is not uncommon for ionic conductivity to vary by
orders of magnitude as ion valency and size, conduction mechanism, electrolyte composition,
crystal structure and operating temperature are varied [24].

Ion conduction in crystalline ceramic electrolytes is governed by Arrhenius-type behavior
(Eq. 1.2), where the pre-exponential factor (g,) represents the number of charge carriers and
temperature (7). The Boltzmann constant (k) and the diffusion activation energy (E4) also
influence conductivity [24]. The most straightforward way to improve ionic conductivity of a
ceramic electrolyte is to increase temperature or to decrease the activation energy, which is
associated with ion-hopping between lattice sites. However, glass ceramics and solid polymer
electrolytes do not exhibit this Arrhenius behavior above their glass transition temperature, as ion
motion is more closely linked to long-range motions in the SSE matrix. Instead, conductivity is
better described using the glass transition temperature (75) via the Vogel-Tammann-Fulcher (VTF)
equation (Eq. 1.3). Here the ionic conductivity is expressed a function of temperature (7), a
pseduoactivation energy for conductivity (B) and a reference temperature (75) that is 10-50 K

below the glass transition temperature [24]. It is worth nothing that liquid electrolytes follow the
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same behavior. Similar to crystal ceramics, the ionic conductivity for glass electrolytes can be
increased by increasing temperature or by decreasing the glass transition temperature. The
Arrhenius (straight lines) and VTF (curved lines) behavior for various electrolytes is observable
in Figure 1.7B, with the conductivity of each material changing by several orders of magnitude as
temperature is varied. As ionic conductivity is strongly influenced by temperature it is important
to compare the ionic conductivity of the materials at the cell operating temperature. This is usually

taken to be at ambient temperature (~298-300 K).

Table 1.3: Summary of important properties for various SSE classes.

Oxides Sulfides Solid Polymers
Tonic Conductivity (S cm™) 107to 10 103 to 102 10%to 10
Varlgs, typ_waHy stable Poor, not stable against Li- Stable against both_ Ll-
ESW against Li-metal OR o metal and most positive
o metal or positive electrode
positive electrode electrodes
Density (g cm™) 3-5 2-3 1-1.5
Modulus (GPa) > 100 ~20 <0.2
. o Degrades with moisture or Unstable in contact with
e ] CO, contact moisture, H>S production Stable and safe
Expensive and difficult to . S Already 1ndustr1ally
- . Expensive and requires inert produced in other
Cost and Processability produce at required . . .
) atmosphere production industries and cheaper
thickness . :
than liquid alternative

While ionic conductivity is important it is not the only parameter that defines a material’s
ability to be utilized as a solid electrolyte. The electrochemical stability window (ESW) is an
important parameter in determining whether an SSE is stable against the negative and positive
electrodes. As shown in Figure 1.7C, the ESW is determined by the SSE’s reduction and oxidation
potentials. These are respectively governed by the conduction band maximum (CBM) and valence
band minimum (VBM) energy levels. Promising SSEs should have a large ESW. To meet this

criteria the energy gap between the CBM and VBM must exceed the energy difference between

34



the negative (u4) and positive (uc) electrodes, the CBM should be greater than x4 and the VBM
should be lower than uc[28], [30]. If the CBM energy level drops below p4 then the SSE at the
negative electrode will be reduced by the active material. Similarly, if the VBM maximum rises
above uc then the SSE at the positive electrode will be oxidized by the active material. These
unwanted, parasitic reactions result in the formation of solid electrolyte interphase (SEI) layers
that consume active material and may be impassible to Li transport, significantly lowering cell
lifetime and capacity. For operation in a LiB an ideal SSE possess an ESW that stretches from just
above 0 V vs. Li/Li* to ~4.3 V vs. Li/Li". This would ensure the SSE is stable and does not react
with either the positive or negative electrode. The electrochemical stability windows for a variety
of SSE are plotted in Figure 1.7D. The values in Figure 1.7D have been compiled from a variety
of experimental results and first principal calculations [25], [28], [30]-[32].

A comparison between the oxide and nitride, sulfide and polymer SSE for the properties
discussed above and several other important parameters is summarized in Table 1.3. Oxides, such
as LLZO, generally have sufficient ionic conductivity, relatively large ESW and a high Young’s
modulus but have high densities, contain expensive elements and are difficult to process with
conventional techniques. Sulfides have the best ionic conductivity and acceptable mechanical
properties, but HoS off gassing and low ESW present a large challenge. Both oxides and sulfides
face uncertain financial situations, as the production cost far exceeds the cost of state of the art
LIB [26], [33]. Certain polymers have high stability windows are arguably most compatible with
industrial scale processing, but are limited by their low ionic conductivity and mechanical
properties. In general, SSEs suffer from poor interfacial adhesion at the electrodes during cycling,

and surface engineering of this interface is an active research field. The discovery of a easily
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processible oxide, stable sulfide or polymer with improved ionic conductivity would become an
immediate front runner in the race for a commercially viable SSE [7], [26].
1.3.3 Thick Electrodes and 3D Full Cells

As previously mentioned, and shown in Figure 1.2, LiB are fabricated with a 2D geometry
consisting of planar electrodes on either side of a separator membrane. A simple strategy to
increase a cell’s energy density is to try and minimize inactive material content [7]. These inactive
materials do not directly contribute to the device’s charge capacity and include current collectors,
electrolyte, separator and other additives Figure 1.2. Short of removing these inactive components
the simplest way to minimize their contribution is to increase electrode thickness (Eq. 1.4, Figure
1.8), indicating that energy density (Ep) is proportional to electrode thickness (Lr) [4].

Ep o« Ly (Eq.1.4)
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LE
Conventional design Thick electrode design
£ 10 pm/
5 s £
e - Ny <y =
1— £ 1 T §
& - 3
o
< 15 ym
_ ————— * v
Al foil = Cu foil Cathode Anode Separator

Figure 1.8: Schematic demonstrating how thick electrode cells minimize the contributions of inactive components
(current collectors and separators) when compared to conventional designs. Reproduced with permission [34].
Copyright 2019, Wiley-VCH.
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Figure 1.9: Schematic showing how slurry-based thick electrodes suffer from increased diffusion lengths due to their
high tortuosity and how 3D structing can mitigate this issue by providing Li-ion diffusion channels. Reproduced with
permission [34]. Copyright 2019, Wiley-VCH.

While increasing electrode thickness seems like a simple solution, it comes with a
significant limitation for both slurry-based and thin film electrodes. The high tortuosity of slurry-
based electrodes results in significant increases in the distance Li-ions must travel as the electrode
thickness is increased (Figure 1.9), which often results in inefficient active material utilization and
rate limitations [34]. Thin film planar batteries experience a similar issue, as the electrode
thickness increases power limitations will occur due to slow Li ion diffusion in solid materials (<
10-1% ¢cm? s7). The cell’s discharge time constant (t) can be estimated by using the Li* diffusion
coefficient (Dy;), electrode thickness and Fick’s laws. The result, Eg. 1.5, is that power density
(Pp) is inversely proportional to the square of electrode thickness [4]. While increasing electrode
thickness does indeed increase energy density, it also results in an inherent trade-off between
energy and power densities. Furthermore, increasing electrode thickness compromises the
electrodes’ mechanical integrity, as the active materials experience significant volumetric changes
during cycling; introducing mechanical fatigue that is a significant barrier to long-life operation

[3], [5]- As a result, thick electrodes often incorporate some degree of 3D patterning to provide
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channels for Li-ion diffusion and to accommodate active material expansion in the electrode
(Figure 1.9) [34], [35].

Despite these potential improvements 3D electrodes in a planar configuration still suffer
from increased diffusion distances as well as a reduction in active material due to increased
electrode porosity. One strategy is to abandon the planar designs of a standard LiB in Figure 1.2
and move towards batteries with 3D architectures, where the electrodes have active surface areas
exposed in three dimensions [4]. There are many possible 3D architectures, and some examples
from literature are presented in Figure 1.10A through Figure 1.10D. In all designs the two

electrodes are separated by a conformal thin film electrolyte.

A

E Planar Thin Film Solid State Battery

Electrolyte

C Increase Electrode Conformal Fabrication
Thickness in 3D Structure

Electrolyte —3%

Cell Footprint = A Cell Footprint = A
Internal Interface Area = A Internal Interface Area > A

Energy} Power " Energyf Power {4

Figure 1.10: Schematics for A) variations in 3D battery architectures including: B) interdigitated anode and cathode
rods, C) interdigitated anode and cathode plates, D) anode array surrounded by infiltrated cathode material and E)
gyroidal structure. All designs feature a conformal thin film electrolyte between the two active materials. Reproduced
with permission [36]. Copyright 2004, American Chemical Society. F) Shows the increase in interfacial area obtained
through a 3D design. Reproduced with permission [37]. Copyright 2018, American Chemical Society.

These 3D architectures allow for a higher surface area for the same volume and footprint

as the 2D electrode. As a result, a given active material volume can be distributed with a lower
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electrode feature thickness (Figure 1.10E). This increased surface area enables shorter Li* diffusion
distances for a given amount of active material and decouples the trade-off between energy and

power density inherent to planar designs [3], [4], [36], [38].
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Figure 1.11: Illustration of power and energy density trade-off experienced by planar battery structures. A well-built
interdigitated structure should overcome this trade-off and allow devices with high energy and power densities.

In their initial analysis for 3D battery structures Hart et al. compared a 2D planar battery
to a 3D interdigitated cylindrical array battery (Figure 1.10) of equal volume. Compared to the 3D
design the 2D battery has 70% lower surface area, a 350% larger diffusion distance and to achieve
an equal power density the 2D battery’s areal footprint would increase by over 300% [39]. These
significant size savings make 3D battery architectures a viable option for applications, such as EV
and MEMS, where minimizing battery size is required for optimized integration and high-level
performance. Furthermore, increasing interdigitated electrode length minimizes the mass and
volumetric contribution from dead materials (i.e. current collectors), and the decreased Ohmic drop
across thinner films allows 3D devices to truly achieve high energy and power density, overcoming
the energy-power trade-off illustrated in Figure 1.11 for planar batteries [38], [39]. It should be

noted that increasing the interdigitated electrode length will increase the electrode’s Ohmic
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resistance to a point where it offsets the increased capacity, making the ideal electrode thickness a

function of geometry and conductivity [39].

Electrolyte Cathode

Figure 1.12: Sample fabrication process for interdigitated 3D battery starting with A) nano-rod/nano-tube fabrication
followed by B) conformal electrolyte coating and C) bulk cathode infiltration. Reproduced with permission [3].
Copyright 2011, The Society.

Table 1.4: Make-up and performance of full-cell 3D batteries.

Negative
Electrode

Capacity
(mAh cm?)

3D Design Positive Electrode Electrolyte

Cycles

(LTI eyl Electrodeposited Spin-coated Mesocarbon
glass MoO,S polymer gel microbead slus 200 2
microchannels o electrolyte my
(LT Ly Thin film LiV,0s | Thin film Li,PO,N |  Thin film SnNj 100 2.6x 103
etched Si wafer
Interdigitated
electrodes on Solid honeycomb . 3
honeycomb LCO slurry Lio_}sLao_ssTiO3 L14Mn5012 slurry 3 73x10
electrolyte
Interdigitated Spin coated
electrodes on Si NCA slurry polymer gel Si pillars 100 0.5
pillars electrolyte
Gyroid on block Vapor/liquid Electropolymerized
co-polymer infiltrated S solid polymer Amorphous carbon 20 02

While 3D batteries offer promising electrochemical properties their complex geometries
require an involved fabrication process. Fabrication often begins with producing a single arrayed
electrode, Figure 1.12A. A majority of the literature has focused on such half-cell fabrication [3].
Traditional lithographic and thin film fabrication technologies offer the ability to synthesize many
geometries based on those presented in Figure 1.10 [39]. In addition to maintaining short diffusion

distances, there are several other advantages to patterning electrodes with nano or microscale
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features. These include increased number of active sites for electrode reactions resulting from
increased electrode-electrolyte contact area, improved mechanical properties; as low-dimensional
materials (such as nano-wires or nanotubes) have high mechanical strengths, and easily controlled
electrode porosities that can be designed to accommodate volumetric expansion in certain
dimensions [5]. Previous 3D half-cell configurations have been fabricated from Si nanowires [40],
ion etched Si trenches [41], active material coatings on metallic nanowires [42]-[46] and
pyrolyzed carbon posts [47], [48].

While half-cell capabilities have been well demonstrated there have been fewer attempts
to fabricate full-cell 3D batteries. The final two steps in Figure 1.12B and 1.12C pose significant
challenges. For example, the electrolyte coating must be conformal and pinhole free and allow for
sufficient Li* transport [3]. Lastly, active material needs to be infiltrated into the electrolyte coated
structure. This can be done by infiltrating a traditional slurry or through an additional thin film
coating step. A slurry should consist of an active material, electrolyte particles, conductive
additives and binder, and must wet, but not damage or dissolve, the electrolyte during infiltration.
In addition, the cast electrode packing density must be high to avoid any major voids in the 3D
structure. Slurry’s have successfully been infiltrated into 3D battery geometries with features sizes
of ~100 pum [3], [49], [50] while thin film 3D batteries have been deposited with features of ~100
nm [37], [51], [52]. The fabrication steps and performance of several Li-based 3D full-cells are
summarized in Table 1.4, with many outperforming their equivalent 2D planar battery [37], [49]-

[51], [53].
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1.4 Thesis Outline

1.4.1 Overview: Interdigitated 3D CNT Battery

As outlined above, the ideal material to template an interdigitated design should be
mechanically robust, electrically conductive, easily patterned at the microscale level, and porous
enough to support active material expansion and enable rapid transport kinetics. This thesis aims
to design, analyze, and fabricate a 3D full-cell by using patterned vertically aligned carbon
nanotube (CNT) forests with microscale features as the scaffold for full-cell development.

CNTs are known to have high thermal (3500 W m™! K'!) and electrical conductivities (10°
S m!) and can carry currents up to 10° A cm[54], [55]. In addition to their excellent electrical
conductivity CNT forests exhibit high mechanical strength and flexibility [54], [56], [57]. These
mechanical properties, coupled with their inherent high porosity, make vertically aligned CNTs an
ideal scaffold to support the large volumetric changes experienced by high energy density active
materials during cycling. Lasty, while wafer scale CNT growth is well understood and optimized,
works have demonstrated potential for roll-to-roll catalyst patterning [58] and CNT synthesis [57],
allowing for eventual integration into an industrial process; something that would be difficult for
the batch processes outlined in Table 1.4.

Importantly, CNT forests can be patterned via photolithography and grown using chemical
vapor deposition (CVD) [59]-[61], enabling precise definition of the electrode architecture in this
research. The proposed fabrication process for a structurally integrated micro-honeycomb CNT
battery is presented in Figure 1.13. Cell level fabrication is outlined in Steps 1 through 5. First,
(Step 1) Cu foils will be coated with a patterned catalyst stack that allows for vertically aligned
CNT growth. Then, (Step 2) tall and patterned CNT forests will be grown directly on Cu foil

substrates. These CNTs will serve as a scaffold to support the battery active material and facilitate
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electron transport from the active material to the current collector. Step 3 will utilize conventional
CVD processes to conformally coat the CNTs with silicon negative electrode material. This will
be followed by another coating step, where uniform polymer electrolyte will conformally coat the
Si-CNT forest composite (Step 4). The second electrode is then inserted (Step 5) by infiltrating a
cathode slurry, similar to the one used in a LiB, into the honeycomb’s holes. The cell is then

completed by capping the cast slurry with the appropriate Al current collector (Step 5).

1. Deposit and pattern catalyst 2. Grow tall CNT forest
thin film on Cu foil

Catalyst
Il B . [
Support Layers > 200 pm

3. Coat CNTs with active material 3.5 CNT thick electrode testing
(Si)

Plunger m=——p-

Spacer

Li Metal
Separator
Si-CNT t ~225 ym
Plunger me——p-
4. Deposit conformal polymer 5. Infiltrate slurry and assemble

electrolyte (iCVD) cell

Figure 1.13: Schematic for interdigitated CNT battery fabrication.

1.4.2 CNT Growth on Metal Foils
First synthesized in the 1980’s CNTs are cylinders consisting of one (single-wall, SWCNT)

or more (double to multi-wall, MWCNT) layers of rolled graphene with a length ranging from 100
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nm to several cm. The ideal CNT sheet consists of a hexagonal lattice of carbon atoms and CNTs
exhibit many of the superior mechanical and electrical properties exhibited by planar graphene.
Mechanically CNTs can exhibit an elastic modulus of ~1 TPa and a 100 GPa tensile strength. The
electronic properties depend on the angle between the tube axis edge and graphene lattice, and as
aresult SWCNTs can be either metallic or semi-conducting. Metallic SWCNTs and MWCNTs are
capable of carrying currents up to 10° A cm and exhibit high thermal conductivity (3500 W m"!
K1) [62], [63].

Despite their exceptional potential properties, there is significant difficulty in producing
CNTs with either sufficient lengths or in sufficient masses for practical applications on an
industrial scale. Important methods of producing CNTs include utilization of floating-catalyst
CVD systems, whereby the CNTs are produced in a plasma phase before being collected into solid
structures such as sheets and yarns, and the CVD (“growth”) of vertically aligned CNTs, known
as forests, directly on a solid substrate (Figure 1.14A) [62], [63]. Their high degree of alignment
coupled with excellent electrical, mechanical and thermal properties makes aligned CNTs an
intriguing option to fabricate thermal interface materials, electronic interconnects, nanoporous
stamps, supercapacitor electrodes, and, as studied in this work, battery current collectors or
electrodes [59], [62]-[67].

While many substrates (such as a quartz wafer) and catalyst (Ni, Co) combinations have
been used for CNT forest growth a common combination is a thin film stack consisting of Fe
catalyst on a AlbO3 support layer on top of a Si/SiO» wafer substrate [61], [64], [68], [69]. Upon
exposure to hydrogen and high temperature this Fe film dewets to form a layer or Fe nanoparticles.
The substrate is the exposed to a carbon precursor (typically methane, acetylene or ethylene) which

breaks down in the furnace and nucleates CNTs at the Fe nanoparticles. The spacing of the CNTs
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is dependent on the density and size of these particles, with typical CNT spacing on the order of
10-100 nm (Figure 1.14B). The height of the aligned CNTs can be controlled by manipulating the
amount of time the substrate is exposed to the precursor and can result in CNTs with heights on
the millimeter scale (Figure 1.14C) [64], [70]. However, CNT growth is complex process with
many interconnected parameters, such as ambient lab conditions [69], moisture content [61],
furnace carbon content (Figure 1.14C) [64] and catalyst thickness [71], affecting the overall CNT
density and height. Once a growth process has been established the location of the catalyst stack
can be controlled through traditional photolithography processes, enabling an additional level of
control over the CNT structure’s geometry in the formation of pillars, fins or honeycomb structures

(Figure 1.14D) [59], [68], [72].
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Figure 1.14: A) Vertically aligned CNTs grown on a Si wafer. Reproduced with permission [65]. Copyright 2016,
American Chemical Society. B) Zoomed in view showing the aligned nature and inherent nanoporosity of a CNT
forest. Reproduced with permission [59]. Copyright 2016, The Authors. C) CNT forest heigh as a function of growth
time and carbon conditioning. Reproduced with permission [64]. Copyright 2019, Elsevier. D) CNTs patterned into
honeycomb, fin and pillar structures. Reproduced with permission [59]. Copyright 2016, The Authors.
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Their inherent nanoporosity and high electronic conductivity, coupled with the ability to
precisely control the height and microstructure, makes aligned CNTs a unique starting point for
the fabrication of the thick 3D battery electrodes in Figure 1.8 and 3D full cells in Figure 1.9.
However, most CNT growth processes are optimized using non-conductive and rigid quartz or
silicon substrates, which are unsuitable to replace the Al or Cu foils utilized in state-of-the art LiB.
This necessitates a transfer method from Si wafer to metal foil, a process that can damage the
interfacial CNTs and causes increased electrical and thermal resistance [71], [73]-[76]. As a result,
there has been interest in developing methods to grow CNTs directly on metallic foils for
implementation as 3D current collectors in lithium-ion cells.

One strategy for growing CNTs directly on metallic substrates is to select substrates that
contain a known CNT catalyst, such as Fe or Ni, that will not interfere with the growth process.
CNT growth using conventional CVD processes have been demonstrated on Ni foil [77]-[79],
Inconel foil [80], [81] and stainless steel substrates [82]-[85]. However, it would be preferable to
transition CNT growth to Cu or Al that are the industry standard in LiB due to their electrochemical
stability in the operating voltage range. Growth on Al is challenging, as the temperatures optimal
for aligned CNT growth are generally above the melting temperature of Al, but low temperature
processes have been developed for growth of CNTs on Al foils [86], [87].

CNT growth on Cu substrates have received significant interest for implementation in LiB
anodes. The difficulty in growing CNTs directly on a Cu substrate is two-fold. First, Cu exhibits
a low bulk carbon solubility (0.0008 at.%) compared to Fe (0.4 at.%) or Ni (0.2 at.%). CNT growth
on Cu necessitates the deposition of a thin Fe or Ni catalyst layer, which is supported by an
insulating oxide, generally Al;Os, layer [71]. Furthermore, during growth Cu atoms diffuse

through cracks in the support layer and poison the catalyst. This poisoning results in CNTs grown
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on Cu using a standard catalyst stack (Figure 1.15A) often being unaligned or very short (< 10 um,

Figure 1.15C) [71], [88]-[90].
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Figure 1.15: Schematics for CNT growth on Cu without A) and with B) a W diffusion barrier resulting in C)
disordered and D) vertically aligned growth respectively. Insert in D) shows a macroscale top view of CNT forest. E)
Measured and normalized resistance as a function of forest height. Scale bars at 3 um in C), 10 um in D) and 5 mm in
D) insert. Reproduced with permission [71]. Copyright 2020, American Chemical Society.

Two strategies exist to prevent the Fe catalyst from being poisoned by the Cu substrate.
The first is to allow for Cu diffusion through the Al>Os layer but manipulate the stack by increasing
AL O3 thickness [91] or strictly controlling annealing time [92] to prevent the Cu from reaching
the Fe layer. Another strategy is to utilize a diffusion barrier, such as W or TiO, to provide an
additional layer of protection from Cu diffusion [71], [93]. Lettiere et al. utilized a sputtered W
layer (Figure 1.15B) to prevent Fe catalyst poisoning and, using a growth recipe containing
optimized catalyst thickness, carbon preconditioning and moisture content, grew 50-270 um tall
vertically aligned CNTs Figure 1.15D) [64], [71]. These vertically aligned CNT forests exhibited

much lower bulk resistances (< 50 €, Figure 1.15E) than forests grown without diffusion barriers
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(> 325 kQ for 1 mm tall forest) [92]. This low resistance was attributed to cracks forming in the
AL O3 support layers and high CNT density and quality [71].

Building upon initial success growing non-patterned CNT forests on Cu foil, Chapter 2 of
this thesis contains work on improving the growth processes first outlined by Dee et al. [64] and
Lettiere et al. [71]. Here, sample positioning and furnace moisture content are demonstrated to
critical processes parameters in consistently producing tall (> 200 um) CNT forests directly on Cu
foils for integration as current collectors in LiB cells. Chapter 2 also contains methodology for
patterning the catalyst to produce patterned CNT forests with increased porosity increased for
active material loading and more efficient lithium-ion transport through the open pathways in the
structure.

1.4.3 Aligned-CNT Electrodes

Despite their excellent electrical conductivity, porosity and mechanical strength
unmodified CNTs are generally seen as an unsuitable active material due to a high irreversible
lithium uptake, that results in an inconsistent reversible specific capacity. Despite this
inconsistency CNTs can have a larger specific capacity than graphite (~350-900 mAh g!), with
higher capacities being attributed to increased defect concentrations in the CNT structure [55],
[67], [79], [94], [95]. As a result, this upgraded capacity comes at the cost of reduced mechanical
and electrical properties [55]. Most research into CNT inclusion in LiB batteries has focused on
pairing CNTs with more conventional active materials, thus taking advantage of the CNTs ability
to increase electrode conductivity, porosity, and flexibility while utilizing the active material to
increase capacity. Common strategies have included chemical vapor deposition onto CNT
films/fabrics [96]-[100], carbon sponges [101], [102], aligned CNT sheets [103], and mixing

CNTs with active material micro- or nanoparticles [104]-[110].
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Active material deposition on CNT forests has certain distinct advantages, such as direct
electrical connection from the active material to the current collector through CNTs and faster
discharge rates due the forest’s high porosity. Successfully deposited active materials on vertically
aligned CNT forests include FePO4 [111], Fe2O3 [75], [112], LiMn2O4 [77], Li4Ti5s012 [77], S [78],

V105 [79] and Si [76], [91].

Figure 1.16: SEM and TEM of vertically aligned CNTs coated by Si using A) thermal decomposition. Reproduced
with permission [110]. Copyright 2010, American Chemical Society. B) Using ultrahigh vacuum CVD. Reproduced
with permission [76]. Copyright 2012, Wiley-VCH.

Of the active materials deposited CNT forests offer a unique potential to serve as scaffolds
for conversion anode materials such as Si. Si has a low delithiation potential, exceptionally high
specific (~4200 mAh g'!) and (~9790 mAh ¢cm™) volumetric capacities and is a readily abundant,
non-toxic material [8], [113]. However, Si experiences a ~300% volume change upon complete
lithiation. This volume change can cause material pulverization, electrode peel-off and continuous
growth of the SEI; all of which contribute to significant decreases in electrode capacity, electrical
conductivity and lifetime [113]. The porous and aligned nature of CNT forests can be utilized to
address some of these issues if the CNTs are coated with Si thin films (<100 nm thick) as the

porous spacing between CNTs accommodates the expansion occurs during Si lithiation and
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delithiation. Furthermore, each CNT is electrically connected to the current collector, ensuring
continuous electrical contact with the Si coatings [76], [110], [113]. SEM and transmission
electron microscopy (TEM) images of vertically aligned CNTs conformally coated in Si are
presented in Figure 1.16.

Chapter 2 includes work in coating patterned and non-patterned CNT forests with Si thin
films via a low-pressure CVD (LPCVD) process and the implementation of the resulting Si-CNT

in Li-ion half-cells to demonstrate their potential as thick electrodes.

1.4.4 Conformal Electrolyte Technologies and Initiated Chemical Vapor Deposition

Once the patterned CNTs are coated with Si the next step is to deposit an electrolyte layer.
It is crucial that this layer be pinhole free to prevent short circuiting, ionically conductive and
electrically insulating. Since conventional electrolyte materials lack suitable processing techniques
to deposit thin films over high aspect ratio micro or nanoscale features, conformal electrolyte
deposition has posed a significant challenge in 3D battery development. As a result, several non-
conventional electrolyte materials and fabrication techniques have been investigated to produce
thin film conformal electrolyte coatings. The primary issue with these unconventional materials is
their low ionic conductivities, which can result in a significant voltage drop across the electrolyte
layer (Eq. 1.1). However, this drop can be slightly mitigated by using thin electrolytes with large
surface areas.

Initially, electropolymerization (EP) seemed like a promising technique to produce thin
film solid polymer electrolytes due to its self-limiting nature. The electrode becoming electrically
insulated as the redox initiated polymerization occurs. The result is that polymerization occurs
more rapidly over the bare electrode regions, resulting in a uniform pinhole free coating over the

electrode surface and preventing over deposition on corners or edges [3]. Depositing
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poly(phenylene oxide) (PPO), and its variants by EP has been extensively investigated. However,
these films have exceptionally low ionic conductivity, ranging from 102 to 10 S cm™! and their
self-limiting nature makes producing films thicker than 50 nm difficult [51], [114]-[116]. More
recently works have deposited ceramic oxide electrolytes on high aspect ratio features by atomic
layer deposition (ALD), but these also suffer from low ionic conductivity (< 107 S em™) and their
high densities, brittleness and slow deposition rates make them difficult to integrate at scale [37],

[111],[117], [118].
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Figure 1.17: A) Generalized schematic for iCVD of polymer systems. Reproduced with permission [119]. Copyright
2015, Wiley-VCH. B) Polysiloxane on Ag nanowire. Reproduced with Permission [29]. Copyright 2015, Royal
Society of Chemistry. C) HEMA-co-EGDA on TiO2 nanopores, microline arrays and nanoline arrays. Reproduced
with permission [27]. Copyright 2019, American Chemical Society.

Polymer electrolytes deposited by solution infiltration [120] and spin coating [50] have
been utilized in 3D microbatteries. However, initiated chemical vapor deposition (iCVD) is a
promising option for conformal electrolyte coatings in 3D microbatteries. iCVD is a modification
of conventional CVD targeted at creating high quality polymer coatings. A generalized iCVD

process is outlined in Figure 1.17A. First monomer and initiator vapor are delivered into the
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reaction chamber (Steps 1 and 2), the monomer then adsorbs on the substrate surface (Step 3).
While the monomer vapor is adsorbing the initiator vapor is activated by heated wires suspended
throughout the reaction chamber (Step 4). The activated initiator then adsorbs on the surface where
it initiates surface polymerization by reacting with an adsorbed monomer (Step 5). The activated
chain will continue to propagate by reacting with more adsorbed monomer until chain growth is
terminated by capping the activated chain ends. By controlling processing parameters (substrate
temperature, filament temperature, gas flow rates) film growth rates can be tuned from 10 nm per
minute to 1 um per minute [121], [122].

The Gleason Group at MIT first used iCVD to produce polysiloxane thin films over high
aspect ratio Ag nanowires that are pinhole free at thicknesses as small as 10 nm (Figure 1.17B)
[29]. Following lithiation these polysiloxane films exhibit a modest conductivity of ~10% S cm’!
[29], [123], [124]. Despite the modest conductivity Chen et al. proposed that the modest
conductivity is compensated by the lower ionic diffusion time constant (t in Eq. 1.5) resulting from
the iICVD siloxane’s thickness (Lein Eq. 1.5) being three to four orders of magnitude lower than a
conventional solid electrolyte [29].

Li et al. built off the polysiloxane works and were able to produce solid copolymer
electrolytes using iCVD. Hydroxyethyl methacrylate (HEMA) was crosslinked with ethylene
glycol diacrylate (EGDA) to coat numerous high aspect ratio substrates (Figure 1.17C) with
HEMA-co-EGDA films [27]. After doping with Li-containing salts (LiTFSI), these films exhibit
a 6.1 x 10 S cm™! ionic conductivity, the highest value reported for a nanoscale conformal
electrolyte [27]. Another unique feature of the iCVD films is that the conductivity and mechanical

properties are easily changed by manipulating the monomer precursor concentrations, allowing
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design of an electrolyte suitable for electrochemical performance and mechanical integration [27],
[125].

Chapter 3 of this thesis contains an extensive literature review of conformal 3D electrolyte
fabrication techniques, materials systems and their associated ionic conductivities to identify the
top candidates to make 3D batteries a commonplace reality. Chapter 4 contains a breakdown of
the theory behind obtaining conformal iCVD coatings on high aspect ratio substrates, such as
aligned CNTs, and the resulting experiments to produce and characterize iCVD coated CNT

structures and the ionic conductivity of the resulting films.
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Figure 1.18: Examples of infiltrated electrode slurries in 3D micro-batteries. A) graphite slurry in microchannel glass
plate. Reproduced with permission [53]. Copyright 2005, IEEE. B) LCO and LMO slurry in honeycomb SSE.
Reproduced with permission [49]. Copyright 2010, IOP. C) NCA slurry between Si micropillars. Reproduced with
permission [50]. Copyright 2018, Elsevier.
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1.4.5 Full Cell Fabrication and Modeling

The final step in micro-honeycomb CNT battery fabrication is infiltrating a slurry
containing positive electrode active material into the spacing between the CNTs pores. The
infiltrated slurry will be similar to those in traditional LiB containing 80-90 wt.% (~45-50 vol.%)
active material (NMC, NCA or LCO, 100-500 nm diameter) with the balance containing binder,
electrolyte and conductive carbon additives [5], [7]. Several works in Table 1.4 have infiltrated
electrode slurry’s using vacuum infiltration and SEM for these are shown in Figure 1.18 [49], [50],
[53].

While the previously mentioned works have infiltrated active material particles into micron
sized pores, one significant challenge is infiltrating maintaining ionic conductivity throughout the
electrode cross section. Generally, this issue is addressed by soaking or injecting the electrodes in
a traditional liquid electrolyte [50], [53], and this strategy will be utilized here to enable Li-ion
diffusion through the Si-CNT composite and the slurry-cast electrode. Once the slurry is infiltrated
the Al positive electrode current collector is attached to the infiltrated slurry to complete the cell.
Chapter 5 contains work on infiltrating slurry into patterned CNT structures, including the impact
of cross-linking on iCVD electrolyte stability and a proof-of-concept CNT-based full cell.

In conjunction with the fabrication process Chapter 5 also contains finite element analysis
(FEA) simulations used to identify limiting factors and predict 3D CNT-battery performance. The
schematic in Figure 1.19A outlines the notation used for the micro-honeycomb geometries
discussed in this section. A d-a honeycomb describes a hexagonal unit cell with hole diameter d
and center-to-center distance a in um. The primary goal in the materials and honeycomb structure
selection is to increase the cell level energy density and power density with respect to a

conventional LiB. One important consideration already mentioned was the Ohmic resistivity
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across the electrolyte, as the iCVD poly(HEMA-co-EGDA) has an ionic conductivity three orders
of magnitude lower than the those of conventional electrolytes. In order for poly(HEMA-co-
EGDA) to be competitive at thicknesses between 0.1 and 1 pum, the contact area between electrode
and electrolyte needed to increase by a factor of 10 to 100 compared to a conventional SSB. Figure
1.19B shows the surface area ratio (S4,) for numerous honeycomb spacings. The S4, is the ratio
of electrode surface area in the honeycomb design to a planar design of equal footprint area.
Honeycomb geometries with features sizes in the 5-20 um range meet this requirement at forest
heights in the 100-300 pm range, indicating that these feature sizes are a good place to start for

honeycomb patterning and CNT growth.
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Figure 1.19: A) schematic demonstrating notation for honeycomb geometries, a is the center-to-center spacing and d
is the hole diameter. B) comparison of surface area ratio between micro-honeycomb scaffold and planar batter with
same footprint. C) Plot comparing energy and power density between conventional LiB and micro-honeycomb CNT
battery at the cellular level. Performance ranges in C) taken from [35].
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Estimated ideal specific energy and specific power densities for micro-honeycomb CNT
batteries with features in the 5-40 um range are compared with a LiB Figure 1.19C [7]. These
calculations are performed at the cellular level, including current collectors. The specific energy
density is calculated by multiplying the total charge within the cell by the average operating
voltage. The specific power density is estimated by multiplying the cell’s energy density by the
cells discharge time constant, estimated using Eq. 1.5. At forest heights above 100 um the micro-
honeycomb CNT batteries begin to show superior energy and power performance compared to
traditional LiB. The improvement in energy density is due inactive component removal (binder in
negative electrode and separator), minimized contribution of inactive components (current
collectors by tall forests), thin poly(HEMA-co-EGDA electrolyte) and the high-capacity Si used
in the negative electrode. The increased power density is controlled by the decreased diffusion
distances in the honeycomb’s thin electrodes and electrolyte compared to the LiBs separator and

thicker electrodes.
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Figure 1.20: A) Schematic for 2.5D SSB. Reproduced with permission [126]. Copyright 2016, American Chemical
Society. B) 2.5D SSB discharge capacity as a function of electrode height and SSE ionic conductivity. Reproduced
with permission [127]. Copyright 2017, The Authors. C) Comparison between experimental and modeled discharge
curves. Reproduced with permission [126]. Copyright 2016, American Chemical Society.

However, the specific energy densities presented in Figure 1.19C are calculated assuming
no Ohmic, kinetic or mass transport losses. Finite Element Analysis (FEA) tools, such as

COMSOL, allow for an in depth look at how material properties and cell geometries affect
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important electrochemical processes that affect cell behavior and performance. These simulations
can used to understand limitations in cell behavior and improve cell materials selection and design.
For example, McKelvey ef al. and Talin et al. used FEA to understand the limitations of their thin
film 2.5D battery (Figure 1.20A) [126], [127]. The simulations showed how pillar height and SSE
ionic conductivity influenced cellular capacity (Figure 1.20B), and noted that an ionic conductivity
of at least 10° S cm™! was required to prevent any unwanted capacity loss. These simulations
matched well with experimental data (Figure 1.20C), and the authors predicted the discharge
capacity could be improved if the conductivity of their electrolyte could be improved from 10”7 S

cm! to the 10° S cm! threshold and be deposited to have uniform thickness [126], [127].
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Figure 1.21: A) Schematic cross section for micro-honeycomb CNT battery along with Li* diffusion and e current
directions and paths in the B) Si/CNT composite and C) nanoparticle slurry electrodes during discharge.

Generally, FEA analysis for 3D batteries has considered Li* diffusion and migration in the
electrolyte (Nernst-Plank equation), Li* transport in the active material (Fick’s laws) and Li*
transfer across the electrode-electrolyte boundary (Butler-Volmer kinetics) [126]-[128]. In
Chapter 5 a similar approach is taken in COMSOL to model and predict the optimal behavior of

3D CNT batteries. This allows for insight into how the unique geometric and material features
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affect micro-honeycomb CNT battery performance, including the CNT forest height, honeycomb
pore diameter, honeycomb wall thickness, electrolyte thickness and nanoparticle slurry thickness.
An important focus is placed on how electrolyte ionic conductivity influence battery performance,
as this was a limiting factor in pervious 3D battery performance [126], [127].

In addition to the cell level features from Figure 1.21A, the modeling will also be used to
understand how the material properties and orientation in the negative and positive electrodes
influence performance. The negative electrode (Figure 1.21B) consists of vertically aligned CNTs
coated with Si and then poly(HEMA-co-EGDA) electrolyte. This results in a unique geometry,
where the Li" ions will diffuse away from the Si thin films and the e” will have a straight path to
the current collector through the vertical CNTs. Here, properties of the CNTs, such as density,
alignment and electronic conductivity, and Si thin films, like thickness, can be considered in the
electrode model. The Li* and e transport pathways are vastly different in the infiltrated slurry
positive electrode (Figure 1.21C), where the Li* and e” are transported to meet at the active material
particles via a winding, continuous pathway of solid electrolyte or conductive additive particles.
In this electrode model material parameters such as particle size, volume fraction, diffusion or
conduction path tortuosity and additive electronic conductivity are implemented to understand

their effect on battery behavior.

1.4.6 Conclusions and Outlook
Chapter 6 consists of a summary of this work, including the relevant contributions to the

field, and comments on potential future works.

58



THIS PAGE IS LEFT INTENTIONALLY BLANK

59



Chapter 2- Thick Architected Silicon
Composite Battery Electrodes Using
Honeycomb Patterned Carbon
Nanotube Forests

2.1 Abstract

The immediate and ever-increasing energy demands for personal electronic and electric
vehicle performance can be met by increasing the energy density of lithium-ion batteries, which
can be achieved by incorporating thick electrodes. However, increasing electrode thickness
requires new architectures to maintain mechanical integrity and adequate conductivity. We present
thick architected “honeycomb” battery electrodes using patterned, vertically aligned carbon
nanotubes (VA-CNTs) as current collectors. VA-CNT forests are grown by atmospheric pressure
CVD on Cu foils coated by a patterned thin film catalyst. The CNT forests reach ~400 um
thickness with uniform vertical hole arrays (aspect ratios up to 20:1). Thick composite electrodes
are created by LPCVD deposition of Si on individual CNTs, enabled by the inherent nanoporosity
of the CNT forests (> 95%). These Si-CNT electrodes are cycled in half-cells and electrodes with
3.5-4.3 mg/cm? Si loadings achieve ~4.7 mAh/cm? areal capacities, demonstrating electronic
connection between the Si and Cu foil via the aligned CNTs. The honeycomb patterning
significantly improves capacity retention (78%) over the first 30 cycles compared to non-patterned
electrodes (58%). We attribute this retention improvement to the honeycomb’s ability to
accommodate Si expansion, thereby reducing cracking that might cause active material loss and
SEI instability. The Si-CNT electrode capacity can be increased to 20 mAh/cm? by increasing the

Si loading. Finally, a fluoroethylene carbonate containing electrolyte is used to increase cell
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lifetime. Here, the honeycomb electrodes have a higher areal capacity (~10.2 mAh/cm?) and
retained (74%) capacity over 105 cycles, with currents ranging from 100 mA/g to 400 mA/g, than
their non-patterned counterparts. Our work here demonstrates the role that patterning plays in
enabling aligned CNT electrodes with high areal capacity and extended lifetimes. These Si-CNT
electrodes serve as a robust template for thick electrode development and with potential further

improvement through CNT height and honeycomb dimension optimizations.

2.2 Introduction

The growing demand for electric vehicles and portable electronics has created a significant
interest in the scalability, recyclability, and economics of both traditional and emerging battery
technologies. Despite their commercial dominance, lithium-ion batteries are approaching the
maximum theoretical energy density achievable under their current configuration, making it
difficult to keep up with consumer demands and industry targets [1], [10], [34], [35]. One strategy
for increasing cell level energy density is to incorporate thicker electrodes which reduce the
volume and mass contributions of inactive components, such as the current collectors and
separators. Current lithium ion cells utilize slurry cast electrodes with < 60 pm thickness that have
areal capacities on the order of 2-4 mAh/cm? [101], [129] and significant energy density gains can
be achieved by increasing electrode thickness to > 100 um [34], [35], [76]. For example, in their
review Kuang ef al. calculated that increasing the electrode thickness from 25 pm to 200 pm
reduced the inactive volume component from 44 wt.% to 12 wt.%, which corresponded to a 30
wt.% increase in active material loading [34].

Several considerations arise when designing thick electrodes, which do not favor slurry-
cast designs. Foremost is the significantly larger diffusion distance encountered by Li-ions as the

tortuous slurries are made thicker, along with increased mechanical fatigue which degrades the
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electronic connection between the active material and the current collector [34], [35], [76]. Three-
dimensionally (3D) structured electrode designs can overcome these issues by providing micro-
scale channels to enable rapid charge transport and accommodate active material expansion. To
meet these criteria, the materials used in 3D electrodes must be mechanically robust, electrically
conductive, and processable in a manner enabling precise control over geometry and thickness
[34].

Previous works have produced 3D structured electrodes by utilizing Si nanowires [40], ion
etched Si trenches [41] and active material coatings on metallic nanowires [42]-[46]. However,
these electrodes are difficult to produce at the required thicknesses and at scale. Carbon-based 3D
structures are promising scaffolds to fabricate thick electrodes, due to their electrical conductivity,
ability to be fabricated over a wide range of length scales, and porosity that allows for active
material incorporation and volume expansion [35]. For instance, compared to the 2—4 mAh/cm?
exhibited by commercial lithium-ion systems [101], [129], Narita ef al. achieved 4 to 10 mAh/cm?
capacity with ~1 mm thick pyrolyzed 3D polymer electrodes [130]; Zheng et al. utilized aligned
carbon fiber frameworks loaded with LiFePOs to produce electrodes with 20 mAh/cm? capacity
[131]; and Hu et al. and Luo et al. coated thick carbon nanotube sponges with Si [101] or SnO»
[102], and demonstrated 20 mAh/cm? and 7.4 mAh/cm? performance respectively.

Carbon nanotube powders (CNTs) are commonly included in slurry based electrodes to
provide enhanced electronic conductivity and mechanical resilience [55], [66], [109], [110], [132].
Vertically aligned carbon nanotubes (VA-CNTs or “forests”) offer a means to translate these
advantages to 3D electrodes. CNT forests form by self-organization during chemical vapor
deposition (CVD) of common hydrocarbon sources (e.g., CoHa, C2Hs) on catalyst coated

substrates. The CNT forest height and geometry can be respectively tailored by controlling the
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growth (deposition) time [61], [64] and catalyst layer patterning [59], [133]. In an ideal 3D
electrode these aligned CNTs serve as highways to move electrons from the current collector
substrate to active material at the electrode extremes. However, well-established CNT growth
techniques utilize rigid, non-conductive substrates, such as silicon or quartz wafers, which adds an
extra layer of difficulty when incorporating VA-CNTs into electrochemical devices.

One route for enabling aligned CNT electrodes is to transfer the CNTs to a conductive
substrate. Evanoff et al. grew ~1 mm long CNTs using an aerosol-based CVD process and
thermally transferred them to a Cu foil to create a thick electrode that offered exemplary specific
capacity when coated with Si [76]. Jessl et al. [75] and Ahmad et al. [112] produced patterned
VA-CNTs on Si wafers before transferring them to poly(vinylidene difluoride) substrates doped
with conductive additives and produced battery electrodes by adding Fe>Os active material.
Pawlitzek et al. grew aligned CNTs on Ni foil and coated them with LiMn2O4 and LisTisO12
particles before transferring them to Al foils for use in half and full cell experiments [77]. While
all these works produced functional VA-CNT based lithium-ion electrodes, the ideal VA-CNT
electrode fabrication process involves CNT growth directly onto a conductive substrate suitable
for incorporation into a lithium-ion cell.

Although VA-CNTs have been grown on Ni [77], [79], [134], Inconel [80] or stainless
steel [82], [83] foils, direct VA-CNT growth on metals typically used in lithium-ion batteries, such
as Cu [12], is difficult. Cu exhibits a low bulk carbon solubility (0.0008 at.%) compared to Fe (0.4
at.%) or Ni (0.2 at.%), and therefore Cu cannot serve as the native catalyst for CNT growth. CNT
growth on Cu necessitates the deposition of a thin catalyst layer (e.g., Fe or Ni), which must be
supported by an insulating oxide layer (most commonly Al2O3) [71]. Yet, in this configuration Cu

atoms diffuse through the support layer and poison the catalyst layer, compromising CNT yield
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[71], [92]. CNTs can be grown directly on Cu foil by using thicker Al,O3 layers and carefully
controlling annealing time [91], [92]. Ezzedine ef al. fabricated a 50 nm thick Al,Os film beneath
their Fe catalyst layer to grow CNTs with heights up to 145 pm and then utilized 30 to 60 pm tall
Si coated forests as electrodes [91]. These non-patterned forests demonstrated respectable areal
capacities up to 8.5 mAh/cm? but suffered poor capacity retention at higher Si loadings, as ~40%
of the starting capacity had been lost after 40 cycles. The authors attributed these losses to Si and
solid electrolyte interphase (SEI) cracking and pulverization during cycling [91].

More flexibility in the growth process and taller CNTs can be obtained by utilizing a thin,
electrically conductive diffusion barrier between the metallic substrate and oxide support layer
[71], [93]. Recently, Lettiere et al. demonstrated that a thin W layer, deposited in the middle of the
AL O3 layer between the Cu and Fe, prevented Fe catalyst poisoning and, by tailoring of the CVD
recipe, grew tall (~270 um) CNTs directly on Cu foils. The obtained CNT forests were found to
have low resistance (< 50 Q) when measured through the thickness of the CNT forest and foil.
This low resistance was attributed to cracks forming in the Al,O3 support layers and high CNT
density and quality [64], [71].

Here, we build off Lettiere et al.’s work by utilizing their catalyst stack to develop
architected 3D Si-based battery electrodes using honeycomb-patterned CNT forests grown directly
on Cu foils. Using our growth process these forests consistently reach heights over 250 um and
can approach thicknesses of 400 um. The role of these honeycomb patterns is twofold. First, they
provide ease of diffusion for precursor materials to allow for uniform active material coatings deep
inside the forest. In our case we utilized low pressure chemical vapor deposition (LPCVD) Si.
LPCVD allows for active material incorporation by conformal coating the individual CNTs while

Si has a high specific capacity that will allow for further capacity gains when paired with a thick
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electrode design. Second, during cycling of these Si-CNT electrodes the honeycomb
accommodates active material expansion to reduce capacity fading upon repeated cycling. The
honeycomb patterned Si-CNT electrodes exhibit capacities up to ~20 mAh/cm? and ~1750
mAbh/gsi upon cycling and demonstrates the role patterning plays in enabling thick Si-CNT
electrodes by allowing for high areal Si loadings and improved capacity retention upon repeated

cycling.

2.3 Results and Discussion

To realize architected Si-CNT electrodes, we first developed a robust protocol for tall VA-
CNT growth on Cu foils, adapted from the Fe/Al,O3/W/ALO; film stack first demonstrated by
Lettiere et al. [71] To grow the VA-CNTs we utilized a homebuilt CVD furnace containing a
transfer arm to allow samples to be moved in and out of the furnace during the growth process
(Figure 2S.1A and Figure 2S.1B). We utilized a growth recipe similar to our previous works [64],
[71], with the catalyst coated Cu foils starting outside the furnace as the furnace temperature
increases to 775 °C. The foils are inserted into the furnace and annealed under He and H: before
being removed. With the samples outside the H-O content inside the tube was then increased to
~2350 ppm before reinserting the samples to grow VA-CNTs in a mixture of He, H2, H>O and
CyHaat 775 °C. Detailed information on catalyst preparation and the CNT growth process can be
found in the experimental information section and supporting information.

To consistently achieve tall VA-CNTs (150-250 pm) suitable for thick electrode
development we performed a parametric study of growth time and sample position on the transfer
arm. For each growth the transfer arm was loaded with four samples (Figure 2S.1B). Growth times
ranged from 1 to 20 min and VA-CNT height was determined by averaging post-growth scanning

electron microscopy (SEM) measurements at five points along the forest sidewall. SEM images
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show the well aligned and tall nature (Figure 2.1A, Figure 2S.1C and Figure 2S.1D), along with
the inherent nanoporosity (Figure 2.1B), of the VA-CNT forests on Cu foils. These growths are
similar to VA-CNTs on Si wafers, and should act as an excellent scaffold for active material

deposition [59].

~255 jum

C
10% Voids 20% Voids

Figure 2.1: A) SEM image of a 20% VA-CNT forest sidewall. B) SEM image showing the inherent nanoporostiy of
VA-CNTs. C) Optical microscopy image of honeycomb patterned CNTs with 20 um diameter holes. The spacing of
the holes can be modified to change the electrode void fraction. D) Schematic of honeycomb patterned VA-CNTs
electrodes (gold-Cu, black-CNT) with active material coating (pink-Si).

Figure 2S.1E shows that boat position significantly influences VA-CNT height for growth
times longer than 5 min; with VA-CNT height being lowest at the most upstream position,
increasing at the middle two positions and decreasing for the most downstream position. We
speculate that the increase in height at the middle two positions is enabled by C2H4 breakdown
over the most upstream sample, while attributing the lower height of the final downstream sample
to carbon precursor depletion. From Figure 2S.1F we utilize samples in the second position after
a 20 min growth (~250 um tall) as an optimal starting point for our thick electrode fabrication.

Raman analysis (Figure 2S.2A) indicates the forests are comprised of multiwall CNTs, as
evidenced by the strong D-band at ~1330 cm™! and G-band at ~1580 ¢cm™! which are respectively

attributed to the sp? lattice vibrations and defects in this lattice [135], [136]. The VA-CNTs have
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a high decomposition temperature (~710 °C) when characterized by thermogravimetric analysis
(TGA) under air. Unlike our previous growths at ~220 ppm H>0O, the TGA data in Figure 2S.2B
does not show any mass loss at ~200 °C, suggesting that the higher moisture (~2350 ppm) during
the atmospheric CVD growth process removed amorphous carbon in situ [69], [71], [137]. This
is advantageous for tall VA-CNT growth, as unchecked amorphous carbon deposition rapidly
forms a coating that kills catalyst activity [137].

Patterned VA-CNTs are similarly produced on Cu foils by lithographic patterning of the
catalyst film prior to CNT growth. Using a direct-write maskless patterning procedure, which
allows us to rapidly change the hole spacing and diameter, and conventional photolithography
techniques we produced a variety of catalyst honeycomb patterns (Figure 2S.3A and Figure
2S8.3B). For electrode development we produced honeycomb patterns with controlled void
percentages by varying the 20 pum diameter hole spacing (Figure 2.1C). Under identical growth
conditions, the honeycomb VA-CNTs with 20% voids are a similar height as the nonpatterned
samples (Figure 2.1A). The tall and uniform growth was consistent for a variety of honeycomb
patterns (Figure 2S.3C and Figure 2S.3D), demonstrating that our patterning and growth process
provides exceptional control over electrode thickness and porosity distribution.

While VA-CNTs on Cu can be an excellent 3D current collector due to their high electrical
conductivity, CNTs are an inherently poor active material due to their tendency to lithiate largely
irreversibly [55], [66]. Therefore, it is necessary to incorporate an active material onto the CNTs
to increase the electrode’s reversible capacity. Si emerged as an attractive active material coating
as it is readily abundant and has a high specific capacity (~3600 mAh/g), which makes it an
attractive replacement for the conventional graphite anode (~372 mAh/g) when designing high

energy density cells. Furthermore, conformal, Si coatings have been achieved on a number of high
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aspect ratio structures using CVD deposition methods from conventional semiconductor
processing [76], [83], [91], [96], [97], [101], [107], [110], [138]. Figure 2.1D shows a schematic

of'a honeycomb VA-CNT electrode with a conformal Si coating to enable high capacity.

A FonesuSliiface 1| Ferestnterior Sidewalll
! s i 9 j
[\ ¥ ‘ i‘: /
13 \\ ”1,,‘ ’
I ! §i 44
( \ \\ W
¥ ¥ \
/
5 mm
D 15000+ E F ,:‘E«s
12500 2 o
] @ o4
10000 CKa g E
£ ] 0 Ka s 23
5 7500 @ S
8 ] AlKa S 2
5000 g 92
3 SiKa E »
2500 Cula 2 g1
E 3 E
] e
0 100 200 300 400 500 600 o
0 50 100 150 200 250 300 0% 10% 20% 0% Tall
Raman Shift (cm™) '
Forest Depth (um) Void Percentage

Figure 2.2: A) Si-CNT composite electrode on Cu foil. Characterization of Si coated VA-CNTS including SEM
images of B) surface and C) interior sidewalls, D) interior EDS linescan and E) Raman spectroscopy. F) Si mass
loading for VA-CNT architectures following a 36 min deposition. Electrodes are ~250 pm tall except for the 0% Tall
sample, which is ~385 pm tall.

Despite having a high specific capacity, Si electrodes suffer from significant capacity
fading as Si undergoes a ~300% volume change during cycling [11], [91]. This expansion and
contraction process, as experienced in the work of Ezzedine ef al., causes active material loss
through delamination or pulverization, and repeatedly destroys the protective SEI layer that forms
during cycling [91]. This continual SEI reformation not only depletes active material but also
consumes electrolyte and leads to increased cell impedance [8], [19]. These losses can be mitigated
by the large porosity and hierarchal structure of 3D carbon scaffolds, such as our honeycomb VA-
CNTs.

We used a low-pressure chemical vapor deposition (LPCVD) process to deposit amorphous

Si (a-Si) on our VA-CNTs and produce Si-CNT composites (Figure 2.2A). SEM images show that
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conformal Si coatings are obtained on top surface (Figure 2.2B) and interior (Figure 2.2C) of the
forests. Energy dispersive X-ray spectroscopy (EDS, Figure 2.2D) shows a consistent Si signal
from the forest surface to base. The results in Figure 2.2B through Figure 2.2D indicate that the
LPCVD process conformally coats the CNTs from top to bottom throughout the entire forest,
enabling high theoretical capacity by large Si loading. We further analyzed the Si coatings through
Raman spectroscopy (Figure 2.2E). Both the top and sidewall measurements show a broad band
centered at ~480 cm™! indicative of amorphous Si (a-Si). The absence of a sharp, symmetric peak
at ~520 cm! indicates no bulk crystalline Si (c-Si) is formed during deposition. However, the top
measurement shows a sharp, asymmetric peak at ~508 cm™'. This peak is also present, albeit to a
lesser degree, in the sidewall measurement and is attributed to nanocrystalline Si (n-Si) formation
within the amorphous phase [139], [140].

These Si-CNT electrodes offer areal mass loadings (Figure 2.2F) competitive with existing
commercial electrodes [141]. For a set ~250 pm height, honeycomb pattern VA-CNTs achieve
higher mass loadings, likely due to honeycomb voids enabling the greater penetration of the
precursor gases into the bulk of the forest. In fact, for a non-patterned (0%) forest to reach a similar
areal loading as the honeycomb VA-CNTs in Figure 2.2F the forest height (0% Tall) must be
increased to ~385 um (Figure 2S.4).

We evaluate the electrochemical performance of the Si-CNT composite electrodes shown
in Figure 2.2 by performing half-cell measurements against Li-metal foil. These Si-CNT electrodes
are galvanostatically cycled (0.5 mA/cm?) in a 1 M LiTFSI-0.1 M LiNO; 1,3 Dioxolane (DOL)
electrolyte between 1 V and 0.05 V vs. Li/Li" with a constant voltage hold at 0.05 V on discharge
(Si lithiation step). As shown in Figure 2.3A, the 10% and 20% honeycomb Si-CNT electrodes,

as well as the taller non-patterned sample, achieve ~5 mAh/cm? areal capacities over their first few
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cycles, which is on par with commercial lithium-ion anodes (2-4 mAh/cm?) [101], [108], [129].
Due to the lower mass loading of Si (Figure 2.2F), the ~250 um tall non-patterned sample shows

a lower areal capacity.
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Figure 2.3: A) Areal capacity, B) retained capacity, C) specific capacity and D) coulombic efficiency for Si-CNT
electrodes with various degrees of porosity. The Si-CNT electrodes were cycled in 1 M LiTFSI-0.1M LiNOs3 in DOL
between 1 V and 0.05 V vs Li/Li* at 0.5 mA/cm? A voltage hold was applied at 0.05 V during the discharge (Si
lithiation) until the current reached 20% of its starting value.

However, on repeated cycling the non-patterned samples’ capacity fades rapidly, while the
10% and, especially, 20% honeycombs show much higher capacity retention. Figure 2.3B shows
how the honeycomb structure influences capacity fading in our Si-CNT electrodes. Both the non-
patterned samples show significant capacity loss over their first few cycles. In fact, both these non-
patterned samples drop beneath 80% of their starting capacity, a criteria often used to define cell
lifetime, after only the 7" cycle [142]. Honeycomb patterning mitigates this capacity fading as the
10% and 20% honeycomb electrodes drop beneath the 80% threshold in Figure 2.3B on their 17"

and 28" cycle respectively. In addition, the honeycomb electrodes exhibit improved performance
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over the non-patterned samples by several other metrics. While all of Si-CNT electrodes obtain
specific capacities that are on par with other nano-structured Si electrodes [101], [108], [132],
[138], [141], the honeycomb electrodes offer a more stable specific capacity (Figure 2.3C) and

higher coulombic efficiencies over the first five cycles (Figure 2.3D).
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Figure 2.4: A) Voltage profiles and associated B) dQ/dV plots for Si-CNT electrodes with different honeycomb
patterns. The Si-CNT electrodes were cycled in 1 M LiTFSI-0.1M LiNO3 in DOL between 1 V and 0.05 V vs Li/Li*
at 0.5 mA/cm?. A voltage hold was applied at 0.05 V during the discharge (Si lithiation) until the current reached 20%
of its starting value. The x- and y-axis are the same for all plots.

The charge-discharge profiles (Figure 2.4A) re-iterate the significant capacity fading of the
non-patterned samples over the early cycles as well as the low coulombic efficiency on the first
cycle. On first discharge both non-patterned samples exhibit a small plateau beginning at ~0.6 that
results in a peak in the associated dQ/dV plots (Figure 2S.5). This peak likely corresponds to a SEI
formation and electrolyte decomposition [143], [144]. This plateau is much shortened (Figure 2.4)
and the associated peak much smaller (Figure 2S.5), almost to the point of absence, in the 10%
and 20% honeycomb samples. We attribute this to more efficient SEI formation due to
accommodation of Si expansion by the honeycomb voids that prevents cracking. This also explains
why the non-patterned samples have a lower first cycle coulombic efficiencies than their

honeycomb counterparts (Figure 2.3D).
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The dQ/dV plots after the first cycle (Figure 2.4B) are typical for Si electrodes. During the
second discharge, peaks are observed at ~0.22 V, corresponding to the formation of a-Li,Si, and
at ~0.06 V, corresponding to the formation of a-Liz 5Si. Upon charging there are peaks at ~0.3 V
and ~0.49 V that represent the delithiation of a-Li35Si to a-Li»Si and then a-Li»Si to a-Si [110],
[145], [146]. As cycle number increases the lithiation and delithiation peak behavior for the 10%
and 20% honeycomb electrodes is different when compared to the non-patterned electrodes. As
cycle number increases, the non-patterned electrodes show a rapid drop-off in the intensity of the
lithiation peaks at ~0.22 V, while the peak at ~0.06 V shifts outside of the 0.05 V voltage cutoff.
A similar decrease is visible during half-cell charging, where the intensity of both delithiation
peaks drop substantially for the non-patterned samples. The decrease in these peaks, in particular
at ~0.06 V, correlates with the capacity fade exhibited during cycling. In the honeycomb
electrodes, the intensity of the lithiation and delithiation peaks is reduced, with the 20% electrode
exhibiting less peak intensity loss than the 10% electrode, and the ~0.06 V peak remains inside the
voltage cutoff range, indicating a higher degree of Si lithiation for the honeycomb samples. From
the second cycle onward, we do not see any significant peaks in the dQ/dV plots that might
correspond to lithiation or delithiation of CNTs. The absence of these peaks is likely due to the
lower specific capacity (~200 mAh g! vs. ~3600 mAh g!) and areal mass loading (< 0.5 mg/cm?
vs. > 1.5 mg/cm?) of the CNTs when compared to the deposited Si coatings.

We look to the nature of Si lithiation to explain why the honeycomb electrodes offer
improved capacity retention over the first 30 cycles. The significant volume change upon lithiation
of Si underscores two mechanisms that lead to capacity fade: formation of electrically isolated Si
through delamination or pulverization, and the consumption of electrochemically active Si,

electrolyte salt and electrolyte solvent through SEI destruction and reformation [8], [19]. The Si
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coating on the top surface of the forest is quite dense, allowing little room to accommodate Si
expansion and contraction. The constrained Si expansion on the surface likely results in cracking
that causes constant SEI reformation, a process that continually consumes electrolyte components
and creates a thick SEI that clogs the electrode. As a result Li-ion transport and cell resistance
increase, causing the lithiation and delithiation overpotentials to increase [146], [147]. This is
evident in the dQ/dV (Figure 2.4B) plots for both non-patterned electrodes, where the increased
overpotential shifts the a-LizsSi formation below the 0.05 V cutoff. In addition to the electrode
structural differences (non-patterned vs. honeycomb), the deposited Si’s structure also influences
electrode performance. The Raman analysis (Figure 2.2E) shows that the top surface of the
electrode contains a significant amount of n-Si whereas the sidewalls contain more a-Si. Therefore,
the non-patterned samples experience additional losses due to their increased crust surface area, as
crystalline forms of Si are known to experience increased densification that lead to a loss of ionic
conductivity in the electrode [147], [148]. This is not the case in the honeycomb samples, where
the patterned 20 um holes provide room to accommodate Si expansion and allow a pathway for
Li-ions to penetrate deeper into the electrode once the SEI forms on the top surface.

This hypothesis is validated upon further cycling. The capacities, charge-discharge profiles
and dQ/dV plots for the Si-CNT electrodes after 100 cycles are presented in Figure 2S.6, Figure
2S.7 and Figure 2S.8, respectively. As cycling progresses the areal, specific and retained capacities
(Figure 2S.6) for all Si-CNT samples converge to the same value. The 20% honeycomb sample
takes longer (~50 cycles) to converge with the behavior of the other samples, and does so only
after a significant drop-off around cycle 37. In the Figure 2S.8 dQ/dV plots, the 10% and 20%
honeycomb electrodes eventually suffer the same shift in lithiation and delithiation potential

experienced by the non-patterned electrodes earlier in their cycle life. After 100 cycles, the
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electrodes (Figure 2S.9) were removed from the cells, washed and taken for SEM analysis (Figure
2S.10). The SEM analysis shows that the once pristine 10% and 20% honeycomb structures
(Figure 2.1C) are now covered with a thick, polymer-like SEI layer that clogs the honeycomb
structure. This film is likely formed by the LiNOs-initiated polymerization of DOL, as is
commonly observed on Si electrodes [149], [150]. At low cycle numbers this SEI layer has yet to
fill the honeycomb holes, allowing easier Li-ion penetration into the electrode and higher areal
capacities. As cycling continues this film fills up the honeycomb holes, resulting in degraded
performance that eventually matches the non-patterned electrode. Some performance degradation
should also be contributed to the formation of SEI on the Li-metal counter electrode, as DOL-
based electrolytes are known to have low room temperature coulombic efficiencies when cycled
with Li-metal. We find the coulombic efficiency on Li-metal to be ~85% (Figure 2S.11), indicating
that issues, such as unstable SEI or unreacted Li formation, at the Li-metal electrode may
contribute to eventual cell decline in tandem with the SEI issues on the Si-CNT electrodes. This
could be mitigated in future works by cycling at elevated temperature [149], [151], [152]. Since
all cells in Figure 2.3 were fabricated under identical conditions we attribute the increased
performance of the honeycomb electrodes to their more porous structure. Altogether, our results
show that the honeycomb patterning plays a crucial role controlling capacity retention in our Si-
CNT electrodes.

In addition to cycling Si-CNT electrodes at 0.5 mA/cm? we also cycled a 40% honeycomb
and a non-patterned electrode in a 1 M LiTFSI-DOL electrolyte at 2 mA/cm? for 150 cycles before
dropping the current to 1 mA/cm? for an additional 150 cycles. The 40% honeycomb electrode
exhibits superior areal Si loading (Figure 2S.12A), areal capacity (Figure 2.5A), specific capacity

(Figure 2S.12B) and retained capacity (Figure 2S.12C) over these 300 cycles. The small bump in
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capacity over the first few cycles is attributed to cracking in the Si film that exposes additional Si
material, enabling it to lithiate on future cycles [153]. While the non-patterned electrode has a
higher starting specific capacity (Figure 2S.12B) it is overtaken by the 40% honeycomb electrode.
Here we hypothesize that the higher current density limits the honeycomb’s ability to utilize the
additional Si located deeper inside the honeycomb structure, with the non-patterned electrode’s
higher external Si content allowing for more effective Si utilization at earlier cycles. However, due
to previously mentioned failure mechanisms, the 40% honeycomb electrode does not experience
the same degree of capacity fading as the non-patterned electrode, which enables it to achieve a

higher specific capacity upon repeated cycling.
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Figure 2.5: A) Areal capacity for 40% and 0% Si-CNT electrodes 2 mA/cm? and then 1 mA/cm? for 150 cycles at
each current density in 1 M LiTFSI in DOL between 1 V and 0.05 V vs. Li/Li*. B) Pre-cycling optical microscopy
image and C) post cycling SEM image for the 40% honeycomb electrode.

In Figure 2.5B we show an optical microscopy image of the 40% honeycomb structure
prior to cycling, and in Figure 2.5C we see the same electrode by SEM after completing 300 cycles.
Since there is no LiNO;3 present in this electrolyte, the post cycling image does not exhibit the
polymeric film seen previously (Figure 2S.10). The lack of polymeric film allows us to observe
that the combination of SEI formation and Si expansion fill up honeycomb over the 300 cycles.
This also explains the cycling behavior in Figure 2.5A and Figure 2S.12, where the capacities of

the 40% honeycomb and non-patterned electrode converge at high cycle number. At low cycle
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numbers the pores allow enhanced Li-ion diffusion into the electrode, enabling higher capacity,

but once the pores close off the 40% honeycomb behaves similarly to the non-patterned electrode.
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Figure 2.6: A) Capacities and B) voltage profiles for a 20% honeycomb Si-CNT with 11.3 mg /cm? Si loading
electrode cycled in 1 M LiTFSI in DOL between 1 V and 0.05 V vs. Li/Li".

Next, we increase the Si loading to determine the honeycomb Si-CNT electrodes ability to
function as a thick electrode with high areal capacity. Figure 2.6 shows the results of a 20%
honeycomb electrode, with a ~11.3 mg/cm? Si loading, cycled between 1.0 V and 0.05 V vs. Li/Li*
in 1 M LiTFSI-DOL. Over 20 cycles this high Si loading 20% honeycomb electrode exhibits an
initial a capacity of ~19.7 mAh/cm? and with >15.8 mAh/cm? retained after 20 cycles,
approximately 3—5 times higher than existing slurry cast lithium-ion electrodes [101], [129]. On
the 21% cycle the electrode fails to reach the charge voltage (Figure 2S.13A). A similar phenomena
was observed by Park et al. for their segregated Si-CNT electrodes when the areal capacity was
increased to ~30 mAh/cm? [109]. We attribute this to micro-shorts due to dendrites that arise from
the overstressed Li-metal foil [154] and serious electrolyte depletion [109], [155], rather than
failure of the Si-CNT electrode itself. Dendrite formation in Si-Li cells is strongly related to the
applied pressure, which could be optimized in future work [156]. The dQ/dV plots show stable Si
lithiation and delitiation on previous cycles (Figure 2S.13B) and a post failure photograph shows
significant structural damage to the electrode (Figure 2S.13C) that we attribute to increased

stresses from Si expansion due to the higher loading. We found that non-patterned Si-CNT
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electrodes with higher Si loading (> 3.8 mg /cm?) tend to short on their first discharge (Figure

2S.14), again demonstrating the superiority of the honeycomb patterned electrodes.
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Figure 2.7: A) Areal capacity, B) specific capacity, C) retained capacity and D) coulombic efficiency for Si-CNT
electrodes with various degrees of porosity. The Si-CNT electrodes were cycled in 1 M LiPF¢ EC/DEC (1:1 v/v) with
10% FEC additive between 1 V and 0.05 V vs Li/Li*. A voltage hold was applied at 0.05 V during the discharge (Si
lithiation) until the current reached 20% of its starting value.

While our previously tested honeycomb Si-CNT electrodes exhibit high areal capacity,
their long-term cycling performance still requires optimization. While the Swagelok cells we have
utilized are convenient for their reusability and ability to easily harvest electrodes for post-cycling
analysis, it can often be difficult to ensure uniform and consistent pressure is applied from cell to
cell. Further, for Si electrodes the quantity of applied pressure has been shown to influence both
capacity retention and cell lifetime [156]. This, coupled with the room temperature performance

of our DOL-based electrolyte, contributes to the significant long term performance degradation or
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failure experienced by our Si-CNT electrodes (Figure 2S.6, Figure 2S.7, Figure 2S.8 and Figure
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Figure 2.8: A) Voltage profiles and associated B) dQ/dV plots for Si-CNT electrodes cycled in 1 M LiPFs EC/DEC
(1:1 v/v) with 10% FEC additive between 1 V and 0.05 V vs Li/Li". A voltage hold was applied at 0.05 V during the
discharge (Si lithiation) until the current reached 20% of its starting value.

To improve their long-term cycling performance, we fabricated additional Si-CNT half-
cells using 2032-coin «cells, a 1 M LiPFs 1:1:0.1 ethylene carbonate:diethyl
carobonate:fluroroethylene carbonate (EC:DEC:FEC) electrolyte and cycled these electrodes at
100 to 400 mA/gs;. Figure 2.7 and Figure 2.8 show that, for a standardized forest height and Si
deposition time, a 100 um tall 10% honeycomb electrode exhibits significantly better areal
capacity, specific capacity, retained capacity and coulombic efficiency than a non-patterned
electrode. In particular the 10% electrode exhibits a > 8 mAh/cm? areal capacity when cycled at
100 mA/gsi. Further, use of the carbonate-based electrolyte containing fluoroethylene carbonate
with the 10% honeycomb structure achieves a higher first cycle coulombic efficiency (75% vs

60%) and prevents the significant drop-off in performance experienced using DOL-based
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electrolytes upon repeated cycling. These improvements in performance are attributed to FEC’s
ability to form a more stable SEI on the Si-CNT electrode, as previously been observed for Si

powder electrodes, and on the Li-metal reference electrode [146], [152].

&

€ 2000

=2 ] [91]

_c -

< i °

€ 1500- [1. 09]
:'? i

8 1000 - Th|s work: 100 um, LiPFg EC:DEC:FEC

% [106] This work: 250 um, LiTFSI-LiNO; DOL
(&} o[108] ©

1[soA

2 500_[ ] ®[102]

= [141] [101]

GE, Jis31 @ o

S i o [130]

3 0 L] I L] L] L] I L] L] L] I L] L] L]
> 20 30 40 50

Areal Capacity (mAh/cm?)

Figure 2.9: Comparison of areal and volumetric capacities for a selection of structured thick lithium-ion anodes.

In Figure 2.9 we compare the areal and volumetric capacity of honeycomb Si-CNT
electrodes with published values for a commercial lithium ion anodes [101], [129] along with
several structured and thick lithium-ion anodes [75], [77], [83], [91], [101], [102], [106], [108],
[109], [130], [141]. Here, the electrode volumetric capacity is calculated by dividing the areal
capacity by the electrode thickness plus an additional 20 pm. The additional 20 um corresponds to
a 10 pm thickness current collector and 10 um accounting for half the separator membrane
thickness. Including these components helps account for the fact that thicker electrodes minimize
inactive material content [12]. A full breakdown of the electrode properties and performance
metrics can be found in Table 2S.1.

Figure 2.9 also shows that our honeycomb Si-CNT electrodes exhibit high areal and

volumetric capacity. Among structured and thick electrodes the honeycomb Si-CNT forests trail
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only the Si-CNT sponge of Hu et al. [101] and the segregated Si-CNT films of Park et al. [109].
However, despite their similar areal capacity, the honeycomb Si-CNTs exhibit much greater
volumetric energy densities than the Si-CNT sponges, as (due to their higher packing density) the
honeycombs achieve comparable areal loadings of Si at only one tenth to one quarter the thickness
required for the sponges (100-250 pum versus >1 mm) [101]. In terms of volumetric capacity our
the work trails only Park et al.[109] and, despite our increased areal loading, the aligned Si-CNTs
of Ezzedine ef al. [91]. It is possible that Ezzedine et al. are able to achieve increased capacity at
lower heights via a more optimized Si LPCVD process to achieve more uniform depositions, which
can be addressed in future work. However, Ezzedine et al. experience a 35% capacity loss, in their
high loading Si-CNT electrodes over the first six cycles [91]. This is in strong contrast to our 250
um tall 20% honeycomb Si-CNT electrodes which retain ~78% capacity after 30 cycles (Figure
2.3B) and the 100 pum tall 10% honeycomb Si-CNT electrode which operates at ~88% capacity
after 30 cycles (Figure 2.7C). This demonstrates the importance of the honeycomb patterning in
enabling high areal capacity and capacity retention. The areal capacity of the Si-CNT honeycombs
is expected to be directly proportional to the electrode thickness, and can be improved as such, and
further improvements in volumetric capacity are likely possible by optimizing the honeycomb
structure and Si deposition process to maximize Si loading while accommodating reversible

expansion during cycling.

2.4 Conclusions

We have demonstrated the fabrication and half-cell properties of thick architected Si-CNT
electrodes based on a honeycomb pattern. The VA-CNTs were grown directly on copper foil,
precisely controlling the height and porosity of the CNTs through the growth time and catalyst

patterning respectively. We then coated the VA-CNTs on Cu foil with Si by an LPCVD process,
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observing that the CNT forests with honeycomb patterning achieved higher Si loadings for a set
forest height and deposition time due to improved precursor diffusion into the forest. The
honeycomb patterned Si-CNT composites were utilized as thick electrodes, with the patterning
playing a crucial role in reducing capacity fading upon repeated cycling over current densities
ranging from 0.5 mA/cm? to 2 mA/cm?. By increasing the Si loading on the forests our electrodes
demonstrated areal capacities of ~19.7 mAh/cm?, almost 5 times higher than existing slurry cast
Li-ion electrodes and competitive, both in terms of areal and volumetric capacity, with other
carbon-based thick 3D electrodes. We were able to obtain improved cyclability and lifetime by
utilizing a FEC containing electrolyte and better controlling the applied stack pressure. This work
demonstrates the potential VA-CNTs to serve as a scaffold for thick electrode development to
enable high areal capacity performance. Future works will look to further enhance electrode
performance by optimizing the VA-CNT patterning and height, as well as improve the Si

deposition parameters to better control the active material loading and distribution.

2.5 Experimental Methods

2.5.1 VA-CNT Patterning and Growth

35 um thick Cu foil (JX Nippon Mining and Metals) was cleaned with isopropyl alcohol
(VWR) and attached to a Si wafer for mechanical support using Kapton tape. These Cu foils were
then coated with AZ 3312 positive photoresist (AZ Electronic Materials) spin coated using a three-
step coating process of 500 rpm for 6 s, 750 rpm for 6 s and 3000 rpm for 30 s. The coated Cu foils
were baked on hotplate at 110 °C for 90 s. The AZ 3312 coated foils were then patterned using a
405 nm laser with a 130 mJ/cm? dose in a Heidelberg MLA-150 maskless aligner. Following
exposure, the Cu foils were removed from the Si support wafer and developed in AZ 300 for 90 s.

The develop foils were cleaned with deionized water and dried with compressed air. The patterning
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produced square electrodes with a 25 mm? area for catalyst deposition. Some squares were
patterned to include a honeycomb features.

The foils are then coated with a 10 nm Al,O3/10 nm W/20 nm Al,O3/3 nm Fe catalyst stack
using a sputtering system (Angstrom Engineering) utilized in our previous work [71]. In
preparation for CNT growth the Cu foil was cut into pieces each containing one 25 mm? electrode.
These pieces were attached to a Si support wafer and subjected to a three-step liftoff process to
remove the developed photoresist. The foils were sonicated (Crest 1100D) for 2 min in acetone
(VWR), then 2 min in dimethyl sulfoxide (Sigma) and then another 2 min in acetone. The sonicated
foils were dunked twice in isopropyl alcohol and dried with compressed air.

CNT growth was performed using a homebuilt CVD 1” tube furnace (Lindberg, Figure
2S.1A) similar to the one utilized in our previous works [64], [71]. The samples were held within
the tube on a quartz boat (Figure 2S.1B) and outside of the heated zone while the furnace is heated
to 775 °C and the tube is prepped for annealing. Once the tube was ready for annealing the samples
was inserted into the heated furnace using a magnetically coupled quartz transfer arm and held in
place for 10 min. After 10 min had elapsed, the sample was returned to its position outside of the
heated zone and a He flow was bubbled through a water reservoir (nebulizer) for 30 min to increase
the amount of moisture in the furnace. Next, the sample was placed back inside the furnace for the
CNT growth step of variable time at 775 °C. After the desired growth time the He flow through
the nebulizer was terminated, and the sample was transferred to an external position outside the
furnace and rapidly cooled. An external fan was directed at the cool zone to further increase the
cooling speed. Full details of the growth recipe are presented in Table 2S.2 and representative gas

flows and furnace conditions for a 20 min growth are presented in Figure 2S.15.
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Following growth, the porosity of the sample surface (“crust”) was increased by plasma
etching. The samples were plasma etched (Diener) under vacuum (~0.075 mTorr) while 2 sccm
O (Airgas) and 8 sccm Ar (Airgas) flowed through the chamber. The etch was carried out at 30

W for 5 min. Pre- and post-etch images of the crust are presented in Figure 2S.16.

2.5.2 Si-CNT Composite Electrode Fabrication

The VA-CNT samples on Cu foil were then trimmed into squares with an area of ~ 36 mm?
to leave a thin layer of Cu foil around the 25 mm? CNT forests. The samples were then weighed
in a quartz microbalance (Sartorius ME36S) to determine the starting mass. In preparation for Si
depositions these samples were placed in a homemade quartz shadow mask to minimize Si
deposition on the foil’s backside. The VA-CNT samples were placed on a 17 diameter quartz plate
(Thorlabs) and were then covered by a second quartz plate containing square window (~29.5 mm?)
to expose the CNTs while covering the exposed Cu foil. The bottom and edges of the quartz plates
were double wrapped in Cu foil. A schematic of the shadow mask assembly process can be found
in Figure 2S.17A through Figure 2S.17D.

For Si deposition the masked VA-CNT samples were placed on a 6” support wafer (Figure
2S.17E) and loaded into a LPCVD tube furnace at 525 °C. After purging with inert gas, 110 sccm
of 100% SiH4 (Airgas) flowed through the furnace at a constant pressure of 200 mTorr and the
deposition time was used to control the mass of deposited Si. After deposition the Si coated
samples were removed from the furnace (Figure 2S.17F) and allowed to cool to room temperature
under ambient conditions. The samples were then removed from the mask and weighed a second
time to determine the deposited Si mass. After weighing the electrodes were stored under vacuum

in a desiccator.
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2.5.3 Electrochemical Testing and Characterization

Si-CNT electrodes were dried under active vacuum at 90 °C (BUCHI) for 24 h before being
moved under vacuum into an Ar filled glovebox (Airgas, MBraun Labstar) with O, and H>O levels
< 5 ppm. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma) and LiNO; (Sigma) were
dried under vacuum at 120 °C for 24 h in the BUCHI oven before being moved under vacuum into
the glovebox. Two separate electrolytes, 1 M LiFTSI-0.1 M LiNOs or 1 M LiTFSI, were mixed
using anhydrous 1,3-dioxolane (DOL, Sigma) inside the glove box. Inside the glovebox the Si-
CNT electrodes were placed inside 0.5” diameter Swagelok cells (Figure 2S.18). The Swagelok
components were dried at 90 °C for 12 h before being placed under vacuum in the antechamber
for another 12 h. Li-metal foil (Alfa Aesar) was used as the reference and counter electrode in all
cells.

Cell fabrication followed one of two routes. One set of Si-CNT electrodes were covered
with 50 uL of 1 M LiFTSI-0.1 M LiNOs in DOL electrolyte, three 12 mm diameter Celgard 2500
separators, another 50 puL of that same electrolyte and finally a 9 mm diameter Li-metal foil. A
stainless-steel spacer was placed on top of the Li-metal foil and the cell closed using a compression
spring that applied ~155 kPa stack pressure. Two additional cells were made using this stack where
the Si-CNT electrode was replaced by either a bare 12 mm diameter Cu foil (JX Nippon Mining
and Metals) or a thin film analog to our Si-CNT composites. The thin film analog consisted of a
36 mm? square foil coated with 3-5 layers graphene and underwent an identical LPCVD process
(29.5 mm? exposed using the shadow mask) to the Si-CNT electrodes.

Cells with 1 M LiFTSI-0.1 M LiNOs in DOL electrolyte were cycled using a BCS-805
battery cycler (Biologic) at a 0.5 mA/cm? current density. The cells rested for 24 h prior before

being discharged at constant current to 0.05 V vs. Li/Li*. This was followed by a constant voltage
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hold at 0.05 V vs. Li/Li* until the discharge current reached 20% of its initial value. The cells were
then charged under constant current to 1 V vs. Li/Li" and the processes repeated. Finally, the cell
with a bare Cu foil electrode was discharged for 1.5 mAh under constant current using a VSP-300
potentiostat (Biologic) before being charged at constant current to 1 V vs. Li/Li".

The thin film analog sample is included to determine the effect of the thin region of exposed
Cu foil that surrounds the CNT forest (Figure 2.2A) on the electrode capacity. This exposed foil
is utilized during electrode fabrication to minimize damage to the CNTs while handling the sample
and to prevent excess Si deposition on the foil backside. During LPCVD this exposed foil is coated
with a thin Si film and will contribute to the electrode’s capacity. To estimate this contribution, we
ran an identical LPCVD deposition on a Cu foil coated with multilayer graphene (ML-G). The
multilayer graphene helps to protect the underlying Cu foil during LPCVD as we found the Si
deposition process turns exposed Cu foil brittle due to metal-silicide formation. After cycling this
thin film analog at 0.5 mA/cm? for 100 cycles (Figure 2S.19) we find that the thin film has a
maximum areal capacity of ~0.2 mAh/cm?. Using this capacity to account for the areal capacity of
the exposed Cu foil we find the absolute maximum capacity contribution of Si on the Cu foil to be
< 2% of the total electrode capacity. Therefore, we calculate the areal capacity of our electrodes
using the footprint area of the VA-CNT forests (25 mm?). Since the mass of Si on the foil cannot
be decoupled from the mass of Si on the CNTs the specific capacities are calculated using the total
amount of Si deposited each sample.

Another set of Si-CNT electrodes were covered with 50 uL of 1 M LiFTSI in DOL
electrolyte, one 12 mm diameter Celgard 2500 separator, another 50 pL of that same electrolyte
and a 9 mm diameter Li-metal foil. A stainless-steel spacer was placed on top of the Li-metal foil

and the cell closed using a compression spring applying ~ 55 kPa stack pressure. Cells with 1 M
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LiFTSI in DOL electrolyte were cycled using a BCS-805 battery cycler (Biologic) at various
current densities. The cells rested for 24 h prior before being cycled at constant current between
0.05 V and 1 V vs. Li/Li*. dQ/dV analysis for all cells was performed using Biologic’s BT-Lab
software.

A final set of Si-CNT electrodes were placed inside 2032-coin cells (MTI Corp.) For the
electrolyte fluoroethylene carbonate (FEC) was added to 1 M LiPFs in 1:1 v/v ethylene
carbonate:diethyl carbonate (EC:DEC, Sigma) to reach a volume ratio of 10%. 100 uL. were then
added to the cell, along with three 16 mm diameter Celgard 2500 separators and a 15 mm diameter
Li-metal foil. An electric crimper (MSK-160E, MTI Corp.) was used for coin cell assembly
(constant mass loading: 0.82 tons). These coin cells were cycled using a BCS-805 battery cycler
(Biologic) at various specific current densities. The cells rested for 24 h prior before being
discharged at constant current to 0.05 V vs. Li/Li". This was followed by a constant voltage hold
at 0.05 V vs. Li/Li" until the discharge current reached 20% of its initial value. The cells were then

charged under constant current to 1 V vs. Li/Li" and the processes repeated.

2.5.4 Material Characterization

Optical microscopy was performed using a Smartzoom 5 digital microscope (ZEISS). SEM
images were acquired using Gemini 450 field emission SEM (ZEISS) at a 2-10 kV accelerating
voltage, a 100-500 pA current and an In-lens secondary electron detector. EDS measurements
were recorded in the same SEM using a Ultim Max detector and AZtec software. For electrode
SEM analysis all cells were disassembled in the glovebox under argon and rinsed with DOL before
being dried and transported to the SEM under Ar.

Raman measurements were recorded using Renishaw Reflex spectrometer. CNT

measurements were taken using a 532 nm laser with an integration time of 30 to 45 s. Si
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measurements were taken using a 532 nm laser and a 60 s integration time. TGA measurements to
determine the amorphous carbon content of the VA-CNTs were performed under air using a TA
Instruments Discovery TGA. After being equilibrated to 60 °C the samples were heated at a rate

of 10 °C/min to 900 °C.

2.6 Supporting Information
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Figure 2S.1: A) Homebuilt CVD furnace for CNT growth with the transfer arm and boat highlighted by the white
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Figure 2S.3: A) Optical microscopy image for honeycomb patterned catalyst with 20 pm diameter and 40 um spaced
holes, the insert is a photograph of the entire catalyst area. B) Optical microscopy image for honeycomb patterned
catalyst with 80 um diameter and 85 um spaced holes. C) SEM of VA-CNTs with 10 pm diameter and 15 um spaced
hole honeycomb pattern. D) SEM images of honeycomb VA-CNT forests with 80 pm diameter and 85 um spaced
holes.
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Figure 2S.4: Non-patterned CNT forest with increased height (0% Tall) to enable higher areal Si loading.
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Figure 28.5: First discharge dQ/dV plots of Si-CNT electrodes.
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CNT electrodes after 100 cycles.

A 2 B

1.2 1.2 2 Cycle 1
j 0.5 mA/cm2 Eyz:: ; . j 0.5 mA/cm Cycle2
> 1.0 Cyilem :>, 1.0 - Cycle 10
. ] Cycle 20 - - Cycle 20
5' 0.8~ cizlzzo =_' 0.8~ Cycle 30
—! ! Cycle 50 —l h Cycle 50
g 0.6— g 0.6-: N
& o.43 S o.4j»
S S
S 02 S 0.2
0.0+——1 0.G1.......|...|...|...|
0 2 4 6 8 10 0 2 4 6 8 10
C Areal Capacity (mAh/cm?) D Areal Capacity (mAh/cm?)
1.2
Cycle 1 1.2
; 1 oj Cycle 2 - 0.5 mA/cm? gx:z;
e 107 Cycle 10 = 1.0 Cycle 10
-|-J ] Cycle 20 + ] Cycle 20
= 0.8~ Cycle 30 = 0.8 Cycle 30
- ] Cycle 50 | - Cycle 50
» 0.6- & 0.6-
: ol Y > ]
> o.4j\, S 0.45
= s 3
S =
0.0 }+————F+——"7—"—"—"1 7 0-01---|---|---|---|-"|
0 2 4 6 8 10 0 2 4 6 8 10
Areal Capacity (mAh/cm?) Areal Capacity (mAh/cm?)

Figure 2S.7: Voltage profiles over 100 cycles for A) 0%, B) 10%, C) 20% and D) 0% tall Si-CNT electrodes.
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Figure 2S.8: dQ/dV profiles over 100 cycles for A) 0%, B) 10%, C) 20% and D) 0% tall Si-CNT electrodes.

Figure 2S.9: Post 100 cycle photographs of A) 0% tall and B) 20% Si-CNT electrodes.
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Table 2S.1: Performance summary for several thick and structured lithium-ion anodes.

. . Areal Volumetric
o e Active Thickness . § .
Description Material (um) Capacity Capacity Reference
H (mAh/cm?)  (mAh/cm®)
Honeycomb . .
CNTs on Cu Si 250 20 741 This work
Honeycomb . .
CNTs on Cu Si 100 10.5 875 This work
Aligned CNTs Si 30 35 1700 Batteries and Supercaps 6 (2023) 848-858
on Cu ) https://doi.org/10.1002/batt.202200451
Architected c 1000 10 03 Adv. Energy Mater. 2002637 (2020)
Carbon https://doi.org/10.1002/aenm.202002637
. Adyv. Energy Mater. 1 (2011) 523-527
CNT Sponge Si 1000 24 220 https:/doi.org/10.1002/acnm.201 100056
Nanoscale 7 (2015) 20380
CNT Sponge Sn0: 10 74 369 https:/doi.org/10.1039/CSNRO6613A
CNT . Energy Environ. Sci. 13 (2020) 848
Microscrolls Si 60 3-8 698 https://doi.org/10.1039/C9EE02615K
Aligned CNTs Si 10 051 170 Adv. Mater. 24 (2012) 2592
on stainless i https://doi.org/10.1002/adma.201104923
. Adyv. Energy Mater. 4 (2014) 1301718
Cu Foam Si 300 10 313 https:/doi.org/10.1002/aenm.201301718
Honeycomb
CNTs on Small (2019) 1901201
conductive Fe:0s 330 09 2 https://doi.org/10.1002/sml1.201901201
polymer
Aligned CNTs - Batteries 3 (2017) 37
on Ni LisTisOn 100 0.54 45 https://doi.org/10.3390/batteries3040037
Segrecg;t;d Si- S 300 45 1406 Nat. Energy 4 (2019) 560
. https://doi.org/10.1038/s41560-019-0398-y
composite
Blg‘f&g?ed si 130 106 07 1. Colloid Interface Sci. 625 (2022) 871
. . https://doi.org/10.1016/j.j¢is.2022.06.082
composite
SOA thhlum- c 65 4 471
ion
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Table 2S.2: Steps and parameters for CNT growth on Cu foils.

Nebulizer Temperature Boat
Time (min) He (sccm) H: (sccm) C:H4 (sccm) (scem) {)"C) Position
(cold/hot)
1 25 1000 0 0 0 25 Cold
2 10 400 100 0 0 775 Cold
3 3 100 400 100 0 775 Cold
4 7 100 400 0 0 775 Cold
5 10 100 400 0 0 775 Hot
6 25 450 100 0 50 775 Cold
7 5 350 100 100 50 775 Cold
8 Variable 350 100 100 50 775 Hot
9 5 400 100 100 0 25 Cold
10 20 1000 0 0 0 25 Cold
A 0 B 1200 1 234 5 6 7 8 9 10
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-8 20 & o 3
o F 2 g 800
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5 F40 3 8 ] He
3 ) S 400 H
g C -50 Q o ] 2
a E.60 L 2004 i C,H,
i ! E . I | Nebulizer
I e e T rrr-70 [ o e o o e N BLJSALARa B e o e
25 50 75 100 125 150 0 25 50 75 100 125 150
Time (min) Time (min)

Figure 2S.15: Representative A) temperature and moisture profile, and B) gas flows for a 20 min CNT growth on Cu

foil.
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Figure 2S.17: A) Quartz plate on the first Cu foil, B) addition of VA-CNT sample with second plate containing a
square window for CNT exposure, C) the first foil is wrapped around the quartz plate, D) the second foil wrap, E)

masked VA-CNT on Cu samples for Si deposition, F) a sample post Si deposition.
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Figure 2S.18: A) Swagelok cell and B) schematic of Swagelok cell interior.
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Chapter 3- A Review of Electrolyte
Materials and Processing Methods
Suitable for Three-dimensional Battery
Architectures

3.1 Abstract

Three-dimensional (3D) battery architectures have been envisioned to enable high energy
density electrodes without the associated power drop experienced by planar cells. However, the
development of 3D cells has been hampered by difficulties producing conformal solid state (SSE),
solid polymer (SPE) and gel polymer electrolytes (GPE) that are pinhole free, and have adequate
ionic conductivities. Fortunately, 3D electrolytes are often utilized at thinner thickness, which may
result in suitable performance. Here, we comprehensively review potential 3D electrolyte
materials by compiling their thickness and room temperature ionic conductivity. We use area
specific resistance (ASR) as a metric to compare 3D electrolytes with one another and conventional
electrolytes. We find that certain process-material combinations, such as atomic layer deposition
(ALD) of SSEs and initiated chemical vapor deposition (iCVD) of SPEs demonstrate ASRs
beneath the interfacial impedances of Li-based systems and approach state-of-the-art thin film
electrolytes. We also comment on additional factors, such as electrochemical stability, that should
be further evaluated when determining suitability as a 3D electrolyte. Future research should focus
on adapting known materials chemistries for vapor deposition techniques to further improve the
base ionic conductivity, as they are already capable of producing the necessary conformalities and

thicknesses.
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3.2 Introduction

Since the initial production of lithium-ion batteries by Sony in the early 1990’s[1], their
commercially available specific and volumetric energy densities have more than tripled, from ~80
to ~300 Wh kg!, and ~250 to ~750 Wh L1, respectively. The predominant commercial lithium-
ion cells, which have planar slurry cast intercalation electrodes, have achieved volumetric energy
density greater than 95% of the theoretical maximum|[1], [6], [7], [10]. Yet, there is rising demand
for higher density energy and power sources in systems with applications across all length scales.
For instance, implantable medical devices and small wearables (e.g., earbuds) require batteries as
small as 1-10 mm? [3], [4]. The same issues are faced by laptop computers and electric vehicles
(EVs). Despite the aforementioned improvements, significant work is required to meet the
established targets for EVs, such as those of the United States Advanced Battery Consortium,
which exceed 300 Wh kg™! or 1000 Wh L [7], [11], [14], [157].

One strategy to increase a lithium-ion system’s energy density is to optimize the cell
geometry to minimizes the content of inactive material [7], [34], [35]. Planar cell architectures
dominate battery production due to their ease of industrial fabrication. This includes planar thin
film lithium-ion batteries for MEMS devices [4] and, conventional pouch or cylindrical cells for
portable electronics and EVs [1], [2], [12]. For planar cells the most straightforward way to
minimize the inactive material content is to increase electrode thickness[4], [34], [35].
Unfortunately, while the energy density scales with electrode thickness whereas power desnity
scales inversely with electrode thickness squared [4]. In thin film cells, as the electrode thickness
increases, Li* diffusion (< 107! cm? s7) through the solid active material becomes a limiting factor
and results in decreasing power density despite the increased energy density [4], [5]. This trade-

off between energy and power density is also experienced by cylindrical or pouch cells . Here,
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thick slurry cast electrodes expereince reduced rate preformance due poor charge and mass transfer
kinetics resulting from high tortuosity [34], [35]. Furthermore, thick electrodes are subject to
cycling stresses that can compromise mechanical integrity [158].

The issues associated with thick, planar electrodes can be avoided by moving away from
these 2D designs and towards architectures where electrodes have active surface area exposed in
three dimensions (3D) [4]. There are many possible 3D architectures, utilizing various types of
interpenetrating rods, plates or films, as schematically shown Figure 3.1A-D [128]. For these 3D
designs, a given active material volume can be distributed with a smaller electrode feature
thickness Figure 3.1E). This increased surface area enables shorter Li*" diffusion distances for a
given amount of active material, and a 3D design decouples the trade-off between energy and

power density inherent to planar designs [3], [4], [36]-[38].
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C

Figure 3.1: Schematics for variations in 3D battery architectures including: A) interdigitated anode and cathode rods,
B) interdigitated anode and cathode plates, C) cathode array surrounded by infiltrated anode material and D) gyroidal
structure. All designs feature a conformal thin film electrolyte between the two active materials. A) through D) adapted
with permission [128]. Copyright 2010, Elsevier. F) shows the increase in interfacial area obtained through a 3D
design to overcome the energy-power trade-off experienced by an equivalent planar cell. F) adapted with permission
[37]. Copyright 2018, American Chemical Society.

While 3D batteries offer promising electrochemical properties, their complex geometries
require an involved fabrication process. Lab-scale fabrication often begins by producing a single,

arrayed electrode, typically using lithographic and thin film fabrication technologies. Published
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3D half-cell configurations have been fabricated from, for instance, Si nanowires [40], ion etched
Si trenches [41], active material coatings on metallic nanowires [42]-[46] and pyrolyzed carbon
posts [47], [48].

Although half-cell capabilities are well demonstrated there have been fewer attempts to
fabricate full cell 3D batteries where the solid or polymer electrolyte and two electrodes form a
fully interdigitated or interpenetrating network. An intermediate configuration involves a pair of
3D electrodes separated by a conventional liquid electrolyte, with precisely controlled spacing to
prevent electrode contact [48], [159], [160]. Yet, the ideal 3D battery design, as pictured in Figure
3.1E, utilizes a thin, solid conformal layer between the two interpenetrating or interdigitated
electrodes. Practically, this may be a solid state (SSE), solid polymer electrolyte (SPE) or gel
polymer (GPE) coating, which compared to the liquid electrolyte equivalent, allows for lower
inactive material content and electrode spacing by enabling a thinner electrolyte layer. Use of an
SSE or SPE also increases safety by excluding the flammable organic solvents that are commonly
used in liquid electrolytes and to enhance conductivity in GPEs [1], [3], [24].

For practical use, SSEs, SPEs or GPEs must exhibit ionic conductivity that is competitive
with liquid electrolytes (102 S/cm). Due to their larger transference number, SSEs for planar
designs should exhibit ionic conductivities of ~10-10 S cm! at room temperature, while SPEs
and GPEs need conductivities on the order of 10 S cm™! [20], [25], [161]. The ionic conductivity
of solid electrolytes can span several orders of magnitude due to variation in ion valency and size,
conduction mechanism, electrolyte composition, crystal structure and operating temperature [32].
Recently, planar oxide and sulfide SSEs films with thicknesses on the order of hundreds of
nanometers have shown exceptional ionic conductivity of > 10 S/cm. This topic has been

comprehensively reviewed by numerous works [20], [21], [24], [162]-[165]
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Beyond suitable ionic conductivity, SSEs, SPEs and GPEs must satisfy several other
criteria for use in 3D batteries. Notably, they must be electrically insulating, have a sufficient
electrochemical stability range and be processable in manner capable of producing conformal,
uniform and pinhole free films over the underlying (3D) electrode. While oxide and sulfide SSEs,
SPEs and GPEs for planar cells meet these first two criteria with varying degrees of success, the
employed processing methods for thin films do not generally facilitate pinhole free layers over
high aspect ratio micro- or nanoscale features. As a result, advanced processing techniques have
been investigated to fabricate conformal 3D electrolyte coatings with thicknesses ranging from

tens of nanometers to millimeters[158], [166], [167].
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Figure 3.2: Reported values of ionic conductivity versus electrolyte thickness for SPEs and GPEs with potential for
incorporation in 3D full cells. SOA planar and liquid electrolytes are included for comparison.

Yet, to date, the resulting 3D solid electrolyte materials differ significantly in composition
and structure from the optimized planar SSEs and SPEs, and often have significantly reduced ionic
conductivity. Therefore, a significant portion of 3D electrolyte literature is devoted to tackling the
conductivity problem that has largely been solved for planar electrolytes. However, unlike their

planar counterparts, the miniaturization, and decreased diffusion distances that results from 3D
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battery designs leads to decreased electrolyte thicknesses and an increase in electrode-electrolyte
interfacial surface area. Recent reviews suggest a range of 10”7 S/cm to 10 S/cm as the sufficient
ionic conductivity for electrolyte use in 3D microbatteries. These values are far below
conventional SSEs, SPEs and GPEs but are sufficient if adequately small electrolyte thickness is

achieved[4], [158], [166].
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Figure 3.3: Reported values of ionic conductivity versus electrolyte thickness for SSEs with potential for
incorporation in 3D full cells. SOA planar solid and liquid electrolytes are also included for comparison.

Therefore, selection of the electrolyte material, target ionic conductivity, and processing
technique depend on the thickness at which the 3D features are fabricated. We have
comprehensively compiled the reported room temperature (~298-303 K) ionic conductivities and
thicknesses of SSEs, SPEs and GPEs used in 3D batteries, or those that may be able to do so with
minor modifications. Corresponding values of ionic conductivity and thickness for all SPEs and
GPEs discussed in this section are included in Figure 3.2, and all SSEs in Figure 3.3. Benchmark
values for commercial planar electrolytes include state-of-the-art (SOA) carbonate liquid
electrolytes[10] and poly(ethylene oxide) (PEO) based GPE/SPEs[168], [169] (Figure 3S.1A),

along with both thick and thin film SSEs. The thick film SSEs included are: pellets of lithium
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germanium phosphorous sulfide (LGPS) [170], LLZO [171], LLTO [172], LATP [173] and
LiPON [174] (Figure 3S.1A). Thin film planar SSEs include: sputtered LLZO [175], LiPON [176]
and LATP[177], and pulsed laser deposition LiPO [178] and LLTO[179] (Figure 3S.1B). We then
use the reported ionic conductivity and thickness values to calculate the area specific resistance
(ASR) [175], [180] for each potential 3D electrolyte. The ASR enables comparison with the SOA
planar equivalents to determine which deposition techniques and materials are the most promising

in the pursuit of full cell 3D batteries.

3.3 Solid Polymer and Gel Polymer Electrolytes

Next, we discuss the performance of SPEs and GPEs deposited by electropolymerization
(EP); individually referenced data is compiled in Figure 3S.2A. Early work towards conformal
polymer electrolytes focused on EP due to its self-limiting nature when applied to electrically
insulating materials, as polymerization occurs more rapidly over the bare electrode regions while
stopping on the thicker areas once they become electrically insulated. This results in a uniform
pinhole-free coating over the electrode surface and prevents excess deposition on corners, but does
limit the film’s thickness to < 100 nm [3]. Preliminary works by Rhodes et al. demonstrated EP of
pinhole-free poly(phenylene oxide) (PPO) films over indium-tin-oxide substrates [116]. After
impregnation with lithium salts and vacuum drying, the PPO films exhibited a low ionic
conductivity (o) of 7x1071° S/cm at 43 nm thickness. Also, Rhodes ef al. extended their EP work
to poly(4-sulfonic acid-1-2-phenyelene oxide) (PSPO) and poly(2,6-dimethyl-1,4-phenylene
oxide) (PDPO) films which exhibited ¢ = 8x10" and 4x10® S/cm respectively [114]. These PPO-
based EP have been used in full 3D battery cells [51], [181]. Unfortunately, the cells had low
capacity and permitted leakage current possibly due to the EP film’s low ionic conductivity and

thinness [51].
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Later EP works expanded to poly(propylene glycol) diacrylate (PPGDA) films doped with
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salts that exhibited 6 ~ 10 S/cm [182]. The
PPGDA EP films ranged from 0.2-2 um thickness, the thinner of which was shown to conformally
coat a Cu nano-pillar architecture (Figure 3.4A). More recently, Abdelhamid et al. performed ED
of a polyethylene oxide-acrylate based polymer electrolyte on Si pillars. The planar version of the
films acted as a GPE with ¢ ~10* S/cm when doped with ionic liquids[183].

More recently, initiated chemical vapor deposition (iICVD) has emerged as a candidate
technique for depositing conformal SPEs for 3D batteries. Gleason and colleagues used iCVD to
produce pinhole-free polysiloxane films (~10 nm thickness) over high aspect ratio Ag nanowires
(Figure 3.4B) [29], [123], [124]. Poly(tetra-vinyltetramethylcyclotetrasiloxane) (PV4D4) films
with 25 nm thickness exhibited 6 = 7.5x10® S/cm. Yet, for 35 nm thickness, ¢ dropped to 1.3x10-
19°S/cm. The authors hypothesized that this was due to increased disorder in the siloxane ring
stacking that assisted in lithium transport through the film, or incomplete lithiation of the thicker
film during doping [29]. The authors later investigated other polysiloxane and polysilazane SPEs,
and found that PV4D4 systems exhibited the best performance with 6 approaching ~107 S/cm at
25 nm film thickness[123], [124]. iCVD of hydroxyethyl methacrylate and ethylene glycol
diacrylate (poly(HEMA-co-EGDA)) copolymers produced conformally coated thin films on a
variety of structured nano surfaces, an example of which is presented in Figure 3.4C, with precise
control over thicknesses from 30 to 300 nm. The ionic conductivity dropped by several orders of
magnitude as the loading of cross-linker was increased and chain mobility decreased. By tuning
the copolymer composition and doping with LiTFSI these poly(HEMA-co-EGDA) films exhibited
o =6.1x10° S/cm, several orders of magnitude higher than previous iCVD works, for ~ 1 pm thick

films [27]. Conductivity-thickness parings for all iCVD electrolytes are compiled in Figure 3S.2B.
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Figure 3.4: A) pre- and post EP PPGDA coating Cu nanopillars. Adapted with permission [182]. Copyright 2014,
Elsevier. B) PV4D4 iCVD coating on an Ag nanowire . Reproduced with permission [29]. Copyright 2015, Royal
Society of Chemistry. C) poly(HEMA-co-EGDA) iCVD coating on TiO2 microline. Reproduced with permission [27].
Copyright 2019, American Chemical Society.

While having, generally, < 1 um thickness makes EP and iCVD electrolytes suitable for
MEMS applications there is interest in thicker 3D SPE and GPEs that enable simpler processing
techniques. These coatings are more likely to be GPEs as impregnation with organic solvent
improves conductivity and helps counteract the increased thickness. For example, Dokko et al.
molded a poly(methyl methacrylate) (PMMA) sheet doped with LiClO4 and various carbonates to
produce a microarray battery[184]. The PMMA GPE served as a separator of ~50 pm thickness
and electrolyte with ¢ on the order of 10 S/cm. A similar electrolyte was used with a thickness
of ~10 um by Yoshima et al. [185].

Fabrication of thicker 3D SPEs and GPEs can be relatively straightforward, such as by
dipping 3D structures into polymer solutions or casting the polymer directly onto the 3D structure.

This negates the need for the specialized reactors or electrochemical setups required for iCVD and
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EP, respectively. For example, Tan et al. produced conformal SPEs made of a 2:1 blend of
polyetheramine and poly(propylene oxide) diacrylate that contained LiTFSI salt [186]. These SPEs
were successfully cast on LiFePOj4 electrodes (Figure 3.5A) at 2 pm thickness, giving ¢ = 3.45x10"
¢ S/cm at 3.1 mm thickness. Similarly, by solution casting Nakano et al.[187] produced ~50 um
thick PEO SPEs with ¢ = 2x10* S/cm. Sun et al. conformally cast ~1 um thick blended poly(ether
amine) (glyceryl poly(oxypropylene) and poly(propylene glyocol) diacrylate SPE coatings on
conventional LiFePOs electrodes. Freestanding films (3.1 mm thickness) exhibited ¢ = 3.5x10¢
S/cm after crosslinking [188]. Sun ef al. cast a PEO-based GPE (4x103 S/cm) into ~25 pm
channels to form a full cell [189], while Ashby ef al. infiltrated high conductivity (10 S/cm) ~100
um thick ionogel electrolytes into their cells [190]. Last, 3D SPEs based on poly(trimethylene
carbonate) (PTMC) were formed by dipping various 3D electrodes (Figure 3.5B) into solutions of
PTMC that contained LiTFSI and achieved a maximum & of 10 S/cm for ~5 pm thickness [191].

Spin coating presents another route to depositing SPEs and GPEs, which is also amenable
to salt loading for suitable conductivity. Choi et al. produced LiClO4 doped SU-8 GPEs by spin
coating onto Si substrates [192]. The doped SU-8 exhibited ¢ = 5.2x10” S/cm at thickness of
approximately 2.7 um. Hur ef al. used a similar approach to produce full 3D cell with a SU-8 GPE
by spin coating onto Si pillars (Figure 3.5C)[50]. These films were thicker (10-50 pm) and
exhibited 6 = 2.8x10”7 S/cm, with the SU-8’s conductivity being greatly influenced by the degree
of crosslinking. Thicker (100 pm) methyl ether methacrylate-polyethylene glycol (MA-PEG) SPEs
were spin coated by Nasreldin ef al., giving ¢ = 4x10* S/cm in a stretchable 3D microbattery

[193].

108



Coated

i

Coated - C Uncoated

N,

.
D ———— E
SLA 3D printing 3D-SPE
Laserﬂ"‘I N
E - 4

Precursor

-

Figure 3.5: A) Pre- and post-casting of SPE onto a LiFePO4 electrode. Adapted with permission [186]. Copyright
2010, Elsevier. B) dipped PTMC SPE on Cu20-Cu nanopillars. Adapted with permission [191]. Copyright 2018,
American Chemical Society. C) spin coated SU-8 GPE on Si pillars. Adapted with permission [50]. Copyright 2018,
Elsevier. D) SLA 3D printed SPE. Reproduced with permission [194]. Copyright 2020, American Chemical Society.
E) imprint lithography GPE. Reproduced with permission [195]. Copyright 2013, Wiley-VCH.

An alternative approach to creating a conformal electrolyte coating is a structured SPE or
GPE which allows incorporation of, but prevents physical contact between, two electrodes. PEO-
based SPEs with ~100’s of micron thickness (Figure 3.5D) have been produced using
stereolithography, giving 6 = 3.7x10* S/cm [194], while imprint lithography has been utilized to
create SU-8 based GPEs (Figure 3.5E) with ~150 um thickness and ¢ > 10 S/cm [195].
Conductivity-thickness parings for all microscale SPEs and GPEs are compiled in Figure 3S.2C

and S2D.
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3.4 Solid State Ceramic Electrolytes

Many ceramics have been investigated as SSEs for 3D battery systems. In general, ceramic
based SSEs can offer higher conductivity than SPEs and are safer than GPEs. However, ceramic
SSEs have high density [1], [26], are often brittle [26], and incur higher material and processing
costs compared to their polymer counterparts [26], [33], [169], [196]. Despite having a modest
ionic conductivity, LiPON has served as the SSE of choice for planar thin film solid state batteries;
it is typically made by sputter deposition, with 6 ~10® S/cm [126], [176], [197]-[205]. Thicknesses
are typically ~1 pm but have been reported between 0.5 to 200 um [126], [176]. LIPONB [206],
[207] and LiSiPON [208] have been produced by co-sputtering, or by incorporating the added
element into the sputtering target; the same applies to sputtered lithium vanadium silicon oxide
[209]. While sputtered films have been used in 3D structured cells (Figure 3.6A), sputtering does
not conformally coat high aspect ratio features, and shadowing effects lead to uneven thickness
and limit overall conductivity [126], [202]. Conductivity-thickness parings for all sputtered SSEs
are compiled in Figure 3S.3A.

On the other hand, atomic layer deposition (ALD) has become a leading technique for
conformal deposition of SSEs on 3D battery electrodes with micro- and nanoscale features. ALD
produces films that are both conformal and pinhole free under appropriately controlled conditions.
However, each self-limiting ALD cycle deposits a sub-nanometer film, requiring many time
consuming cycles even for 10-100 nm thickness coatings, although continuous processes have
been developed for non-electrolyte applications [210], [211]. Multiple comprehensive reviews
have been published on use of ALD processes into 3D battery designs [158], [212].

Using sputtered SSE films as a benchmark, LiPON and LiPON-like films have been

explored using ALD processes. For ALD of LiPON, Nisula et al. used lithium
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hexamethyldisilazide and diethyl phosphoramidate precursors, while Kozen ef al. use the more
common lithium tert-butoxide, deionized H,O and trimethylphosphate precurors [118], [213].
Nisula et al. conformally coated silicon micropillars with 115 nm thickness of LiPON which
exhibited a room temperature ¢ = 6.6x10”7 S/cm (Figure 3.6B) [213]. Kozen et al. demonstrated ¢
= 1.45x107 S/cm for films with a thickness of less than 50 nm, and deposited LiPON on individual
carbon nanotubes (CNTs)[118]. More recent works studying ALD LiPON films achieved similar
results, with ¢ = 5x10”7 S/cm for a 70 nm film[214] and 3.2x1077 S/cm for a films with thickness
between 50 and 500 nm [215]. Pearse et al. developed unique polymorph LiPON films with ¢ =
6.5x1077 S/cm at 35°C for thicknesses of 70-80 nm and utilized these films in a planar thin film
battery between Si and LiCoO> electrodes[52]. Pearse et al. later reproduced a similar electrolyte
with almost identical thickness and conductivity to fabricate full 3D solid state batteries by
depositing an ALD SSE on an etched Si substrate (Figure 3.6C) [37]. The LiPON coating by Put
et al. was successfully utilized as a SSE in a planar thin film battery [214]. LiPON SSEs have also
been deposited by metalorganic-chemical vapor deposition (MOCVD), with 190 nm thick
MOCVD films exhibiting ¢ = 5.9x10° S/cm, which is ~10-fold greater than the cited ALD LiPON
works[216].

ALD lithium phosphate (LiPO) has also been investigated, with thicknesses similar to
ALD LiPON but with slightly lower conductivities. In 2014 Wang et al. reported room temperature
o = 3.3x10® S/cm for films with thickness of ~130 nm [217]. Liu et al. deposited pinhole-free,
conformal LiPO films by ALD (< 10 nm thickness) on FePO4 coated CNTs, though the films had
a low o, ~10 S/cm [111]. Finally, Létiche et al. produced full 3D cells by depositing thin films,

including a LiPO electrolyte, on an etched Si wafer [218]. By varying the deposition temperature
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and film thickness, ¢ = 6.2x10”7 S/cm was achieved for 30 nm thickness, and ¢ = 2.6x107 S/cm
for a 10 nm thick pinhole free-sample.

ALD chemistries for oxide-based SSEs have also been developed. The thicknesses of these
films are typically tens to hundreds of nanometers, and the ionic conductivity varies by several
orders of magnitude depending on the precursors, processing parameters and final film
composition. For instance, Kazyak et al. developed an ALD route to produce garnet (LLZO) thin
films with 6 ~10" S/cm [219]. Investigations into lithium aluminate yielded films with ¢ ranging
from 1071 S/cm [220] to 5.6x10®% S/cm [221]. A lithium silicate based oxide exhibited 6 = 5.72x10
¥ S/cm [222] just above room temperature, while a film combining lithium aluminate and silicate
improved the room temperature ¢ to ~107 S/cm [223]. Other oxide SSEs deposited by ALD
include lithium niobium oxide (6.39x10® S/cm) [224], lithium tantalate (2x10-* S/cm)[117] and
lithium carbonate (1071° S/cm)[225]. So far the highest known ionic conductivity achieved by ALD
was via a combination of lithium borate and lithium carbonate that exhibited ¢ = 2.2x10° S/cm at
100 nm thickness[180]. Non-oxide ALD SSEs include lithium fluoride (103 S/cm)[226], lithium
aluminum fluoride (3.5x10°® S/cm)[227], and lithium aluminum sulfide (2.5x1077 S/cm)[228] thin
films. Conductivity-thickness parings for all ALD and MOCVD SSEs are compiled in Figure
3S.3B.

It has also been shown that thicker 3D templated SSEs can serve as scaffolds for full cell
fabrication. A notable example is the work by Kotobuki et al., who used a honeycomb shaped
perovskite-type (LLTO) structure to manufacture a 3D cell by infiltrating the shaped electrolyte
with conventional slurry-based electrode materials [49]. The LLTO had a thickness on the order

of 100 pm and a reported o 1.1x10-* S/cm. Similarly, Shoji et al. used a pressed LLZO pellet with

thickness of ~500 um and a ¢ ~10** S/cm to make the scaffold (Figure 3.6D) for their cell [229].
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In a unique approach, Cohen et al. combined PEO with lithium aluminum germanium phosphate
(LAGP) SSE to produce a “quasi-solid” electrolyte by electrophoretic deposition, resulting in ¢ =
2x10** S/cm at ~50 pm thickness [230]. Conductivity-thickness parings for all formed SSEs are

compiled in Figure 3S.3C.

A Axial Symmetry
1

Figure 3.6: A) 3D full cell containing sputtered LiPON SSE. Reproduced with permission [126]. Copyright 2016,
American Chemical Society. B) ALD LiPON SSE on 3D-microstructed Si pillars. Reproduced with permission [213].
Copyright 2015, American Chemical Society. C) full 3D cell containing LiPON like electrolyte deposited on etched
Si. Reproduced with permission [2]. Copyright 2018, American Chemical Society. D) formed LLZO pellet to serve
as a template for 3D full cell construction. Reproduced with permission [229]. Copyright 2016, Shoji, Munakata and
Kanamura.

3.5 Ionic Conductivity Suitability and Area Specific Resistance

Ionic conductivity is perhaps the most important consideration for a material to be used as
an SSE or SPE. A high ionic conductivity helps to mitigate ionic resistance losses across the
electrolyte layer. In Eq. 3.1 the ionic resistance (R) is a function of electrolyte thickness (L),
electrode-electrolyte contact area (A4) and the ionic conductivity (o) [29]. As one requirement to

replace liquid electrolytes in batteries, SSEs, SPEs and GPEs must exhibit ionic conductivities
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comparable to liquid electrolytes currently used in state-of-the-art systems (~107 to 102 S cm™).
Consistently achieving this level of ¢ has historically been a challenge for all SSE and SPE types,
and it is not uncommon for ¢ to vary by orders of magnitude depending on ion valency and size,
conduction mechanism, electrolyte composition, crystal structure and operating temperature[24].
While recent research has produced oxide and sulfide SSEs with ¢ on par with liquid
electrolytes[10], these high conductivity SSEs are produced for planar batteries, often at thickness
> 10 pm, so their processing methods to date make them unsuitable for implementation in 3D
batteries. The result is that SSEs, SPEs or GPEs used in 3D batteries are often limited to materials
compatible with the limited processing techniques capable of electrolytes in a format conformal to
3D electrode structures, as highlighted by the many examples cited in the prior sections.
However, considering that 3D cells generally require a thinner electrolyte than planar
designs, we can use the area specific resistance (ASR, Eg. 3.2) as a measure to compare 2D and
3D electrolytes. For each electrolyte there will exist a certain minimum thickness that offsets the
losses from the decreased . While many 3D SSE or SPE works point out this trade-off, the
question as to whether the conductivity and thickness combination are competitive with

conventional technologies, and other 3D electrolytes, is rarely answered.

__ Lm
R =5 Ao (a3
ASR (Qm?) = =" _ gy 3.)
o(Sm-1) q- >

In Figure 3.7, we plot the calculated area specific resistance (ASR) for each 3D SPE and
GPE versus its thickness; Figure 3.8 shows the same for 3D SSEs. Additional breakdowns of ASR
by electrolyte deposition or fabrication technique are found in Figure 3S.4 through Figure 3S.6.

The ASR is calculated by taking the ratio L/c (Eq. 3.2) [180], [218], [223]. This ASR can then be
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compared with the calculated ASR for conventional battery electrolytes as well as the standard

interfacial impedance for conventional Li-based systems (~10 Q m?) [180].
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Figure 3.7: Calculated ASR for 3D SPE and GPEs, as well as SOA planar solid and liquid electrolytes.
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Figure 3.8: Calculated ASR for 3D SSEs, as well as SOA planar solid and liquid electrolytes.

We can draw several useful conclusions from Figure 3.7. First, the ASR of early PPO-

based EP SPEs [51], [114], [116], [181] and siloxane or silazane iCVD SPEs [62—64] exceeds the
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~10 Q m? threshold, yet this is far surpassed by improved EP and iCVD material systems. With
respect to EP, the highest ASR also corresponds to the work with the best reported conductivity;
the polyethylene oxide-acrylate based GPE by Abdelhamid et al. gave an impressive ASR of ~1
Q m?, albeit by incorporating ionic liquids in the gel. A similar improvement was observed for
iCVD, where recent advances in copolymerization have produced an SPE with ASR below 10 Q
m? [27]. Despite requiring a specialized reactor iCVD has the advantage of easily tunable
thickness spanning from < 10 nm [29] to > 1 pum [119] and the ability to control mechanical
properties through crosslinker composition. At L > 1 um several of the SPE [191] and GPE [184],
[189], [190], [192] systems also demonstrate competitive ASRs. However, these electrolytes are
difficult to integrate with 3D electrodes, such as the cast SPE of Tan et al. (Figure 3.5A) which,
despite creating a conformal exterior coating, fails to penetrate deep into the electrode.
Nevertheless, even the best 3D GPEs and SPEs reported to date fall behind the ASRs of thin film
planar SSEs or conventional liquid electrolytes.

Similarly, certain 3D SSE works stand out in terms of their ASR (Figure 3.8). 3D templated
SSEs manufactured from conventional SSEs are competitive with their planar counterparts [49]
and may provide a pathway to creating 3D SSEs using well researched materials, particularly if
the forming process can achieve thinner films, as for instance Kotobuki ef al. reached only 100
um. Sputtered LiPON lags behind LiSiPON[208], which only approaches the ~10 Q m? target.
Notably, MOCVD LiPON performs far more admirably, largely in part to its thinner
thickness[216]. Due to their thin thicknesses and relatively high conductivities the LiPO of Létiche
et al. [218] and combination of lithium borate and carbonate from Kazyak et al.[180] are well
beneath ~10 Q m? threshold. Here, the lithium aluminum silicon oxide film of Perng ef al. stands

out due to the fact that its low conductivity is heavily compensated by its < 10 nm thickness [223].
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While these ALD SSEs have ASRs below the target value, they still trail behind the best SOA
thin film planar electrolytes and are limited in practice due to limitations in obtaining practically

thick films.

3.6 Key Considerations for 3D Integration of SSE, SPE and GPEs

Several other key attributes such as stability, coating quality, and cost will also be crucial
in determining the most suitable techniques and materials for future 3D battery development.
These issues are also critical to planar solid state battery development, but their impact is

compounded with the additional fabrication constraints of a 3D design.

3.6.1 Electrochemical Stability Window

Promising SSEs, SPEs or GPEs should have a large electrochemical stability window
(ESW, Figure 3.9), which guides whether an SSE is stable against the positive and negative
electrodes. The ESW is determined by the SSE’s reduction and oxidation potentials, which,
respectively, are governed by the conduction band maximum (CBM) and valence band minimum
(VBM) energy levels. To meet this criteria the energy gap between the CBM and VBM should
exceed the energy difference between the negative (14) and positive (uc) electrodes, the CBM
should be greater than 4 and the VBM should be less than uc[28], [30]. If the CBM drops below
(4 then the SSE will be reduced at the negative electrode. Similarly, if the VBM rises above uc
then the SSE will be oxidized at the positive electrode. These, often unwanted, parasitic reactions
result in the formation of SEI layers that consume active material and may be impassible to Li-ion
transport, significantly limiting cell lifetime and capacity.

Ideal electrolytes for integration into a Li-ion or Li-metal batteries have an ESW that
stretches from ~ 0.0 to 0.1 V vs. Li/Li* to >4 V vs. Li/Li*. This is further complicated by the fact

that the formation of a stable solid electrolyte interphase (SEI) may allow electrolytes to be utilized

117



at potentials outside of their thermodynamically stable range [31]. The ESWs of planar SSE, SPEs
and GPEs have been extensively researched both computationally and experimentally [25], [28],
[30]-[32]. This is a significant advantage for formed ceramic SSEs, as they start from well

researched materials such as LLTO [49] and LLZO [229].
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Figure 3.9: Diagram of the electrolyte interface with the positive and negative electrodes. Adapted with permission
[28]. Copyright 2019, American Chemical Society.

While it is not uncommon for 3D electrolyte works to focus only on obtaining high ionic
conductivity and to not include a determination of their ESW, we can draw conclusions for 3D
electrolytes from research on planar electrolytes with similar chemical composition and structure.
Notably, SPEs, especially those that are PEO based, have an ESW that allows for stability against
Li-metal and transition metal oxide electrodes while GPEs tend to break down due to the presence
of the organic solvent [34,120]. In agreement with this, Sun et al. reported a stability window of
0 to 5 V vs. Li/Li* for their blended poly(ether amine) (glyceryl poly(oxypropylene) and
poly(propylene glyocol) diacrylate SPE coatings[188], Choi et al., Hur et al. and Kil et al. all
reported stability above 5 V vs. Li/Li" for their SU-8 based GPEs [50], [192], [195], He et al.

reported a stability above 4.55 V vs. Li/Li* for their 3D printed PEO based electrolyte [194], and
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Ashby et al. noted that their ionic liquid doped GPE had previously been determined to be stable
at their LiFePO4 cathode and Li-metal anode [190]. On the other hand, to our knowledge ESWs
have not been reported for EP and iCVD SPEs and these ranges should be determined to ensure
these electrolytes, in particular the low ASR iCVD co-polymers, can be incorporated as part of a
stable full cell.

For SSEs, planar LiPON is known to be stable against negative electrodes all the way down
to Li-metal due to the formation of a stable SEI phase. Despite a tendency to oxidize at ~2.6 V vs.
Li/Li* [31], [32], certain sputtered LiPON works have reported [199], [204], but less frequently
verify[176], stability up to ~ 5 V vs. Li/Li"[176]. The addition of B or Si to sputtered LiPON has
not been observed to affect stability window of the resultant SSE [206]-[208], nor does the
translation to other deposition techniques such as ALD LiPON or LiPON-like SSEs [97,100] and
these observations should be verified when signficant composition changes are made to the SSE.

Other 3D SSEs show ESW behavior similar to their planar counterparts, such as lithium
fluoride based electrolytes [227] and Létiche et al. who verified that their LiPO SSE was stable up
to 4.2 V vs. Li/Li" [218]. Reporting the ESW becomes even more important when new chemical
compositions are utilized in an ALD recipe as a promising ¢ could be completely undone by a lack
of stability. Kazyak et al. used density functional theory to predict that their lithium borate and
lithium carbonate has a wide ESW, which, when combined their high conductivity, makes this
ALD electrolyte a leading candidate for use in 3D batteries[ 180]. However, other ALD studies on
materials typically used as electrolytes in Li-based storage systems have not reported the ESW
[222]-[225]; although these ALD films are sometimes used as an artificial SEI to improve full-
cell behavior, which can be seen as an alternative way to determine stability [180], [220], [221],

[226].
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3.6.2 Infiltration Into Porous Electrodes

Another key aspect of 3D battery fabrication is infiltration of the SSE, SPE or GPE into a
micro- or nanostructured electrode, which may comprise an array of pillars and/or a porous
medium. While many works demonstrate a conformal coating over the exterior of high aspect ratio
features (Figure 3.10A), the practicality of such electrodes is limited when the features have a
diameter/thickness greater than a few microns. In this case, (Figure 3.5C and Figure 3.10B) solid-
state Li-diffusion becomes the dominating transport mechanism through the electrode and limited
ion transport may result in unutilized active material. This is often the case for 3D batteries made
with microscale SPE and GPE electrolytes, as the deposition techniques are limited to the exterior
faces of a 3D electrode, sometimes requiring liquid electrolyte injection to maintain ionic

conductivity through the electrode[50], [184], [189].

A Electrolyte coating B
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Figure 3.10: Schematic showing the importance of porosity and electrolyte infiltration into 3D electrodes as length
scale and feature size increases. A) conformally coated thin non-porous electrodes, B) conformally coated thick non-
porous electrodes, C) conformally coated porous electrode without electrolyte infiltration and D) conformally coated
pours electrode with electrolyte infiltration.
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Porosity alone does not solve this problem, as the deposited electrolyte must be able to
infiltrate the pores to allow ionic transport to active material deeper in the electrode (Figure 3.10C).
An example is shown in Figure 3.5A, where the SPE produced by Tan et al. is coating is capable
of coating electrode surface but in the paper is revealed to have difficulty infiltrating further into
the electrode [186], a problem that is not common to that system [193].

This issue can be mitigated by minimizing electrode feature sizes for brittle electrolytes,
such as ceramic SSEs by ALD, and ensuring full penetration throughout the electrode for SPEs
(Figure 3.10D). Here, conformal gas-phase deposition techniques, such as ALD or iCVD, and EP
processes have a considerable advantage over the dipping, infiltration, etching and spin coating
methods due to the numerous process parameters that can be tuned to ensure a controlled and

uniform deposition with sufficient infiltration.

3.7 Outlook

The development of SPEs, GPEs, and SSEs with conformal deposition and high ionic
conductivity has represented a significant challenge in the development of 3D batteries. While
SSEs and SPEs are now reaching suitable ionic conductivities for planar battery designs, the
considerations required to adapt such materials to processing techniques capable of high
conformality and pinhole free films results in a significant decrease in obtainable ionic
conductivity. While this is somewhat compensated by the thinner electrolyte thickness of many
3D designs, most 3D electrolytes do not have ASRs that are competitive with conventional SOA
planar electrolytes. Therefore, new material chemistries need to be developed for fabrication
techniques such as iCVD and ALD, to improve ASR and ionic conductivity. Despite these
inadequacies certain ALD and iCVD based SSE and SPEs have achieved ASR below the ~10 Q

m? threshold defined as competitive in this analysis, and approaching that of thin film planar solid
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electrolytes. Further improvement of these materials should open the door for improved 3D battery
performance and development. Additionally, to be considered as a valid replacement for planar
batteries, any 3D batteries will need to be competitive on a cost level. This will be difficult, as
innovations in cell chemistry, manufacturing learning rates and economies of scale have
significantly reduced the $ kWh'! for planar lithium-ion batteries. This will be a significant
challenge for 3D batteries, as vapor deposition processes require specialized reactors with vacuum
pumps and conventional cleanroom techniques are limited to batch processes. One crucial metric
in solid 3D battery development will be whether the improved performance from decoupling
energy and power density justifies the increase in cost, making it likely that the entry point for 3D
batteries will applications where high performance is a necessity and footprint area is at a premium

such as MEMS, wearable electronics and systems for aeronautical applications.
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3.8 Supporting Information
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Figure 3S.1: Reported values of ionic conductivity versus electrolyte thickness for SOA A) thick SSEs, polymer and
liquid electrolytes, and B) thin film SSEs.
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Figure 3S.3: Reported values of ionic conductivity versus electrolyte thickness for A) sputtered, B) ALD and
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Figure 3S.5: Calculated values of ASR versus electrolyte thickness for A) EP SSE and GPE, B) iCVD SSE, C)
microscale SPE and D) microscale GPE.
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Figure 3S.6: Calculated values of ASR versus electrolyte thickness for A) sputtered, B) ALD and MOCVD and C)

formed ceramic SSEs.
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Chapter 4- Conformal Electrolytes by
Initiated Chemical Vapor Deposition
4.1 Introduction to Initiated Chemical Vapor Deposition

Chemical vapor deposition (CVD) techniques are prominent in the semi-conductor
industry for depositing inorganic thin films. More recently, CVD methods have expanded to
include engineering organic surfaces through polymer thin film deposition [122]. CVD’s gaseous
nature offers several advantages for processing polymer films compared to conventional solution-
based processing methods. Foremost among these is high film quality, as potential contaminants
such as salts or surfactants are not required for vapor phase polymerization. The absence of solvent
also makes CVD polymerization an attractive alternative for polymer coatings on substrates that
are flexible, fragile or difficult to wet, while eliminating post-polymerization curing steps [122],
[231].

Furthermore, polymer CVD techniques can conformally coat high aspect ratio features. In
solution-based polymerizations tension effects form liquid bridges that prevent precursor
penetration to the bottom of surface features, leaving voids in the deposited material, and show
thinning behavior on side walls due to meniscus formation. However, in vapor-phase processing
the reactants diffuse into pores or trenches via intermolecular collisions. The reactive species then
impinge on all surfaces evenly, allowing vapor-phase deposition to conformally coat high aspect
ratio features (Figure 4.1) [231], [232]. These properties make CVD polymer films desirable for
applications ranging from microelectronics and energy storage to antifouling and biocompatibility,

where smooth, conformal and pinhole-free coatings are required [122], [233].
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Figure 4.1: Conformal coatings of A) iCVD poly(tetravinyltetramethylcyclotetrasiloxane). Reproduced with
permission [29]. Copyright 2015, Royal Society of Chemistry. B) oCVD poly(3,4,-ethylenedioxythiophene).
Reproduced with permission [233]. Copyright 2020, Springer Nature. C) iCVD poly(hydroxyethyl methacrylate-co-
ethylene glycol diacrylate) copolymer. Reproduced with permission [27]. Copyright 2019, American Chemical
Society.

There are several variations for depositing polymer CVD films, with each having a direct
parallel to a liquid phase synthesis method. While oxidative CVD (oCVD) has been used to deposit
polymer thin films via step growth mechanisms, the majority of the literature focuses on chain
growth polymerization via initiated CVD (iCVD). Typically, iCVD techniques are utilized for
thermally initiated free-radical polymerizations, although cationic and anionic polymerizations are
possible. While thermal energy sources are generally utilized for initiation, these can be substituted
with radiation or plasma in photo initiated CVD (piCVD) and initiated plasma enhanced CVD
(IPECVD) respectively [231], [233]. These iCVD processes can be modified by adding additional
precursors to produce copolymer or cross-linked films, allowing greater control over film
composition and structure [234]. Due to their prevalence in literature, this work will discuss a
process model for iCVD films produced via thermally initiated free-radical polymerization.

4.1.1 iCVD Reactors and Parameters

A schematic for an iCVD reactor is presented in Figure 4.2A. The reaction chamber
consists of gas inlets and outlets, a temperature-controlled substrate and an array of heated
filaments at the top of the chamber. First, the monomer and precursors are selected, with several
works having tabulated iCVD compatible monomer and initiator combinations [231], [233]. Since

these are commonly liquid at room temperature, vapor is produced by heating vessels containing
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the liquid precursors. These monomer and initiator vapors are delivered into the reaction chamber
(Steps 1 and 2), where the monomer adsorbs on the substrate surface (Step 3). While the monomer
vapor is adsorbing, free-radical species are produced when the initiator vapor is dissociated by the
heated filaments suspended throughout the reaction chamber (Step 4). These initiator radicals then
diffuse to the surface and initiate surface polymerization with the adsorbed monomer (Step 5)
[119]. By controlling processing parameters (substrate temperature, filament temperature, gas flow
rates) film growth rates can be tuned from 10 nm per minute to 1 um per minute [122]. Table 4.1

outlines several key considerations and associated processes parameters for iCVD systems [119].

B Langmuir—Hinshelwood
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Q2
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;§§ 3. Monomer _adsorption Eley-Rideal
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Figure 4.2: A) Generalized schematic for iCVD systems. Reproduced with permission [119]. Copyright 2015, Wiley-
VCH. B) Modes for surface reactions with gas phase precursors [232]. Copyright 2015, Wiley-VCH.

Table 4.1: Design consideration and deposition parameters for iCVD systems. Summarized from [119].
System Components Comments Input Parameters

Heating of vessels containing neat

.. Source temperature: 7,
liquid precursors. p sor

Vapor Delivery

Generally 0.1-10 Torr, component Monomer partial pressure: Py

partial pressures need to be below
saturation pressure to prevent
condensation.

Pressure Control Initiator partial pressure: Py

Saturation pressure: Pyq

Filament temperature (200-400 °C) and
substrate temperature (0-30 °C) control
radical species formation and surface
concentrations respectively.

Filament temperature: Tj
Temperature Control
Substrate Temperature: Ty,

Remove unreacted gaseous vapors and
Exhaust Management reaction byproducts to enable a Gas flow rate: Ugqs
continuous, steady flow system.
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As shown in Figure 4.2B surface polymerization is initiated by one of two mechanisms. In
Langmuir-Hinshelwood initiation the reactants adsorb separately to the surface and the reaction
then takes place between two adsorbed species. In Eley-Rideal initiation the first reactant, the
monomer, adsorbs to the surface and initiation occurs when the gaseous species, the initiator
radical, reacts with the adsorbed first reactant. The Eley-Rideal mechanism is likely the dominant
mechanism for iCVD processes, as the time scale for the Langmuir-Hinshelwood surface reaction
is about 10 times longer than the surface lifetime of adsorbed radicals [232]. The activated chain
then propagates by reacting with more adsorbed monomer until chain growth is terminated [119].
4.1.2 Surface Reaction Process Model

A detailed process model for free-radical of iCVD poly(alkyl acrylate) films is included as
part of the work by Lau and Gleason and has been adapted in Figure 4.3 [121], [235]. The
mechanisms in Figure 4.3 generally agree with the process described by Figure 4.2A. The model
begins with primary radical formation from initiator decomposition at the heated filaments (i),
before then considering both primary radical (i) and monomer adsorption (iif) at the surface. Here,
it is assumed that the radicals on the surface react immediately, whereas the monomer is supplied
in sufficient concentrations to reach equilibrium between gaseous and adsorbed species. Due to
these conditions the model does not consider the desorption of either species. Surface
polymerization then begins through an initiation step (iv) and the polymer chain propagates by
reacting with adsorbed monomer (v). Chain growth is terminated by three mechanisms: coupling
between active chains (vi), disproportionation between active chains (vii) or reaction with a freshly
adsorbed primary radical (viii). Lau and Gleason also suggested that some primary radical

concentration is lost at the surface due to recombination between radicals (ix) [235].
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Figure 4.3: Schematic and reaction mechanisms for free-radical polymerization by iCVD. Reproduced with
permission [235]. Copyright 2006, American Chemical Society.

In assuming that only surface events are important Lau and Gleason [235] applied the
kinetic equations for liquid free-radical polymerization as outlined and understood by Odian [236].
To find deposition rate it is crucial to solve for the rate of polymerization (R, in Eq. 4.1), where
[M] is the volumetric monomer concentration at the surface and [M -] is the volumetric surface
concentration of polymer radicals. Finding R,, also allows for the determination of the kinetic chain
length (v in Eq. 4.2) from which the number degree of polymerization (X,, in Eq. 4.3), an important
value for understanding polymer quality and properties, can be calculated [235], [236]. To
eliminate intermediate radical concentrations a steady state assumption is made for primary
radicals [R -] (Eq. 4.4) and polymer radicals (Eq. 4.5) using the reaction steps in Figure 4.3. In Eg.
4.5., r represents the rate of primary radical adsorption to the substrate and is treated as a fitting
parameter. This is done for convenience, as it allows one to ignore the complex gas-phase initiator
decomposition and diffusion present among the heated filaments in iCVD systems and ignore

radicals that are lost to side reactions before reaching the surface [235]. However, one can assume
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r will have dependence to the rate of decomposition (R in Egq. 4.6). This gives a direct dependency
on the initiator partial pressure (P;) and, through Ay and Ty, filament temperature (7%) [236].
While not included in the model of Lau and Gleason [235] it may be possible expand the initiator
efficiency (f in Eq. 4.6), which represents the fraction of primary radicals that initiate polymer
chains, to include side reaction losses, and equate » to Ry if no mass transfer effects are present
[236].

d
R, = —% = I, [MI[M ] (Eq.4.1)
k,[M][M -]

Xp =

2v
2-a (Eq.4.3)
r=k;[M][R ]+ ker[M-][R -] + Zkt,RI[R 1% (Eq.4.4)
ki[M][R -] = 2k [M -]? + 2k o[M -]? + k(g [M ][R -] (Eq.4.5)

Ry = 2fkyll] = 2248 (Eq.4.6)

RTgqs

Vimic (PM/PM,sat)

(1 - PM/PM,sat) [1 N (1 N C) (PM/PM,sat)]

V
MWy Vi

Vaad = (Eq.4.7)

(Eq.4.8)

By solving equations Eq. 4.4 and Eq. 4.5 the rate of polymerization can be written in terms
of monomer concentration ([M]), r and the various rate constants (k in all equations). Therefore, it
is necessary to numerically understand the monomer concentration at the surface. Monomer
concentration can be found using the adsorbed volume (Vs in Eq. 4.7). This volume can be found

by fitting gas adsorption experiments with a Brunauer-Emmet-Teller (BET) equation (Egq. 4.7);
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where V,.1s the volume of a single monolayer, c is the BET constant with exponential dependence
on the substrate temperature (7s.») and heat of adsorption, Py is the monomer partial pressure and
Phrrsar 1s the monomer-saturated vapor pressure. The saturated vapor pressure is defined as the
monomer vapor pressure when in equilibrium with liquid monomer and remains constant for a
fixed substrate temperature (7)) [231], [235]. The adsorbed volume can then be converted to a
volumetric monomer concentration using the monomer density (p,,) and molecular weight (MW)y)
by Eq. 4.8. This allows for a direct determination of the polymerization rate in Eq. 4./ and, by
knowing the fraction of chains terminated by coupling (a), the number average molecular weight
in Eq. 4.3 [235].
4.1.3 Effect of Operating Parameters on Deposition Rate

Based on the process model outlined in Figure 4.3 there are numerous mass transfer steps
and surface reactions that can control the overall deposition rate. This rate controlling step can
vary depending on the reactor’s operating conditions and precursors, but three important
parameters on the deposition rate are the filament temperature, substrate temperature and monomer
saturation ratio. Figure 4.4A shows the deposition rate for polymerization of hexafluoropropylene
oxide (HFPO) initiated with perfluorooctanesulfonyl fluoride (PFOSF) as a function of the
filament temperature. This Arrhenius plot shows a linear trend with two rate-limiting regimes.
Below 460 °C the deposition rate strongly depends on the filament temperature, indicating that the
system operates in a reaction-limited regime where initiator decomposition (Eg. 4.6) is the rate
determining step. Above 460 °C the deposition rate is much less strongly effected by temperature,

indicating that the system now operates in a mass-transfer limited regime [119].
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Figure 4.4: Dependence of deposition rate of A) HFPO monomer and PFOSF initiator on filament temperature, B)
EGDA monomer and TBPO initiator on substrate temperature, and C) CHMA monomer and TBPO initiator on
monomer saturation ratio. Compiled with permission from [119]. Copyright 2015, Wiley-VCH.

Similarly to the filament temperature, Figure 4.4B shows that iCVD systems, in this case
ethylene glycol diacrylate (EGDA) polymerization initiated with #-butyl peroxide (TBPO), can
operate in two different regimes depending on the substrate temperature (75.»). Here, the maximum
deposition rate occurs at the lowest substrate temperature and the positive slope indicates a
negative activation energy. This shows that the system operates under conditions where monomer
desorption, something not considered in the Figure 4.3 model, is a crucial rate limiting step. As
the substrate temperature is increased above 39 °C the deposition rate becomes constant. This is
hypothesized as being a regime in which surface reactions become increasingly important and
monomer desorption is counteracted by increases in the surface reaction rate constants in Eq. 4.1,
Eq. 4.4 and Eq. 4.5 [119].

Perhaps the most important parameter in iCVD systems is the monomer saturation ratio
(Pym/Pasar) [231]. Based on the analysis for the process model in Figure 4.3, this ratio has a direct
impact on the adsorbed monomer concentration, and directly impacts the deposition rate and
number average degree of polymerization (Eq. 4.3) by changing the rate of polymerization (Eq.
4.1). Figure 4.4C shows the deposition rate for cyclohexyl methacrylate polymerized with TBPO

initiator exhibits a linear dependence on the monomer saturation ratio, agreeing with the
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relationship between polymerization rate and monomer concentration in Eq. 4.1 [119]. While
increasing the monomer saturation ratio increases the growth rate, it should be noted that having a
monomer saturation equal to 1 result in the formation of a liquid film on the substrate surface, a
condition which is generally undesirable for CVD systems. As a result iCVD is carried out with a
saturation ratio < 1, with increasing film conformality as the ratio decreases [231]. In special cases,
a very low saturation ratio (< 0.03) results in polymerization conditions where the rate shows a
second-order dependence on monomer concentrations, with a similar phenomenon being observed
in liquid free radical polymerizations with low monomer concentration [119].
4.1.4 Concluding Remarks and Application in This Thesis

iCVD is a technique that allows for thin, conformal and pinhole free polymer films with a
wide thickness range to be deposited on substrates for a variety of applications. While there are
similarities with conventional CVD processes, a unique feature of iCVD is the initiator
decomposition reaction that occurs in the gas phase well above the substrate. This reaction,
coupled with the gas phase temperature gradient between the heated filament and substrate, makes
understanding mass-transfer relationships in iCVD systems difficult. However, by making some
simplifications a processes model can be developed for surface reaction limited deposition, where
the deposition rate follows conventional free radical polymerization kinetics. Through these
relationships the deposition rate can be controlled using the filament temperature, substrate
temperature and, most importantly, the monomer saturation ratio.

Based on the information outlined above, the previous works of the Gleason Group [29],
[122], [123], [237], [238] and the electrolyte chemistry first developed by Li et al. [27] the
remainder of this chapter focuses on developing an iCVD process to deposit conformal co-polymer

3D electrolytes. Here, we demonstrate that the developed iCVD process is capable of producing
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conformal poly(hydroxyethyl methacrylate-co-ethylene glycol diacrylate) copolymer films on our
vertically aligned CNTs. By utilizing a growth rate below ~ 4 nm/min we are able to not only
achieve conformal electrolyte coatings on the exterior of the patterned CNT forests but also
throughout the forest on the nanotubes themselves. Additionally, we dope poly(hydroxyethyl
methacrylate-co-ethylene glycol diacrylate) with lithium salt to demonstrate that they operate as
solid polymer electrolytes with ionic conductivities similar to those achieved by Li ef al. [27] and

amongst the highest demonstrated by 3D electrolyte technologies..

4.2 Experimental Methods

4.2.1 Initiated Chemical Vapor Deposition of Poly(hydroxyethyl methacrylate-co-ethylene glycol
diacrylate) Thin Films

Initiated chemical vapor deposition (iICVD) reactions were performed in a homebuilt
reactor system (Figure 4.5) consisting of a reactor chamber, a control module for the gas inlet lines,
a vacuum pump system and a heater/chiller system to control the reactor stage temperature. To
prevent unwanted monomer adsorption during deposition the monomer inlet lines and reactor body
are wrapped in heating tape and respectively held at ~100 °C and ~40 °C. The reactor chamber
pressure is measured using a Baratron capacitance manometer.

The reactor chamber is vented with ultrahigh purity N> (Airgas) (Figure 4.6A and Figure
4.6B) before the samples are loaded inside. Samples used in this work include vertically aligned
carbon nanotubes (VA-CNTs, CNT forests) on either Cu foils or Si wafers and coated with LPCVD
Si using the procedures outlined in Chapter 2, and ~1 cm x ~1cm pieces of blank Si wafers with a
300 nm oxide layer (WaferPro) or pieces of pieces of Indium-Tin-Oxide (ITO) coated glass (Figure

4.6C).
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Figure 4.5: Picture of a homebuilt iCVD reactor showing the location of the reactor chamber, stage heater/chiller,
vacuum system and reactor controls. Photo credit to Dr. Maxwell Robinson.
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Figure 4.6: A) iCVD reactor chamber and inlet lines, B) filament array and associated connections inside the iCVD
reactor chamber, and C) samples loaded inside iCVD reactor. A) and B) photo credit to Dr. Maxwell Robinson.

An additional wafer (WRS Materials) was cut into a thin section in the chamber and placed
such that a He-Ne laser beam (JDSU) reflected off it and into an associated power meter
(Meterologic) (Figure 4.6C and Figure 4.7) to enable in-situ laser interferometry monitoring of the

iCVD film thickness during deposition. Following loading, an 80% Ni/20% Cr filament array was
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placed inside the reactor and was connected to a power source via alligator clips (Figure 4.6B).
The electrical connection between the filament and power source was checked by ensuring a
resistance of ~20-30 Q across the filament array. After loading the samples and connecting the

array the reaction chamber was sealed and allowed to pump down overnight at to a base pressure

of ~10-12 mTorr.

-,

Dummy Si

Figure 4.7: Photo showing location of dummy wafer to record laser intensity during iCVD runs. Photo credit to Dr.
Maxwell Robinson.

After pumping down overnight a leak test is performed on the reactor to validate that the
leak rate is 0.1-0.2 sccm. Following the leak test, the flow rates of the ultrahigh purity N> and 98%
tert-butyl peroxide (TBPO, Sigma) are manually calibrated by tuning the mass flow controllers
(MFC) associated with each line (Figure 4.8A). All flows were calibrated to be +/- 10% of the
desired value. After calibration the N> and TBPO flows were temporarily turned off to calibrate

the monomer flow rates.
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Figure 4.8: A) photo of Nz inlet line, TBPO jar and inlet line and HEMA inlet line with their associated MFCs, and
B) photo of EGDA jar with heating jacket and inlet line with the associated needle valve. A) photo credit to Dr.
Maxwell Robinson.

Table 4.2: Input parameters used in poly(HEMA-co-EGDA) iCVD runs with a reactor pressure of 100 mTorr.

. QNZ QHE)L\ ) . QEGD;\ . . Q'I'BP() Q'l‘mal

Recipe (sccm) (sccm) Pueva/Psa (sccm) Prapa/Psac (sccm) (sccm)
Poly(HEMA) | 0.9 1.5 0.1 0 0 0.6 3
90HEMA 0.75 1.15-1.5 0.1 0.15 0.02 0.6 3
55HEMA 1.3 0.5 0.03 0.6 0.06 0.6 3

Glass jars containing 99% hydroxyethyl methacrylate (HEMA, Sigma) and 90% ethylene
glycol diacrylate (EGDA, Sigma) were wrapped in heating jackets and attached to their respective
inlet lines (Figure 4.8B). After being purged of air, the jars were heated to ~70-90 °C and held at
temperature for 45 min to produce the required monomer vapor. Once steady flow was established
the HEMA flowrate was calibrated using the associated MFC while the EGDA flowrate was
calibrated using the associated needle valve. The HEMA and EGDA flows were selected to ensure
saturation ratios < 0.1. The calibrated HEMA and EGDA jars were allowed to flow for 45 min

before the N> and TBPO flows were restarted and held for 5 min to allow all the flows to stabilize.
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The sample flow rates used for two recipes, one for pure poly(HEMA) (PHEMA), one with a high
HEMA composition (90HEMA) and one with a lower HEMA (55HEMA) composition, and the
associated saturation ratios are presented in Table 4.2. The saturation ratios (Preactans/Psat) in Table
4.2 were determined by dividing the reactant partial pressure by the saturation partial pressure at
40 °C. The saturation partial pressures were calculated using previously reported vapor pressures
at temperatures ranging from 25 to 35 °C and extrapolating to 40 °C using the Clausius-Clapeyron
Equation [27], [237], [238].

Once the flows are calibrated the reactor stage is heated to 40 °C and the reactor chamber
pressure set to the desired value. Depositions were performed at 100 mTorr, with the pressure
increased to 200 mTorr later in the deposition where noted. Once the pressure stabilized the power
to the filament array was turned on, with the wires reaching ~200 °C, and a timer started. The laser
power was recorded at the deposition start time, every 15 min for 100 mTorr chamber pressure
and every 5 min for 200 mTorr chamber pressure. Once the desired film thickness was reached the
power to the filament array was turned off, the inlet flows turned off and the samples were allowed
to sit under vacuum at the 10 mTorr base pressure overnight before being removed the next
morning. After sample removal the reactor chamber was cleaned with a razor blade, washed with

isopropanol and left under vacuum (~10 mTorr) between depositions.

4.2.2 Doping of Poly(HEMA-co-EGDA) Thin Films and Electrochemical Impedance Spectroscopy
Measurements

Poly(HEMA-co-EGDA) thin films on ~1 cm x ~ 1 cm Si wafers or ITO glass were prepared
for conductivity measurements using a procedure similar to that of Li ef al. [27]. For 90HEMA
films 50 nm Au electrodes were deposited using the same sputtering system for CNT catalysts in
Chapter 2. For S5SHEMA films 50 nm Au electrodes were deposited by an evaporative deposition

process. In both cases a shadow mask was used to control electrode spacing. For sputtering the
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electrodes are 3.5 mm in length and are spaced 0.3 mm apart. For evaporative deposition the
interdigitated electrode spacing is 0.2 mm and the total electrode length is 7.2 cm. After Au
electrode deposition, the samples were pumped down overnight in the glovebox antechamber
before being transferred into an Ar filled glovebox (Airgas, MBraun Labstar) with O, and H,O
levels < 0.5 ppm. The samples were then allowed to soak overnight in a 0.3 M Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma) in anhydrous acetonitrile (Sigma) solution.
The samples were removed from the 0.3 M LiTFSI in acetonitrile solution and allowed to dry in
the glovebox on a hotplate at 120 °C for 1 h to remove all the acetonitrile. A schematic of the
doping procedure is presented in Figure 4.9.

Poly(HEMA-co-EGDA) film
(600-2000 nm)

l Vacuum in antechamber
R memmmll-  overnight before moving
I into Ar glovebox

Deposit 50 nm Au
with shadow mask

Si wafer with
SiO, (300 nm) Yy
or ITO glass (A

dod0
LiTFSI
Dry on hotplate
(120°C) inside e |
glovebox and take

for EIS or other
characterization

Soak in 0.3 M LiTFSl in
acetonitrile solution
overnight

Figure 4.9: Schematic for process to dope poly(HEMA-co-EGDA) films with LiTFSI salts.

Following doping the poly(HEMA-co-EGDA) films were transported under Ar for
electrochemical impedance spectroscopy (EIS) measurements. EIS measurements were performed
under Ar using a Biologic VSP-300 potentiostat with a frequency between 100 mHz and 7 MHz

for the 90HEMA film and 50 mHz and 5 MHz for the 55HEMA film. All EIS measurements used
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a 0 V bias and an AC amplitude of 100 mV. Five measurements were taken at each frequency and

averaged together. The EIS spectra were fit using Biologic BT-Lab or ZView software.

4.2.3 Materials Characterization

Scanning electron microscopy (SEM) and energy dispersive x-ray (EDS) measurements
were performed using the same equipment outlined for Si-CNT composite electrodes in Chapter
2.

Prior to Fourier transform infrared (FTIR) spectroscopy analysis the undoped films were
kept under vacuum in the glovebox antechamber overnight to remove any adsorbed water. FTIR
measurements were performed using a Bruker ALPHA II spectrometer in attenuated total
reflectance mode (ATR-FTIR). Each measurement consisted of 128 scans with a 4 cm™! resolution.
Spectra were processed using the included OPUS software. This included performing background
compensation, a baseline correction and normalizing the spectra to the highest peak intensity. The

peak areas of interest were determined using the OPUS peak fitting tool.

4.3 Results and Discussion

4.3.1 Poly(HEMA-co-EGDA) Thin Film Characterization

The in-situ laser interferometry measurements recorded during the iCVD experiments
enable control over the resulting thin film thickness and a determination of the poly(HEMA-co-
EGDA) film growth rate (Figure 4.10). Previous runs with this iCVD system have determined that
the completion of one laser interferometry period should correspond to ~200 nm of poly(HEMA-
co-EGDA) thin film deposition. The plots of laser power versus deposition time are shown for a
six period 9O0HEMA thin film at 100 mTorr in Figure 4.10A and a ten period S5SHEMA thin film
with variable reactor pressure in Figure 4.10C. Figure 4.10B shows that the actual thickness of the

90HEMA film (1.214 pum) is very close to the predicted value of 1.2 um. Similarly, Figure 4.10D
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shows that the actual 2.098 um thickness of the SSHEMA film is very close to the predicted value
of 2.0 um. Figure 4.10A and Figure 4.10C give a deposition rate of ~3-4 nm/min for 9OHEMA

and 55HEMA films at 100 mTorr. Figure 4.10C gives a deposition rate of ~5.5 nm/min for

55HEMA films at 200 mTorr.
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Figure 4.10: A) In-situ laser interferometry plot and B) SEM image of final film thickness for 9OHEMA thin film at
100 mTorr. C) In-situ laser interferometry plot and D) SEM image of final film thickness for SSHEMA thin film.

The molecular structures of the TBPO, HEMA and EGDA reactants respectively are
presented in Figure 4.11A through Figure 4.11C. Figure 4.11D shows FTIR spectra for PHEMA,
90HEMA and 55HEMA thin films on Si wafers and can be used to determine the composition of
these iCVD films. The spectra in Figure 4.11D are representative of previously produced iCVD
poly(HEMA) and poly(HEMA-co-EGDA) thin films [27], [237]. All three spectra contain a wide
band at ~3700-3050 cm™! corresponding to O—H stretching, a number of peaks in the in the 3050-

2700 cm™! range corresponding to C—H stretching and a peak at ~1720 cm™ from C=0 stretching.
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These results indicate that the hydroxyl (O—H) groups in the HEMA monomer (Figure 4.11B),
and the carbonyl (C=0) groups in the HEMA and EGDA (Figure 4.11C) are retained during the

iCVD process [237].
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Figure 4.11: Molecular structures of the A) TBPO initiator, B) HEMA monomer and C) EGDA monomer used in this
work. D) FTIR spectra for PHEMA, 9O0HEMA and 5SHEMA iCVD thin films.

Furthermore, the information contained in the Figure 4.11D FTIR spectra can be utilized
to estimate the composition of these copolymer thin films. This is done utilizing a formula initially
developed by Chan et al. [237] and later utilized by both Yague et al. [238] and Li et al. [27]. The
first step is to compute the ratio () of the C=O peak area to the O—H peak area in the PHEMA
film (Eq. 4.9). The calculated r value for the PHEMA film in Figure 4.11D is 1.46. This ratio can
then be used to calculate the contribution of HEMA to the C=0 band in the copolymer films. The
EGDA contribution to the C=0 intensity can be determined by subtracting the HEMA contribution
and dividing by two, since each EDGA monomer contains two C=O groups (Figure 4.11C). These
two equations can be combined to calculate ratio of EGDA to HEMA (Egq. 4.10) in each film. Eq.

10 can then be rearranged to calculate the mole fraction of HEMA in each film (Eq. 4.11).

147



Applying Eq. 4.10 and Eq. 4.11 to the 90HEMA and 5SHEMA spectra in Figure 4.11D gives

HEMA contents of ~87 mol.% and ~ 53 mol.%, respectively.

A=
r=-¢=0 (Eq.4.9)
Ao—n
EGDA Ac—o —TAp_y)/2
[ ] :( c=0 o-n)/ (Eq.4.10)
[HEMA] Ay o
[HEMA] rAg_n

[HEMA] + [EGDA]  1Ay_y + (Ap—g — 740 _1)/2 (Eq.4.11)

Table 4.3: Compositions obtained for multiple iCVD runs and their respective recipe.

{%l] HEMA mol.%
P(HEMA) 54.98 37.54 1.46 0 100
90HEMA #1 | 84.77 44.48 - 0.151 87
90HEMA #2 7.49 3.836 - 0.167 86
90HEMA #3 17 10.5 - 0.053 95
SSHEMA #1 | 61.16 17.47 - 0.695 59
S5SHEMA #2 15.83 3.77 - 0.935 52

A breakdown of the peak areas and calculated compositions for multiple runs of all three
recipes is presented in Table 4.3. Here there is some run-run-run variation in the film composition.
This is attributed to minor variations between runs in reactant flow rates due to the manual
calibration of the HEMA MFC and EGDA needle valve. It is also noted that there is a tendency
for the HEMA monomer inlet line to begin filling with polymer during the long deposition’s times
required to meet suitable film thickness. This unwanted polymerization may be a result of

backflow of TBPO monomer to the HEMA jar.
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4.3.2 Poly(HEMA-co-EGDA) Deposition on Vertically Aligned CNT Forests

In their work Li et al. demonstrated highly conformal poly(HEMA-co-EGDA) films on a
number of TiO2 microstructures with aspect ratios ranging from 1.15 from 3.85 (Figure 4.1C) . Li
et al. deposited these films using saturations ratios ranging from 0.15 to 0.34 for HEMA and 0.14
to 0.72 for EGDA. Figure 4.12 shows that both the 90HEMA and SSHEMA recipes are capable of
producing conformal polymer thin films over aligned Si-CNT pillars with an aspect ratio of 2.5.
However, the objective is to use these iCVD films as either solid polymer or gel polymer
electrolytes. Therefore, while coating the exterior of the CNT pillars is necessary it is also
beneficial to ensure that the iCVD coating penetrates throughout the entirety of the Si-CNT

structure create potential ionic conduction pathways.

A B
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Figure 4.12: SEM images of A) SSHEMA and B) 90HEMA iCVD coatings on 40 um diameter and ~100 40 pum tall
Si-CNT pillars.

Figure 4.13 shows a 5SHEMA deposition on a > 300 um tall honeycomb patterned CNT
forest. Similar to the CNT pillars in Figure 4.12, the SEM images of the forest exterior (Figure
4.13A and Figure 4.13B) demonstrate conformal S5SHEMA coatings over these honeycomb
structures with an ~100 aspect ratio. More impressively, Figure 4.13C and Figure 4.13D are SEM
images of the internal cross section of these SSHEMA coated forests. Figure 4.13C and Figure
4.13D show that not only does the 5SHEMA film coat the exterior of the CNT forest but that it

also conformally coats the individual CNTs themselves.
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Figure 4.13: 55SHEMA iCVD coating on A) and B) honeycomb CNT forest exterior, and C) and D) honeycomb CNT
forest exterior. E) EDS linescan of SSHEMA coated forest compared with a bare uncoated forest). The forest is 300
pm tall and the honeycomb has 25 pm holes with 30 um spacing.

This is impressive, as the aligned nanotubes have an aspect ratio > 25000. EDS results in
Figure 4.13E show that this coating is consistent from the top to the bottom of the CNT forest
interior and exterior. The high degree of conformality achieved in the iCVD coatings on the

individual CNTs is attributed to the low saturation ratios utilized in these experiments (< 0.1, Table
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4.1). Additionally, the 40 °C stage temperature puts the system in the operating regime where
EGDA desorption also lowers the deposition rate to further increased conformality (Figure 4.4B)
[119]. The downside of the low saturation ratio is that the deposition rate is low, 3-4 nm/min at a

100 mTorr deposition pressure; with > 1 um depositions taking well over 5 h to complete.
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Figure 4.14: Cross section view of Si-CNT forests with A) six cycles at 100 mTorr 9OHEMA deposition, B) and C)
two cycles at 100 mTorr followed by four cycles at 200 mTorr 90HEMA deposition and D) seven cycles at 100 mTorr
followed by three cycles at 200 mTorr SSHEMA deposition.

As demonstrated in Figure 4.10, the thickness of the poly(HEMA-co-EGDA) films
deposited on flat substrates is easily tracked using the in-situ laser interferometry assembly.
However, Figure 4.14A, shows that this same thickness is not necessarily achieved on the exterior
of the CNT forests. The Si-CNT forest in Figure 4.14A was coated in the same run as the Si wafer
in Figure 4.10B. While the 90HEMA film thickness on the Si wafer is very close to the expected
value of 1.2 um, the 90HEMA thickness on the exterior of the Si-CNT forest in Figure 4.14A is
only in the range of 350-450 nm. While it is likely that the same amount of iCVD polymer is

deposited on the top of the forest as is on the Si wafer, the greatly increased area of nanoporous
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aligned CNTs decreases the overall thickness of the exterior coating. This may be mitigated by
modifying the deposition pressure mid-run. The Si-CNT forest in Figure 4.14A is subjected to six
cycles at 100 mTorr, whereas the forest Figure 4.14B is subjected to two cycles at 100 mTorr
followed by 4 cycles at 200 mTorr. The increase in deposition rate results in a build-up of iCVD
polymer film at the top of the forest (Figure 4.14B). Similarly, the SSHEMA coated forest in Figure
4.14D is subjected to seven cycles at 100 mTorr followed by three cycles at 200 mTorr. The
buildup in film is evident on the forest crust (Figure 4.14D), with the ~1.75 um layer approaching
the expected 2 um thickness (Figure 4.10D).

It should be noted that increasing the pressure will also increase the saturation ratio, leading
to a decrease in the conformality of the final film. This is seen in Figure 4.10C, where the dense
90HEMA coating does not extend all the way to the base of the aligned CNTs, with the thin coating
likely being deposited during the first two cycles at 100 mTorr. If the initial 100 mTorr deposition
is held performed for sufficiently long enough to achieve conformal coatings at the CNT level then
additional cycles at 200 mTorr can be utilized to increase the thickness on the forest exterior, as in
Figure 4.10D. this provides a significant level of flexibility when considering the Si-CNTs as a
scaffold for 3D full cell development. The 100 mTorr deposition enables iCVD polymer
electrolyte deposition through the Si-CNTs, enabling them to serve as a porous electrode, while
the 200 mTorr deposition provides additional exterior thickness, allowing the exterior film to serve
as a separator layer between the two electrodes and minimize the chance of a short circuit due to

contact between the two electrodes.

4.3.3 Poly(HEMA-co-EGDA) Films as Solid Polymer Electrolytes
For these Poly(HEMA-co-EGDA) thin films to be utilized as electrolytes it is necessary to

dope them with a Li-ion containing source. Following the procedure set by Li et al. [27] ~775 nm
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thick 9OHEMA thin films (Figure 4.15A) on Si wafers were allowed to soak overnight under Ar
in an acetonitrile solution containing 0.3 M LiTFSI salt, after which the films were dried to remove
any residual solvent. Following doping the thin film thickness is ~ 1.05 um (Figure 4.15B), an
~30% increase from the starting, which indicates LiTFSI salt incorporation throughout the film.
This increase is slightly lower than the ~40% thickness increase observed by Li ef al. for their 95
mol.% HEMA thin film, and may attributed to the ~5 mol.% increase in EDGA crosslinker in the

90HEMA films.

1 juim

Figure 4.15: SEM images of A) undoped and B) LiTFSI doped 90HEMA thin films. C) through F) element specific
EDS maps for LiTFSI doped 90HEMA thin film.

LiTFSI salt incorporation in the 90HEMA film is confirmed in Figure 4.15C through
Figure 4.15F, where the F and S signals are exhibited throughout the entire 90HEMA film cross
section. Due to the lack of F and S on the 90HEMA monomer and initiator these signals must be
coming from atoms on the LiFTSI anion (Figure 4.9). FTIR analysis was performed on a doped
and dried 90HEMA film. The spectra in Figure 4.16 indicate that the O—H, C—H and C=0 peaks

of the original film are retained while new peaks appear corresponding to the LiTFSI anions. The
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absence of a C=N peak between 2220 cm™! and 2260 cm™! indicates the complete acetonitrile

removal, confirming that any ionic conductivity will be a result of conduction by the doped

90HEMA film [27].

4000 3500 3000 2500 2000 1500
Wavenumber (cm™)

Normalized Absorbance (a.u.)

Figure 4.16: FTIR spectra for undoped and LiTFISI doped 90HEMA thin films.

EIS measurements were performed to determine the ionic conductivity of the LiTFSI
doped 90HEMA thin films. The Nyquist plot in Figure 4.17 shows an elliptical shape at high
frequencies that can be attributed to ion conduction through the iCVD polymer thin film. To
determine ionic conductivity the elliptical shape was fit using a resistor and constant-phase element
in parallel. The lower frequency region is characterized by a constant-phase element indicative of
long-range ionic diffusion [27], [50]. The resistance from the equivalent circuit model in Figure
4.17, when combined with the post-doping ~1 um film thickness and Au electrode spacing in the
experimental methods, gives an ionic conductivity of ~2 x 10> S/cm. This is slightly higher than,

but mostly consistent with, the ~6 x 10° S/cm conductivity measured by Li et al. [27]. Performing
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the same area specific resistance (ASR) as in Chapter 3 gives the 90HEMA thin film a 5 Q cm?
ASR, well below the 10 Q cm? threshold established by Kazyak et al. [180] and putting it amongst

the best 3D electrolyte candidates by this metric.
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Figure 4.17: Nyquist plot and equivalent circuit model for LiTFSI doped 90HEMA thin film. The dots in Nyquist
plot are the experimental data points while the fit is the solid line.

Li et al. observed that a 33.7 °C glass transition temperature for their 95 mol.% HEMA
films. Since the 9OHEMA film has a higher EGDA crosslinker concentration and the EIS
measurements are performed at room temperature the likely ion conduction mechanism is ion
hopping through percolated ionic clusters as proposed by Li ef al. [27] and characteristic of
conductive polymer glasses below their glass transition temperature [239], [240]. This percolation
driven conduction, which is decoupled from the chain segmental relatation, may provide an
explanation for the increase in ionic conductivity exhibited by the 90HEMA compared to Li et
al’s [27] thin films, as an small variations in the non-optimized doping process may lead to
differences in post doping LiTFSI salt concentration. For the percolation based conduction
mechanism the final LiTFSI concentration will have a significant effect on the ionic conductivity,
as the free volume necessary for ion hopping is created when the Li-salt ions screen the dipole-

dipole interactions between the polar functional groups on the polymer chains [27], [239], [240].
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Future works should characterize and control the total LiTFSI content and distribution in these
poly(HEMA-co-EGDA) iCVD films.

Furthermore, the increase in conductivity in the 9O0HEMA film when compared to the
similar films produced by Li ef al. may also be dependent on difference in free volume between
the two films. In addition to salt concentration, the free volume in a polymer depends on the
molecular weight. This is because the covalent bonds between backbone atoms are shorter than
the intermolecular nearest neighbor distance. In low molecular weight polymers, the chain ends,
which can be viewed as an impurity, represent a higher fraction of the material. This results in a
decrease in the density and corresponding increase in the system free volume [241]. Having larger
areas of free volume is critical to enable ion hopping conduction in polymer glass electrolytes
[240]. In iCVD systems the molecular weight strongly corresponds with the deposition rate, which
is controlled by the saturation ratio, with higher molecular weights being achieved at higher
deposition rates [119]. The poly(HEMA-co-EGDA) iCVD films in this work are deposited at
lower growth rates (3-4 nm vs.13-30 nm) and saturation ratios (0.02-0.1 vs.0.14-0.72) when
compared to the work of Li et al. [27]. It is therefore reasonable to assume that the chains in the
poly(HEMA-co-EGDA) films in this work have a shorter chain length, higher percentage of chain
ends and therefore, a higher free volume which helps enable the observed increase in ionic
conductivity.

Similar EIS measurements were performed on a LiTFSI doped S5SHEMA film. The
expected film thickness via in-situ laser interferometry is ~ 2 um and EIS measurements were
recorded at 25, 30, 40, 50 and 60 °C. The corresponding Nyquist plots and equivalent circuit
model are shown in Figure 4.18, with the full fitting parameters, calculated ionic conductivity and

ASR are presented in Table 4.4. Immediately noticeable is that the 8.09 x 10° S/cm room

156



temperature ionic conductivity of the SSHEMA film is roughly five orders of magnitude lower
than the 9OHEMA film. This is also well below the 3.2 x 10 S/cm reported by Li et al. for their

55 mol.% HEMA thin films [27].
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Figure 4.18: Nyquist plot and equivalent circuit model for LiTFSI doped SSHEMA thin film at various temperatures.
The dots in Nyquist plot are the experimental data points while the fit is the solid line.

Table 4.4: Equivalent circuit model values, calculated ionic conductivity and calculated area specific resistance for
LiTFSI dopped SSHEMA thin film at various temperatures.

Temperature R1 R2 Q2 22 c ASR
(°0) (9] (9] (F s&D) (Sem™) (Q cm?)
25 624.7 1.32E10 | 3.96E-10 0.968 8.09E-10 3.21E5
30 618.3 9.03E9 | 4.08E-10 0.966 1.18E-9 2.20E5
40 615.8 3.61E9 | 4.39E-10 0.961 2.96E-9 8.79E4
50 599.4 1.30E9 | 4.74E-10 0.957 8.22E-9 3.16E4
60 633.6 4.3E8 5.19E-10 0.950 2.26E-8 1.10E4

Since conductivity is decoupled from polymer chain motion the decrease in conductivity
can be attributed to the decrease in film polarity due to a decreased concentration of the HEMA
hydroxyl groups that are necessary for the Li* to screen interchain interactions [27]. Due to the
low ionic conductivity this SSHEMA film has ASR values that indicate its utilization as a solid
polymer electrolyte would greatly hamper cell performance. One explanation for the drastically

reduced conductivity is that the SSHEMA film is much thicker (~2 um) then the ~300 nm films
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tested by Li ef al. This increased thickness might reduce the LiTFSI salt’s ability to fully infiltrate
the polymer film during doping, leading to the observed decrease in room temperature ionic
conductivity and similar negative effects of increased thickness on ionic conductivity have been

observed for heavily crosslinked siloxane iCVD films [29].
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Figure 4.19: Arrhenius plot for LiTFSI doped 5SHEMA thin film.

Figure 4.19 contains an Arrhenius plot for the LiTFSI doped S5SHEMA film. The Arrhenius
dependance indicates that the primary mode of ion conduction is through an ion hopping process
and is decoupled from any long-range motion of the polymer chains [24]. This supports the
proposition by Li et al. that the dominant ion conduction mechanism at low temperatures is ion
hopping between salt clusters inside the polymer film [27], [239]. The Arrhenius plot also gives
an activation energy (£4) of 0.82 eV. This is significantly higher than the activation energies that
have been measured for other solid electrolytes, with typical values ranging from ~0.2 eV for high

conductivity sulfide glasses to ~0.5 eV for solid oxides [24]. This high activation energy is not
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surprising due to the 5S5SHEMA’s low ionic conductivity. Similar to the 90HEMA film,
improvements in ionic conductivity may be achieved by optimizing the LiTFSI doping process.
Here, poly(HEMA-co-EGDA) films have been utilized as solid polymer electrolytes, as all
solvent is removed after LiTFSI doping. Since poly(HEMA-co-EGDA) thin films are known to
swell in polar solvents, another strategy to increase the ionic conductivity of more crosslinked
films is to inject the films with conventional organic solvent electrolytes [27], [237], [238]. These
polar aprotic solvents should swell the poly(HEMA-co-EGDA) films and enable them to function
as gel polymer electrolytes, boosting their ionic conductivity. Although this does induce new safety

risks due to the inherent flammability of these solvents [6], [7], [16].

4.4 Conclusions

iCVD is a chemical vapor deposition technique capable of depositing conformal polymer
thin films on high aspect ratio features. Here, poly(HEMA-co-EGDA) thin films have been
deposited on high aspect ratio vertically aligned CNTs. The coatings are conformal not only over
the microstructured CNT forests (aspect ratio ~2.5) but also over the individual CNTs themselves
(aspect ratio > 25000). The high conformality achieved is attributed to the low saturation ratio of
the HEMA and EGDA monomers, which is kept < 0.1 during the deposition. These poly(HEMA-
co-EGDA) films are then doped with LiTFSI salt to function as solid polymer electrolytes. Doped
90HEMA thin films exhibit conductivities on the order of 10> S/cm and, for a 1 um thick films,
an ASR of 5 Q cm?. This makes iCVD poly(HEMA-co-EGDA) thin films a leading candidate for
3D micro-battery full cell development. Despite this promising conductivity, future works should
investigate the effects of LiTFSI, or other salt, concentration and distribution on ionic conductivity
and determine other important electrochemical properties, such as verifying a suitable

electrochemical stability window for full cell operation.
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Chapter 5- Fabrication and Simulation
of 3D Full Cells with Micro-structured
CNT Architectures

5.1 Introduction

After electrolyte deposition the final two steps in 3D full cell fabrication are to incorporate
the second electrode and to attach the second current collector. Once these steps are completed the
3D full cell is ready to be cycled. Due to the difficulty in incorporating solid electrolytes and then
preventing damage to that electrolyte when incorporating the second electrode there are far fewer
works that attempt 3D full cell fabrication, instead focusing on the development of either 3D
electrodes or conformal 3D electrolytes. In general, the 3D full cells containing a conformal
electrolyte layer can be broken down into two categories, thin film nanobatteries and infiltrated
micro-batteries. Thin film 3D nanobatteries are produced with layer thickness on the order of tens
to hundreds of nanometers and are fabricated by thin film deposition processes such as atomic
layer deposition (ALD) or sputtering. 3D micro-batteries are fabricated with feature thickness on
the order of tens to hundreds of micrometers by conventional microfabrication techniques and
often incorporate an infiltrated slurry-based electrode. Not considered here are 3D batteries that
prevent electrode contact by controlling the spacing between the electrodes. [48], [159], [160].

Two examples of 3D thin film nanobatteries are presented in Figure 5.1. In Figure 5.1A
Pearse et al. started fabricating their 3D nanobattery by reactively etching cylindrical pores into a
Si substrate that would serve as a scaffold for battery deposition. Next, ALD was used to deposit
40 nm of a Ru current collector, 70 nm of LiV20s cathode, 50 nm of a LiPON-like electrolyte, 10

nm of SnNy anode and, finally, a 25 nm TiN current collector. These 3D cells were able to cycle
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over 100 times and demonstrated a maximum discharge capacity of ~ 0.03 mAh/cm?. More
importantly the nanobatteries (AEF 4 and AEF 10) of Pearse et al. were able to access the majority
of their discharge capacity at high current rates, while 2D planar cells (AEF 1) with an identical
cell stack experienced significant capacity loss [37]. Talin et al. produced their cell stack by
sputtering a 20/120 nm Ti/Pt current collector, a ~300 nm thick LiCoO- cathode, 500 nm of LiPON
electrolyte, 100 nm of Si and 400 nm of Cu current collector onto a patterned Si micropillar array.
While the cells produced by Talin et al. were able to successfully cycle, and achieved an areal
capacity of 0.025 mAh/cm?, they experienced capacity fading at higher currents. The authors
attributed this to the non-uniform thickness and low ionic conductivity of their LiPON electrolyte
[126]. The authors used finite element analysis simulations to determine that an order of magnitude

increase in the ionic conductivity would result in significantly better full cell performance.
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Figure 5.1: Schematics, electron microscopy cross sections and cycling performance of 3D thin film nanobatteries
fabricated by A) ALD by Pearse et al. Reproduced with permission [37]. Copyright 2018, American Chemical Society.
B) sputtering by Talin ef al. Reproduced with permission from [126]. Copyright 2016, American Chemical Society.

Three examples of infiltrated 3D micro-batteries are presented in Figure 5.2. Hur ef al.
produced Si micropillar arrays by dry etching. These pillars are 400 um tall, 100 um in diameter
and 200 pm in pitch. The Si pillar array was spin coated with a SU-8 photoresist and soaked in a

Li-salt containing carbonate solution. A lithium nickel cobalt aluminum (NCA) containing slurry
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was infiltrated between the pillars before the entire stack was soaked in a propylene carbonate
electrolyte and cycled (Figure 5.2A). These cells were cycled repeatedly with a cut off charging
capacity of 0.5 mAh/cm?. Despite stable cycling, high coulombic efficiency was obtained by

discharging at a significantly lower current than the cell was charged at and the cells suffered from

inefficient Si use and cracking [50].
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Figure 5.2: Electron microscopy images and cycling data for 3D micro-batteries fabricated by A) Hur et al.
Reproduced with permission [50]. Copyright 2018, Elsevier. B) Nathan ef al. Reproduced with permission [53].
Copyright 2005, IEEE. C) Kotobuki et al. Reproduced with permission [49]. Copyright 2010, IOP.

Nathan et al. started their fabrication by first coating a glass microchannel plate with an
electrodeposited Ni current collector (Figure 5.2B). A second electrodeposition was performed to
fabricate a molybdenum oxysulfide (MOS) cathode material. A gel polymer electrolyte was coated

over the glass/Ni/MOS structure in a series of spin coating and vacuum pulling steps before
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mesocarbon microbeads were infiltrated into the holes using the same process [53]. Similar to the
work of Hur ef al. [50], Nathan et al. then soaked their cells in liquid electrolyte before cycling
them 100 times. These cells were able to achieve an areal capacity of > 1 mAh/cm?, which was
significantly higher than the equivalent planar cell. Lastly, Kotobuki ef al. (Figure 5.2C) took a
different approach. Here the authors began by patterning a Lig3sLaossTiO3 (LLTO) electrolyte
pellet into a dual sided honeycomb array. One side of the array was infiltrated with a LiCoO:
nanoparticle slurry while the other side was infiltrated with a LisMnsOi2 slurry. This cell
experienced a very low 0.0073 mAh/cm? capacity, due to poor ionic conductivity though the
electrodes and large interfacial impedances at the LLTO/slurry interface [49].

The work in this chapter seeks to bridge the gap between thin film nanobatteries and
infiltrated micro-batteries by fabricating a CNT-based full cell. Building upon the work of Chapter
2 and Chapter 4, initiated chemical vapor deposition (iICVD) poly(hydroxyethyl methacrylate-co-
ethylene glycol diacrylate) (poly(HEMA-co-EGDA)) coated Si-CNT patterned electrodes are
infiltrated with a lithium nickel manganese cobalt oxide (NMC) containing slurry. After evaluating
the stability of the iCVD electrolyte, these slurry infiltrated cells are soaked in liquid electrolyte
solutions to ensure suitable ionic conductivity throughout the cell and are placed in Swagelok cells
for cycling. While some difficulties experienced during cell fabrication led to non-ideal
performance, 2D finite element analysis (FEA) simulations are performed in COMSOL for ideal
interdigitated CNT-based batteries to determine their theoretical specific energy and power, which
are then compared with a simulation for a state-of-the art lithium-ion cell. The impact of cell

geometry and electrolyte conductivity are also explored.

164



5.2 Experimental Methods

5.2.1 S§i-CNT Composite Fabrication

Vertically aligned CNT forests with ~100 um heights were grown on Cu foils using the
process outlined in Chapter 2. Si-CNT composites were fabricated using either the low-pressure
chemical vapor deposition process (LPCVD) process outlined in Chapter 2 or a plasma enhanced
chemical vapor deposition (PECVD) process. PECVD amorphous Si (a-Si) depositions were
performed in a Plasmatherm PECVD reactor by flowing 5% SiH4 in He at 150 sccm into the reactor
to establish a pressure of 500 mTorr. After flow had stabilized the RF power was set to 25 W for
the desired 25 min deposition time. The deposited Si mass was determined using the same

microbalance as Chapter 2.

5.2.2iCVD Polymer Electrolyte Deposition

iCVD poly(HEMA-co-EGDA) films were deposited on Si-CNT composite electrodes
using the same equipment and procedure outlined in Chapter 4. Prior to iCVD the Si-CNT
electrodes were mounted on a 0.5” diameter stainless steel spacer using conductive Cu tape or Ni
paste (Figure 5.3A). During deposition the backside of this spacer was covered in Kapton tape to
prevent unwanted poly(HEMA-co-EGDA) deposition on the spacer (Figure 5.3B). An additional
iCVD recipe for a 75 mol.% HEMA film (7SHEMA) is presented in Table 5.1. All other iCVD

parameters remained the same for the deposition.

Table 5.1: Recipe to produce film 75 mol.% HEMA poly(HEMA-co-EGDA) iCVD thin film.

QNZ QHEI\]A ) § QEGDA . . QTBPO Q'[‘Oml
(sccm) (sccm) Pueva/Psa (sccm) Prapa/Psac (sccm) (scem)

7SHEMA 1.2 0.8 0.05 0.4 0.04 0.6 3

Recipe
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5.2.3 Slurry Formation and Infiltration

A typical slurry with an 8:1:1 weight ratio of active material:conductive additive:binder
was prepared for infiltration into the iCVD coated Si-CNT composites. LiNio.33Mno.33C00.33
(NMC, > 97.5%, particle size < 0.5 pum, Sigma Aldrich) and carbon black (~50 nm particle size,
Cabot) were weighed outside the glove box before being ground together with a mortar and pestle.
The mixture was then placed overnight in a BUCHI furnace under active vacuum and at 90 °C
before being moved into the glovebox under vacuum. Inside the glovebox anhydrous N-methyl-2-
pyrrolidone (NMP, 99.5%, Sigma) was mixed with polyvinylidene fluoride (PVDF, Sigma) to
create a 5 wt.% PVDF in NMP solution at 60 °C . The PVDF was dried overnight under vacuum
before being moved to the glovebox. The PVDF-NMP solution was then added to the dried NMC-
carbon black powder and allowed to stir continuously at room temperature and 1500 RPM. To
make it suitable for casing the NMC slurry was diluted with further NMP to give a solids

concentration of ~0.27 g/mL.

Figure 5.3: A) Si-CNT electrode mounted on stainless steel spacer with Cu tape, B) Si-CNT/spacer combination with
Kapton tape on spacer backside to prevent unwanted iCVD polymer deposition, C) epoxy ring painted around iCVD
coated Si-CNT electrode, D) full cell assembly after slurry infiltration and soaking overnight in liquid electrolyte.

iCVD coated Si-CNT electrodes were prepared for full cell fabrication using a procedure
similar to that of Hur et al. [50]. As shown in Figure 5.3C, the stainless-steel spacer was painted
with an epoxy (Devcon) that covered the edges of the CNT foil. This created a “dish” around the

CNTs for slurry casting and prevents direct contact between the NMC slurry and the opposing
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current collector. Great care was taken to avoid unwanted epoxy infiltration into the CNT structure.
The epoxy was allowed to dry for ~24 h before the assembly was dried under active vacuum in the
glovebox antechamber overnight and moved into the Ar glovebox.

For slurry infiltration in the Ar glovebox the samples were first wet with a drop of
anhydrous NMP. A micropipette was then used to cast 10 pL of slurry onto the sample. The sample
was then placed under vacuum for 3 min to speed the NMP drying process. It should be noted that
excessive drying results in slurry delamination. This process was repeated until the desired number
of drops had been deposited. After slurry deposition the slurry coated cells were allowed to soak
in a 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, anhydrous, 99.99%, Sigma) in
anhydrous propylene carbonate (PC, 99.7%, Sigma) or 1,3-dioxolane (DOL, 99.8%, Sigma)
electrolyte. Following soaking (Figure 5.3D) the cell stack was loaded into the same Swagelok
cells used in Chapter 2, capped with a stainless-steel spacer and transported to the battery cycler
for testing.

5.2.4 Electrochemical Testing

All cycling was performed using the same Swagelok cells and BCS-805 battery cycler that
was utilized for the Si-CNT half-cells in Chapter 2. Si-CNT half-cells with PECVD Si were
fabricated using a 1 M LiTFSI in 1,3-dioxolane (DOL) electrolyte, Li-metal foil counter and
reference electrode and Swagelok cells are identical to those in Chapter 2. Half-cell Galvanostatic
cycling was preformed between 0.01 V and 2.0 V vs Li/Li". Full cell galvanostatic cycling was
performed between 2.9 Vand 4.1 V or 2.5 V and 4.2 V. The dQ/dV analysis was performed using

Biologic’s BT-Lab software.
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5.2.5 Materials Characterization

Scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDS),
Raman spectroscopy and optical microscopy were carried out using the equipment and settings
outlined in Chapter 2. Fourier transform infrared spectroscopy (FTIR) was performed using the
same equipment and settings outlined in Chapter 4.

CNT height profiles were captured using a Keyence VK-X1000 confocal laser microscope
at 50X magnification. X-ray microscopy (XRM) was performed using a Zeiss Versa 620. For
XRM the slurry infiltrated samples were transported to the equipment under Ar in a sealed plastic
box and remained under Ar for the duration of the scan. For each scan the source was set at 60 kV
and 108.25 pA with a LE2 source filter. Scans were performed using either a 4X or 20X optical

lens and 1601 to 2401 projections were used in the reconstruction.

5.3 Experimental Results and Discussion

5.3.1 Poly(HEMA-co-EGDA) iCVD Polymer Electrolyte Stability

100 [
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Figure 5.4: A) optical microscopy image of a honeycomb CNT forest coated with PECVD Si and a 9OHEMA iCVD
electrolyte. B) and C) SEM images of the same forest after coating with NMC slurry and drying under vacuum.

Early attempts to fabricate full cells utilizing 9OHEMA electrolytes typically resulted in
short circuited cells. Despite maintaining a pristine honeycomb structure (Figure 5.4A) following

90HEMA deposition, SEM analysis post slurry infiltration (Figure 5.4B) revealed significant
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damage to the honeycomb structure. Despite this damage some NMC slurry is still infiltrated into

the honeycomb structure (Figure 5.4C).
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Figure 5.5: A) Pre- and B) post NMC casting and vacuum drying for 9O0HEMA coated LPCVD Si-CNTs. The CNTs
are patterned in a pillar array with 40 um diameter and 70 um center-to-center spacing.

To determine the cause of this damage pure NMP was cast on 90HEMA coated LPCVD
Si forests and then dried under vacuum. SEM images taken pre- (Figure 5.5A) and post (Figure
5.5B) NMC wetting of a 90HEMA coated pillar structured Si-CNT forest reveal that the once
uniform 9O0HEMA coating does not survive exposure to NMP. It is known that poly(HEMA-co-
EGDA) iCVD films swell in polar solvents [27], [237] and that lightly crosslinked poly(HEMA-
co-EGDA) are not stable in water [238]. Similar to the experience of Yague et al., here is believed,
that despite having an excellent ionic conductivity, the 90HEMA films are insufficiently
crosslinked [238]. As the NMP diffuses into the polymer network the resulting swelling results in
polymer chain disentanglement that dissolves the 9OHEMA film. Once the 90HEMA layer is
dissolved the CNTs experience significant shrinking and densification. This is similar what was
observed in previous works on using CNT forests as nanoporous stamps. In these works liquid
infiltration resulted in forest shrinking and subsequent evaporation caused densification and

mechanical damage to the CNT forest [59]. While increasing the Si coating on these pillars may
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help to prevent the observed densification [56], [59], the failure of the 9OHEMA film greatly
increases the chances of a short circuit. Figure 5.5 also exhibits an advantage of a pillar structured
cell over the honeycomb design in Figure 5.4, as the discrete nature of the pillars results in

significantly less damage to patterned CNT microstructure post NMP exposure.
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Figure 5.6: A) Pre- and B) post NMC casting and vacuum drying for SSHEMA coated LPCVD Si-CNTs. The CNTs
are patterned in a pillar array with 40 pm diameter and 90 pm center-to-center spacing.

The poly(HEMA-co- EGDA) structural stability can be addressed by increasing the EGDA
crosslinker concentration during deposition. Figure 5.6 shows Si-CNT pillars coated with a
5SHEMA thin film pre- and post-exposure to drop cast NMC and drying under vacuum. Here, the
more heavily crosslinked SSHEMA film maintains its structural integrity after the drying process,
increasing its suitability for incorporation in full cell designs that include infiltrated slurry
electrodes. However, it should be noted that the increase in crosslinker concentration will result in
a significant decrease in the SSHEMA's ability to act as a solid polymer electrolyte. As discussed
in detail in Chapter 4, decreasing the HEMA mol.% from ~90% to ~55% decrease the ionic
conductivity from ~10°to 10 S/cm down to ~107!° to 108 S/cm [27]. This decrease may be

mediated by soaking the poly(HEMA-co-EGDA) thin films in liquid electrolyte solutions, as 55
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mol.% poly(HEMA-co-EGDA) films have mesh sizes suitable for small molecule diffusion when
swollen with polar solvent [238].
5.3.2 Slurry Infiltration Into Micro-structured CNT Pillar Arrays

After validating that the SSHEMA coatings maintain their mechanical stability after NMP
contact, the samples are infiltrated with NMC slurry by drop casting and drying under vacuum.
Figure 5.7 shows SEM images of a SSHEMA Si-CNT pillar array post NMC infiltration. In Figure
5.7A the slurry is clearly infiltrated between the pillar array. A zoom in (Figure 5.7B) shows that

the SSHEMA coating on the pillar surface has survived the slurry infiltration process.
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Figure 5.7: SEM images of A) a S5SHEMA Si-CNT pillar array infiltrated with NMC slurry and B) the top of an
individual 5SHEMA Si-CNT pillar post NMC infiltration. The CNTs are patterned in a pillar array with 40 um
diameter and 90 um center-to-center spacing.
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Figure 5.8: SEM images of the A) carbon black and B) NMC powders used in this work.
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Figure 5.9: EDS analysis of a SSHEMA Si-CNT pillar array infiltrated with NMC slurry. The CNTs are patterned in
a pillar array with 40 pm diameter and 90 pm center-to-center spacing.

The carbon black and NMC powders used in this work are presented in Figure 5.8A and
Figure 5.8B respectively. Since the carbon black and NMC particles have similar dimensions, EDS
mapping was performed to determine that both slurry components were successfully infiltrated.
The EDS mapping in Figure 5.9 shows a uniform distribution of Ni, Mn and Co throughout the
pillar array. Furthermore, while there are concentrations of C and Si at the top of the central pillar,
the C signal is significant between the pillars. These results indicate that both the carbon black and

NMC from the starting slurry have been infiltrated between the micro-structured CNT pillars.

100.000 150.000 200

Figure 5.10: Confocal laser microscope A) 3D and B) 2D profiles of an array of vertically aligned CNT pillars. The
CNTs are patterned in a pillar array with 40 um diameter and 90 pm center-to-center spacing.
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While the SEM and EDS analysis from Figure 5.7 and Figure 5.9 seem to indicate
successful NMC electrode infiltration, it is necessary to verify that the slurry reaches the bottom
of the pillar array and has not just formed a coating across the surface. Height profiles obtained by
confocal laser microscopy (Figure 5.10) indicate that the CNT pillars infiltrated with slurry in
Figure 5.7 are ~100 pum tall prior to any coating processes. XRM scans were performed on the
sample in Figure 5.10 post NMC slurry infiltration to determine the depth of slurry infiltration.
The results of a 4X scan are presented in Figure 5.11 and the results of a 20X scan in Figure 5.12.
For each scan planar and sidewall slices are presented at the top, middle and bottom of the slurry
layer. In both scans the thickness of the slurry layer is ~100 um, in agreement with the slurry barely
covering the CNT pillars in Figure 5.7 and the height of the CNT pillars themselves in Figure 5.10.
At the top of the slurry layer the XRM shows mostly one uniform region of slurry. However, for
the middle slice dark circles representing the 40 um CNT pillars appear in the brightly colored
slurry. The slurry is also present at the bottom of the forest, as the planar images near the Cu foil
show both the round CNT pillars with the infiltrated slurry between, partially evident by the cracks
within it. The combination of the SEM in Figure 5.7 and the XRM in Figure 5.11 and Figure 5.12
confirm that the drop casting followed by vacuum pulling successfully infiltrates the NMC slurry

into the CNT pillar array.
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Figure 5.11: 4X XRM scan of NMC slurry infiltrated CNT pillars. The CNTs are patterned in a pillar array with 40
pm diameter and 90 um center-to-center spacing. Planar and sideview images are presented for the A) top, B) middle
and C) bottom of the CNT forest.
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Figure 5.12: 20X XRM scan of NMC slurry infiltrated CNT pillars. The CNTs are patterned in a pillar array with 40
pm diameter and 90 um center-to-center spacing. Planar and sideview images are presented for the A) top, B) middle
and C) bottom of the CNT forest.
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5.3.3 Planar NMC/75HEMA/Si-CNT Full Cell
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Figure 5.13: SEM images of PECVD Si on aligned CNT forest A) crust and B) exterior sidewall. C) Raman analysis
of PECVD Si deposited on aligned CNTs. D) SEM of CNT forest interior post PECVD showing an absence of
deposited Si.

Full cell fabrication began by growing ~100 pum tall non-patterned CNTs on Cu foil using
the process outlined in Chapter 2. Following growth, the aligned CNTs were coated with a-Si using
a PECVD process. A 25 min PECVD deposition resulted in a ~25 pg Si deposition on the forest,
giving a 0.1 mg/cm? Si loading that is a full one to two orders of magnitude lower than the LPCVD
depositions in Chapter 2. Post deposition SEM reveals that there is a substantial Si coating on the
CNT forest surface (Figure 5.13A) and exterior sidewall (Figure 5.13B). Raman analysis of these
CNT coatings (Figure 5.13C) shows a strong amorphous Si (a-Si) signal at ~480 cm™!' with a
shoulder at ~508 cm™! indicating a small amount of nanocrystalline Si (n-Si) in the coating [139],
[140]. However, the SEM image in Figure 5.13D shows that the Si coating on the forest exterior

in Figure 5.13A and Figure 5.13B does not extend to the forest interior, as there is no visible Si

176



coating on the CNTs at the forest interior. This limitation is attributed the nature of the PECVD
process, whereby the diffusion limitations of the reactive precursor species prevent interior
coatings, and shows the strength of the reaction limited LPCVD deposition in developing high

capacity electrodes [242].
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Figure 5.14: A) first cycle and B) subsequent cycle voltage profiles for a non-patterned PECVD Si-CNT electrode.

The voltage profiles for cycling a non-patterned PECVD Si-CNT electrode are presented
in Figure 5.14. During the first cycle discharge (Figure 5.14A), there is a large plateau that starts
at ~1 V vs. Li/Li" and makes up the majority of the discharge capacity. This plateau corresponds
to solid electrolyte interphase (SEI) formation on the CNT surface and is responsible for the large
irreversible first cycle capacity of CNT-based electrodes [66], [94]. This plateau is not visible in
the LPCVD electrodes cycled in Chapter 2, as the LPCVD process conformally coats Si on all
CNTs in the forest, and is attributed here to the inability of the PECVD process to coat CNTs in
the forest interior cell (Figure 5.13D), which leaves them exposed to the electrochemical processes
happening in the cell. Due to this irreversible process the first cycle coulombic efficiency is ~5%.
Subsequent cycling (Figure 5.14B) shows a low reversible capacity, a low coulombic efficiency

of 54% on cycle 2 and 66% on cycle 3, and noticeable capacity fading.
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Figure 5.15: Cycle 3 dQ/dV plot for PECVD Si-CNT half-cell.

The voltage profiles for cycle 2 and cycle 3 (Figure 5.14B) contain additional plateaus not
present in the LPCVD Si-CNT electrodes of Chapter 2. Similar to the LPCVD Si-CNT electrodes,
the PECVD Si-CNT dQ/dV plot in Figure 5.15 shows reduction peaks at ~0.24 V and ~0.08 V that
correspond to the formation of a-Li>Si and a-Li35Si, and oxidation peaks corresponding to the
delithiation of these two phases at ~0.27 V and ~0.47 V [110], [145], [146]. Unlike the LPCVD
Si-CNT electrode, the PECVD Si-CNT electrode shows a reduction peak starting at ~0.38 V and
ending at ~0.13 V that results from Li" intercalation in the graphitic carbon present in the CNTs
[243]. This reduction process is tied to an oxidation peak at ~0.15 where the Li* de-intercalates
from the CNT. The voltage profiles in Figure 5.14B and dQ/dV plot definitively indicate that the
PECVD Si-CNT electrode capacity comes both the CNT and Si components. The combination of
irreversible CNT lithiation and known issues with Si expansion and contraction explain the low

coulombic efficiency, capacity and capacity retention in Figure 5.14.
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Figure 5.16: A) FTIR spectrum for 7SHEMA iCVD thin film and B) schematic of planar NMC/75SHEMA/Si-CNT
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Figure 5.17: Voltage profiles of A) first cycle and B) subsequent cycles, B) areal capacity and coulombic efficiency

and D) cycle 10 dQ/dV plot for NMC/7SHEMA/Si-CNT full cell.

Following PECVD Si deposition, the non-patterned Si-CNT composite was coated with a ~1 um

thick 7SHEMA thin film. Using the same analysis as Chapter 4 for the C=0O and O—H peaks in

Figure 5.16A gives a HEMA concentration of ~75 mol.%. After the iCVD process, the assembly

was brough into the glovebox for NMC slurry and 1 M LiTFSI in DOL electrolyte infiltration. A

schematic of the final cell structure is presented in Figure 5.16B, with the thin iCVD film

separating the NMC nanoparticle and non-patterned Si-CNT electrodes and liquid electrolyte
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infiltrated throughout the entire cell. The cycling data for the planar NMC/75SHEMA/Si-CNT full
cell is presented in Figure 5.17. The first cycle (Figure 5.17A) shows a significant irreversible
capacity loss, likely associated with irreversible SEI formation and lithiation of the exposed CNTs,
and achieves a discharge capacity of 0.07 mAh/cm? when charged to 4.1 V and discharged to 2.9
V at 0.4 mA/cm?. Upon further cycling at 0.4 mA/cm? between 2.5 V and 4.25 V, the usable
discharge capacity jumps to 0.14 mAh/cm?. This is comparable with the 2D planar micro-battery
produced by Nathan et al. [53] and superior to the 3D cell of Kotobuki et al. [49]. Under these
conditions the cell is capable of achieving 100 cycles (Figure 5.17B), although the usable discharge
capacity fades upon repeated cycling and the coulombic efficiency is low for the majority of the
cell lifetime (Figure 5.17C). The dQ/dV plot for the full cell (Figure 5.17D) is in good agreement
with the dQ/dV plot for the PECVD Si-CNT half-cell (Figure 5.15) and other NMC/Si-CNT full
cells [244]. This indicates the cell capacity is determined by both the Si and CNT components in
the anode and, based on previously described mechanisms, explains the low coulombic efficiency
and capacity. This full cell is, to the authors knowledge, the first known demonstrator of an iCVD
polymer electrolyte, without the use of an additional separator, in a Li-ion full cell.
5.3.4 Interdigitated NMC/55HEMA/Si-CNT Full Cell

Interdigitated full cell development began by performing an LPCVD Si deposition on a
~100 pm tall CNT forest patterned as an array of pillars with 40 pm diameter and 70 um center-
to-center spacing. The forest was then coated with a ~2.2 um thick 5SHEMA film and, after NMC
slurry infiltration, the cell was allowed to soak in 1 M LiTFSI in PC to create the full cell stack

pictured in Figure 5.18A.

180



A B 45
S 4.0 -
£asd)
o ] § 4.05-]
- g
o 3.0 3
% ] 4.
o 2.5 M real Capasity (mAicm?)
] 0.2 mA/cm?
2.0 — T T T
0 2 4 6
Areal Capacity (mAh/cm?)
4.5 15
C ] D 1 Cycle 1
; 40__ 4 . ] Cyfle 2
‘:‘; ] s % 10 ’ S
Z 35 2 1s w
d=.> . £ g E 0.2] |
5 50 el 3 5] &
303 ", S °1 %
Q - 000 001 002 003 004 005 © 0. T
O 2.5 Areal Capacity (mAh/cm?) 1 250 275 3.00 325 350 3.75 4.00 4.25
: 0 2 mAIcm2 0 b Cell Potential (V)
2.0+ B o o o e e
0.0 0.2 0.4 0.6 0.8 1.0 1.2 250 2.75 3.00 3.25 3.50 3.75 4.00 4.25
Areal Capacity (mAh/cm?) Cell Potential (V)

Figure 5.18: A) Schematic of interdigitated NMC/S5HEMA/Si-CNT full cell, voltage profiles for B) first cycle with
insert showing a kink in the voltage profile and C) second cycle with the insert showing the distinctive , and D) dQ/dV
plots for the first two cycles with the insert showing the dQ/dV profile upon discharging.

The cell is successfully charged to 4.2 V and discharged down to 2.5 V at 0.2 mA/cm?
(Figure 5.18B). The discharge capacity is 0.43 mAh/cm? with a coulombic efficiency of ~8%. For
the first part of charging the voltage profile is in good agreement with those obtained by other
NMC/Si full cells [146], [245]. Upon starting the second cycle (Figure 5.18C) the charging profile
is noticeably different. There is an ~200 mV increases in the location of the voltage plateau
compared to the first cycle and the appearance of a ~20 mV overpotential before the voltage
plateau stabilizes. The shape of the voltage profile is more in line with the cycling behavior of an
NMC/Li-metal half-cell [246], [247]. The overpotential in the Figure 5.18C insert can be attributed
to the formation of an LiCO3 layer on the NMC particles that impedes ionic transportation [247]
or the nucleation overpotential required for Li-plating on the current collector [248]. The

difference in the electrochemical process occurring in cycle 1 and cycle 2 is also evident in the
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dQ/dV plots (Figure 5.18D). Upon charging and discharging cycle 1 shows a dQ/dV profile in line
with previous NMC/Si full cells [244], [246], [247]. However, the dQ/dV profile for the second
discharge in the Figure 5.18D insert lacks the characteristic Si delithiation peak at ~3.1 V and
agrees with the dQ/dV profile for a NMC/Li-metal half-cells [249], [250]. The small difference
between the dQ/dV peak at ~3.55 V, and the kink in the cycle one voltage profile (Figure 5.18B
insert) makes it difficult to tell if the Li-metal plating process begins in the first cycle or second
cycle, but the presence of the dQ/dV Si delithiation peak at ~3.1 V indicates that the Si-CNT
electrode is utilized during the first cycle. The cause and location of the Li-plating is currently
unknown, but two hypotheses are that it may occur on the Cu foil if the Si-CNTs pillars become
detached during cycling, as the inclusion of the NMC eliminates the space typically allotted for Si
expansion, or on the stainless-steel spacer if it becomes exposed during cycling. While there is
room much for future optimization, this first cycle demonstrates a proof-of-concept for a fully

interdigitated CNT-based cell containing an iCVD electrolyte.

5.4 2D Simulations of Idealized Interdigitated CNT Full Cells

This section discusses the development and results of a 2D finite element analysis
simulation for a full cell containing a Si-CNT negative electrode, iCVD poly(HEMA-co-EGDA))
solid polymer electrolyte and NMC slurry cathode. While there have been some difficulties
assembling a full micro-structured CNT cell, the goal of this simulation is to determine the ideal
theoretical performance of an interdigitated full cell built with a CNT architecture. All
homogeneous 2D simulations in this work were performed using COMSOL’s Battery Design
Module. The 2D interdigitated designs were discharged at a variety of C-rates and then compared
to a 1D simulation of an idealized, state-of-the-art (SOA) lithium-ion cell with thick (~55-65 um)

NMC and graphite electrodes. While not discussed in detail here, the SOA lithium-ion cell
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discharge simulations and material properties were based upon previous COMSOL simulations
[251], with additional values taken from reviews on current lithium-ion full cells [1], [7], [8], [12]

and a teardown of Tesla 4680 cell [252].

5.4.1 Interdigitated CNT-battery Geometry and Discharge Parameters
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Figure 5.19: A) Schematic of an interdigitated full cell containing a Si-CNT anode, thin iCVD polymer electrolyte
and NMC nanoparticle slurry cathode. B) Schematic and Ragone plot for 1D discharge simulation. C) Schematic for
2D discharge simulation of an interdigitated CNT full cell.

A schematic of the interdigitated CNT full cell used in the 2D simulations is presented in
Figure 5.19A. The cell consists of an Si-CNT composite electrode, a thin film Si electrode and a
NMC nanoparticle electrode. Together the Si-CNT composite and Si thin film comprise the
negative electrode (anode) and the NMC nanoparticle slurry acts as the positive electrode (cathode)
during discharge. The thickness of the iCVD polymer layer was chosen to be 0.1 um. As discussed

in Chapter 3, and as experimentally and computationally demonstrated by Talin et al. [126], the
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low conductivity of 3D electrolytes is often the cause of non-ideal performance in 3D cells and
that this drop in performance can somewhat mitigated by minimizing the electrolyte thickness. In
their experimental work on depositing iCVD poly(HEMA-co-EGDA) thin films Li et al.
determined that ~0.1 um was the minimum thickness to prevent dielectric breakdown in a 4 V
system [27]. Ignoring difficulties in fabricating a cell with such a thin electrolyte layer, keeping
the iCVD layer at 0.1 um should help to minimize losses across the electrolyte layer.

The height of the Si-CNT electrode is set at 300 wm, which is the maximum consistently
reproducible height of the CNT forests grown directly on Cu foil in Chapter 2. The Si thin film
has a thickness 50 nm thickness and spans the bottom of the electrode. This thin Si coating is defect
of the CVD processes used to deposit Si on the CNTs, as the nature of CVD ensures that Si will
also be deposited on any exposed Cu foil. A series of quick 1D discharge simulations were
performed to determine the optimal ratio of widths for the Si-CNT and NMC nanoparticle
electrodes. These simulations, presented in Figure 5.19B, show that the interdigitated CNT design
begins to overcome the energy and power density trade off when the NMC thickness is reduced to
10 um with a corresponding Si-CNT thickness of 5 um. While performance increases by further
decreasing the electrode thicknesses to 5 um and 2.5 pum (5:7) respectively, the 10:15 geometry is
much easier to pattern via the photolithography process developed for patterning Cu foils in
Chapter 2 and was therefore selected as a nice intermediary between performance and ease of
fabrication. Due to the symmetric nature of a pillar or honeycomb design, the 10:15 geometry was
modeled with a 2.5 pum thick Si-CNT electrode and a 5 um thick NMC nanoparticle electrode.
Figure 5.19C shows the full 2D geometry utilized in the COMSOL discharge simulations.

For the purpose of calculating the cell mass and volume, a 10 um Cu foil is assumed to be

underneath the Si-CNT and Si films and a 15 pum Al foil is assumed to be above the NMC
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nanoparticle slurry [7], [12]. In the COMSOL Battery design module the current density is applied
to Al foil (top surface in Figure 5.19A and Figure 5.19C) and the Cu foil is selected as the electric
ground (bottom surface in Figure 5.19A and Figure 5.19C) [251]. The 1C current is 63.9 A/m? and
the cells were discharged at various C-rates until the potential reached a minimum of 3 V. For
some high C-rates the simulations were terminated early due to issues with the solver reaching a

singularity. All simulations were assumed to take place at room temperature (298 K)

5.4.2 Modeling iCVD Solid Polymer Electrolyte

Si/CNT composite Thin Nanoparticle slurry
(negative electrode) electrolyte (positive electrode)

Active
material particle

Electrolyte
particle

Conductive
additive

Figure 5.20: Schematic showing Li* diffusion from through an interdigitated CNT full cell during discharge.

Li-ion diffusion (Figure 5.20) through the iCVD polymer electrolyte layer was modeled
using the Nernst-Planck equation. The electrolyte current density (i.;) is given by Egq. 5.1, where
Ge 1s the ionic conductivity, R is the ideal gas constant, F' is the Faraday constant, 7 is the
temperature, ¢+ is the transference number of the cation species, @ is the electrolyte potential and

ce 1s the salt concentration in the electrolyte. This electrolyte current density is then used to
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calculate the Li* flux through the electrolyte (Jo;) by Eq. 5.2, where D, is the diffusivity of the salt
species through the polymer and is related to the ionic conductivity by Eg. 5.3. Here, ¢; is the salt

species charge and kg is the Boltzmann constant [126], [253], [254].

20(RT
F

iel = _GelV(pel + (1 - t+)‘7ln(cel) (Eq- 51)
Jet = —DeiVeer + 5+ (Eq. 5.2)

2.

Table 5.2: Electrolyte properties used to model iCVD poly(HEMA-co-EGDA) electrolytes.

Parameter Value Units

Ionic conductivity (Cer) 6E-4 S/m

Diffusivity of salt species 3E-14 mYs
Da)

Salt concentration

3
(ca) 1500 mol/m

Using the films produced in Chapter 2 and by Li et al. [27] the ionic conductivity of the
iCVD poly(HEMA-co-EGDA) thin film is taken to be 6 x 10* S/m. However, as previously stated,
little is known about the other electrochemical properties of these iCVD electrolytes. To fill in the
gaps the salt concentration and transference number were estimated using typical values for
polymer electrolytes [255] and the diffusion coefficient was estimated using the ionic conductivity
and Egq. 5.3. These values are tabulated in Table 5.2.

5.4.3 Lithiation Processes of Porous Electrodes

In this work the Si-CNT, Si thin film and NMC nanoparticle electrodes were all modeled
as porous electrodes. Charge transfer at the interface between active material and polymer
electrolyte was modeled using a Butler-Volmer relationship (Eq. 5.4), where the electrode reaction
current density (inc) is a function of the exchange current density (i,) and the charge transfer

coefficient (o) [126], [253]. The exchange current densities for NMC and Si were estimated using
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values from literature [256] and are presented in Table 5.3. The charge transfer coefficient is

assumed to be 0.5. Li" transport inside the Si and NMC active material was assumed to occur by

diffusional transport only and was governed by Fick’s second law (Eg. 5.5) [126], [253]. The

diffusion coefficients in the solid phase (D;) for Si and NMC were estimated from literature [8],

[126] and are also included in Table 5.3.

ilOC = iO <e(%};";‘7) — e(

dcg

dt

—(1-a)Fn

T)) (Eq. 5.4)

— V(DsVcs) = 0 (Eq. 5.5)
50C =- % _(Eq.5.6)

Table 5.3: Parameters used to model the materials in the interdigitated CNT battery porous electrodes.

Voltage vs. Li/Li* (V)

1.0

Si-CNT  Si thin NMC
Parameter . nanoparticle
electrode film
electrode
Exchange current 2
density (i,) 1 1 25 A/m
Solid diffusion )
coefficient (Ds) 1E-17 1E-17 4E-16 m?*/s
Maximum solid 316870 | 4316870 49620 mol/m?
concentration (Csmax)
Starting solid 90500 90500 7450 mol/m?
concentration (cs)
Active material
thickness (r,) 50E-9 50E-9 300E-9 m
Electronic conductivity le7 4.5E-4 10 S/m
(K5)
5.0 B 1.0
45 2 0.8
: ]
= ]
4.0 S 0.6
g
3.5 o 0.4
) ]
8 ]
. © 0.2
3.0 g ]
St 0.0 ++——1—17 1]
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
State of Charge (SOC) State of Charge (SOC)

Figure 5.21: Voltage profiles a function of state-of-charge for A) NMC and B) Si utilized in these simulations.
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The diffusion through the active material layers is also governed by the solid phase Li*
concentration (cs in Eg. 5.5). The voltage profiles for NMC and Si during discharge were taken
from the COMSOL library and are presented in Figure 5.21, with the state-of-charge (SOC) being
determined in Eq. 5.6 by the solid phase Li* concentration and the maximum solid phase Li*
concentration (Csmax) [251]. The well-established maximum solid phase concentrations for NMC
and Si were taken from literature and are also included in Table 5.3 [8]. The ¢, max values can be
converted to the expected Si and NMC specific capacities, ~3600 mAh/g and ~240 mAh/g
respectively, by using the Faraday constant and the material’s density [8], [246].

Other important electrode parameters included in Table 5.3 are the active material
thickness (7,), electronic conductivity (K,) and starting solid Li* concentration (cs). For active
material thickness, the Si coating on the CNTs and on the Cu foil was taken to be ~50 nm, which
is achievable by the CVD processes used in Chapter 2. The NMC particle radius is taken to be 300
nm, very close to the commercially available NMC particles (500-600 nm diameter) used in the
slurry infiltration experiments. The electronic conductivity for the Si-CNT electrode was taken to
be the conductivity of CNTs [54], while the electrical conductivity of Si was used for the Si thin
film [257] and the conductivity of carbon black was used for the NMC nanoparticle electrode
[258]. Finally, the starting solid concentrations were such that the Si started at 30% lithiation, in
agreement with the micro-battery work of Hur et al. [50] and the reversible specific capacity of
the Si-CNT electrodes in Chapter 2 (~1100 mAh/g), and the NMC started at 15% lithiation [251].
5.4.4 Porous Electrode Structure

The next step in building the CNT-based interdigitated cell is to adequately describe the
unique geometries of the Si-CNT and NMC nanoparticle electrodes. As a homogeneous model,

the electrode structure is described by the volume fractions of the electrolyte (e.;), active material
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(e4) and conductive additive (g.). The NMC slurry was modeled using typical literature values to
describe the volume fractions of each phase [7], [251], [259]. For the Si-CNT electrode the volume
fraction of CNTs set at ~1% and was estimated using a CNT number density of ~4 x 10%/cm? that
had been established in previous works [64] and individual CNT radius of 5 nm. The Si volume
fraction was determined by assuming the a ~50 nm Si coating on the individual CNTs that is in
the realm of what is achievable by the LPCVD process outlined in Chapter 2. For both electrodes
the remaining space not taken by active material or conductive additive is assumed to be filled by
the iCVD polymer electrolyte. The Si thin film electrode is assumed to be made entirely of Si. The

volume fractions for the three electrodes are tabulated in Table 5.4.

Table 5.4: Electrode volume fractions of the active material, conductive additive and electrolyte.

NMC

Parameter electrode film nanoparticle Units
electrode

Si-CNT Si thin

Electrolyte volume 0.6 0 0.6 ]
fraction (&)
Active mat.erlal volume 0399 ] 0.3 ]
fraction (&)
Conductive zfddltlve 0.001 0 0.1 ]
volume fraction (g.)

Figure 5.22: Schematic demonstrating how tortuosity often increases the length a species must travel (L,) when
compared to the electrode or membrane thickness (Lcv) [260].

Tefp = 22 (Eq. 5.7)

D
Deff = 20 (Eq 58)

T
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T=€""(Eq.59)

In a homogenous model it is also important to consider how the unique electrode structure
influences the transport of both Li-ions through the electrolyte phase and electron transport through
the conductive additive. As shown in Figure 5.22 the tortuous nature of both slurry and, although
to a lesser extent, CNT electrodes result in the distance that either Li-ions or electrons must travel
(Lp) often being far greater than the actual electrode thickness (L.»). While these increased
distances are not inherently a part of the homogeneous electrode geometry, they can be accounted
for by utilizing effective values of the ionic or electrical conductivity (Eg. 5.7) or diffusion
coefficient (Eq. 5.8). Here, the tortuosity (7) is included to modify the transport property in a way

that encapsulates the species path [260], [261].

Table 5.5: Bruggeman exponents to incorporate electrode tortuosity into the 2D interdigitated CNT battery model.

Si-CNT  Si thin NMC

Parameter nanoparticle Units

electrode film

electrode

Electronic conductivity N/A N/A 23 -
Bruggeman exponent

Ionic conductivity 23 N/A 2.3 -
Bruggeman exponent

Tonic diffusivity 23 N/A 2.3 -
Bruggeman exponent

The next question that arises is how to estimate the tortuosity. In composite electrodes this
is typically done by a Bruggeman relationship (Eg. 5.9) where the tortuosity is determined by the
volume fraction of the media where the transport is taking place and an exponent (7). Typically
the value of » is set to 0.5 but experimental works have shown that transport in battery slurries is
better approximated by setting # equal to 2.3 [261]. The NMC nanoparticle electrode was assumed
to use this modified Bruggeman relationship for the ionic conductivity, electrolyte diffusion
coefficient and electrical conductivity. The same relationship was applied to the ionic conductivity

and electrolyte diffusion coefficient in the Si-CNT electrode to represent the path that Li" ions
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would have to take as they snaked between the aligned nanotubes but the electronic conductivity
was not modified to represent the direct electrical connection between the Si active material and
current collector via the aligned CNT. No modifications were applied to the Si thin film electrode
as it is a non-composite electrode. The Bruggeman coefficients used in this work are compiled
with the volume fractions in Table 5.5.

5.4.5 Discharge Simulation Results

Discharge simulations at 0.1C, 0.5C, 1C and 2C and 6C were performed for the 2D
interdigitated CNT battery presented in Figure 5.19C. The voltage profiles for these discharges are
presented in Figure 5.23A. At low C-rates (0.1-1C) the CNT batteries exhibit an areal capacity
greater than 60 Ah/m? (6 mAh/cm?), which is competitive with state-of-the-art lithium-ion cells.
This cell retains ~74% and 34% of its total capacity at 2C and 6C respectively. Previous 1D
simulations indicate that the majority of this capacity loss comes from increased concentration
overpotential and ohmic losses across the low conductivity iCVD polymer electrolyte at these

increased current densities [251].

4.0 1033
A 0.1C B S 3
K4
S 0.5C = 0.1C 0.5C 1C 2C 6C
5 35 1c ;; ¢ ¢ .
k= ] 2C o
§ § 1024 ° °
[e] 3
1 11}
T 3.0- 0 .
) E = i
o 8 |Planar Liion
] & 3D CNTs ®
2-5 L] L] L] | L] L] Ll | Ll Ll Ll | Ll Ll Ll 101 Ll Ll lllllll L] L] lllllll Ll T rrrry
0 20 40 60 80 101 102 103 104
Areal Capacity (Ah/m?) Specific Power (W/kg)

Figure 5.23: A) discharge voltage profiles and B) Ragone plot for 2D interdigitated CNT-based battery.

1 pt
Esp = Efodw dt (Eq. 5.10)

Eg
Py =2 (Eq. 5.11)
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The discharge curves in Figure 5.23 A were used to calculate the specific energy and power
density of the interdigitated CNT-based cell at each C-rate. The specific energy density (E,,) was
calculated by Egq. 5.10, where [ is the discharge current, V' is the cell voltage, M is the total cell
mass, including Al and Cu current collectors, and 74 is the total discharge time. The specific power
(Psp) is then calculated by dividing the specific energy by the discharge time (Eq. 5.11) [261].
Figure 5.23B presents a Ragone plot for a 300 um tall CNT cell and a state-of-the-art lithium-ion
cell with 65 pum thick electrodes. At low C-rates the interdigitated CNT-based cell has an energy
density approaching 290 Wh/kg, which is on par with the state-of-the-art lithium-ion cells [7],
[252]. At higher C-rates the interdigitated CNT battery is able to utilize a significantly large portion
of its energy density than the thick electrode lithium-ion cell, which begins to experience
significant performance decreases at currents as low as 1C. This demonstrates the ability of the
interdigitated design to allow for high specific energy and power densities due to the decreased
diffusion Li" distance that is achieved by the thin iCVD polymer electrolyte layer and interdigitated

structure.

_ 103

(o)} n

L4 -

= - 0.1C 0.5C 1C 2C 6C

< I e e o o °

S ¢

(o] o

g 10> o o

w 1 Planar Li ion

= {0, = 6x107% S/m °

b log = 1x1073 S/m :|3D CNTs

)  |oer = 6x1073 5/m °

10 L] L] IIIIIII L] L] IIIIIII L] L] LI
101 102 103 104

Specific Power (W/kg)

Figure 5.24: Ragone plot for interdigitated CNT-batteries with varying ionic conductivity.
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Lastly, a parametric study was performed to determine the impact of ionic conductivity on
interdigitated CNT-battery performance. Figure 5.24 shows the Ragone plot as the ionic
conductivity is increased from 6 x 10*S/m to 103 S/m and eventually to 6 x 10-* S/m. These results
show that an order of magnitude increase to the iCVD polymer electrolyte conductivity enables
the interdigitated CNT-cell to access its entire energy supply at currents as high as 6C. This also
demonstrates that interdigitated full cells do not require electrolytes with ionic conductivities that
match those used in planar systems. Due to the decreased diffusion distance between the electrodes
the interdigitated CNT-battery is able to achieve peak performance using an electrolyte with an
ionic conductivity (6 x 10 S/m) that is two to three orders of magnitude lower than the ionic
conductivities of conventional liquid and solid electrolytes (10! to 10° S/cm). This lowering of the
ionic conductivity requirement for suitable 3D full cell performance is critical in furthering 3D
battery development as, as was outlined in Chapter 2, development of suitable 3D electrolytes has

been exceptionally challenging for the field.

5.5 Concluding Remarks

This work in this chapter has investigated the use of iCVD poly(HEMA-co-EGDA) thin
films as polymer electrolyte and separator layers in full cells using an infiltrated NMC nanoparticle
slurry and a Si-CNT electrode scaffold. In cells containing slurry infiltrated electrodes the EGDA
crosslinker composition in the poly(HEMA-co-EGDA) film is a critical parameter for ensuring
film mechanical stability. If the crosslinking concentration is too low, as in the case of a 9SHEMA
film, the iCVD polymer layer will dissolve during the slurry infiltration. This damages the
underlying Si-CNT structure and results in a high short circuit probability. Increasing the
crosslinker concentration improves the iCVD film stability, but as discussed in Chapter 2 largely

decreases the ionic conductivity of the iCVD layer. This can be partially mitigated by impregnating
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the cell stack with a liquid electrolyte, which also ensures ionic conductivity through the NMC
nanoparticle slurry. Future works should include understanding the effect of liquid electrolyte
infiltration on ionic conductivity and determining the optimal EGDA crosslinker composition for
high performance ionic conductivity and mechanical stability.

Using this iCVD poly(HEMA-co-EGDA) and liquid electrolyte combination two full cells
were developed. First, a planar NMC/75HEMA/Si-CNT electrode was cycled for 100 cycles at 0.4
mA/cm?. The dQ/dV plots demonstrate that the cell capacity is affected by both components in the
Si-CNT positive electrode. The largely irreversible CNT lithiation, combined with the low PECVD
Si loading, contribute to the low areal capacity and significant capacity fade upon repeated cycling.
Next, a similar strategy is utilized to produce an NMC/55HEMA/Si-CNT interdigitated full cell
built upon a CNT pillar array. This cell is able to survive one charge-discharge cycle before
suffering from Li-plating issues. Further investigation is required to determine the origins of the
Li-plating issues, although it is hypothesized that mechanical damage induced to high capacity
LPCVD Si-CNTs during lithiation exposes Cu current collector or stainless-steel spacer. These
two cells demonstrate the first known use of an iCVD polymer electrolyte layer in a full cell and
a proof-of-concept for an interdigitated CNT battery.

Lastly, after performing a 1D parametric sweep to determine the appropriate starting
dimensions, a 2D FEA simulation is performed in the COMSOL Battery Design module for an
idealized interdigitated CNT full cell. The results show that at the current ionic conductivity
achievable by conformal 3D electrolytes on these CNT full cells can offer specific energies
competitive with existing Li-ion cells while offering a superior specific power. Additional specific

power improvement can be obtained by further increases to the 3D electrolyte conductivity which
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enables full capacity utilization at high C-rates, although significant effort would be needed on the

cell fabrication side to experimentally create and test such cells.
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Chapter 6- Conclusions, Contributions
and Outlook

6.1 Conclusions

The overarching goal of this thesis was to demonstrate that vertically aligned carbon
nanotube (CNT) forests could serve as a building block for thick electrode and, ultimately, 3D full
cell development. Making this concept a reality began by developing a robust process to grow the
patternable aligned CNTs directly on Cu foils. This was achieved by first coating Cu foil with a
catalyst stack that incorporated a W diffusion barrier and could be patterned to control the resulting
CNT microstructure. The catalyst coated Cu foils were then subjected to an atmospheric chemical
vapor deposition process that, by precisely controlling the furnace moisture content, enabled the
robust and repeatable growth of > 200 um tall forests with honeycomb patterns. These CNT forests
were then coated with Si by a low pressure chemical vapor deposition process (LPCVD) capable
of achieving conformal coatings on the individual CNTs and allowing for high areal Si mass
loadings.

The Si-CNT composites served as thick electrodes in Swagelok half-cells against a Li-
metal foil counter electrode. Here, the honeycomb pattens were crucial in reducing capacity fading
by providing room to accommodate the Si volume expansion and contraction that occurs during
cycling. These honeycomb Si-CNT electrodes exhibited an areal capacity (~19.7 mAh/cm?)
approximately five times large than state-the-art lithium-ion cells and the cell lifetime could be
extended by incorporating a fluoroethylene carbonate contain electrolyte. These honeycomb Si-
CNT electrodes offer a desirable combination high areal, specific, retained and volumetric capacity

when compared with other thick and 3D electrode designs.
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After demonstrating this high-level performance for thick electrodes, the focus turns
towards using the Si-CNT composite as a scaffold for interdigitated full cell development. Here,
an initiated chemical vapor deposition (iCVD) process coats the Si-CNT composite with a
poly(hydroxyethyl methacrylate-co-ethylene glycol diacrylate) (poly(HEMA-co-EGDA))
polymer. Careful control over the iCVD process pressure enables conformal poly(HEMA-co-
EGDA) coating of both the individual Si-CNTs and the entire forest microstructure. When doped
with Li-salts the ionic conductivity of these poly(HEMA-co-EGDA) thin films is on the order of
103 S/cm and amongst the highest recorded for conformal electrolyte technologies.

Full cells containing a Si-CNT electrode and iCVD electrolyte were produced by
incorporating a LiNig33Mn33C00.330> slurry-based electrode. The degree of crosslinking in the
poly(HEMA-co-EDGA) electrolyte was a crucial parameter to prevent iCVD film dissolution
during slurry infiltration. By incorporating adequate crosslinker, and soaking the entire cell stack
in liquid electrolyte to ensure continuous ionic conductivity, a planar NMC/poly(HEMA-co-
EDGA)/Si-CNT full cell was able to successfully complete 100 cycles. For an interdigitated
NMC/poly(HEMA-co-EDGA)/Si-CNT, X-ray microscopy demonstrated that the NMC
nanoparticle slurry had been successfully infiltrated between the CNT-structured pillars and Si
lithiation and delithiation was observed on the first cycle to demonstrate a proof-of-concept for an

interdigitated CNT-based full cell.

6.2 Original Contributions

The work in this thesis made the following original contributions to knowledge:
e Developed a robust process for growing tall CNTs directly on Cu foil by coupling a

previously developed catalyst stack with optimized furnace growth conditions. A high
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furnace moisture content was critical to prevent amorphous carbon buildup from
prematurely terminating CNT growth.

e Utilized these tall CNTs to produced patterned Si-CNT electrodes that increased Si loading
and reduced capacity fading compared to non-patterned CNT electrodes in this work and
others. The honeycomb Si-CNT electrodes exhibit a desirable combination of specific,
areal and volumetric capacity when compared with other thick and structured electrodes.

e Controlled iCVD parameters to deposit poly(HEMA-co-EGDA) film with high
conformality at both the individual CNT and the CNT forest exterior. Thin 90 mol.%
HEMA films have an ionic conductivity amongst the highest reported for conformal
electrolytes with nanoscale control.

e Produced planar and interdigitated NMC/poly(HEMA-co-EDGA)/Si-CNT full cell
demonstrators that are the first known use of an iCVD electrolyte in a full cell application.
This is a proof-of-concept for using vertically aligned CNTs as a scaffold for 3D battery

development.

6.3 Outlook and Future Works

Vertically
Anode material aligned CNTs

&— ~500 ym —

Conformal

Cathode material electrolyte

Current collector

Figure 6.1: A) schematic of the interdigitated CNT full cell produced in this work and B) schematic of idealized
interdigitated full cell produced by roll-to-roll processing.
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The work in this thesis started with the growth of vertically aligned CNTs on Cu foils for
use as thick Li-ion electrodes and culminated in the production of a proof-of-concept interdigitated
full cell containing a patterned Si-CNT electrode, an iCVD polymer electrolyte and an NMC
nanoparticle electrode (Figure 6.1A). While this is the first known demonstrated use of CNTs as
a scaffold for 3D full cell development and iCVD electrolyte implementation in a full cell, the
remainder of this section discusses the numerous avenues that can be investigated to improve both
thick electrode and interdigitated full cell design and performance (Figure 6.1B).

1. Catalyst stack composition and patterning.

a. The catalyst stack utilized in this work was based on one successfully used in a
previous work [71]. While electronic connection between the Cu foil and CNTs via
this catalyst stack has been demonstrated, further decreases in cell resistance may
be achieved by optimizing the catalyst stack through reduction or elimination of the
insulating Al>O; layers.

b. While the maskless lithography process is a versatile technique that allows for rapid
modification of structured electrode designs, it is still a batch process that requires
numerous steps. Implementation of roll-to-roll compatible patterning processes,
such as laser-based electrostatic printing of catalyst particles [58] or laser ablation
of catalyst particles of monolithic CNT forests [262], would allow for scalable
electrode patterning.

2. Vertically aligned CNT growth on metal foils.

a. The CNT growth in this thesis was performed using much higher moisture levels

(~2400 ppm vs. ~220 ppm) then previous CNT growth works [61], [71]. While the

robust CNT growth was attributed to the high moisture level, it is known that
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excessive moisture levels can begin to have detrimental effects on CNT growth.
Further investigations should be performed at moisture levels between 220 ppm
and 2400 ppm to determine the optimal moisture concentration for tall high quality
CNT growth.

Processes should be developed for tall CNT growth on Al foils to enable the use of
thick 3D CNT cathodes that complement the Si-CNT anodes fabricated in this

work.

3. Active material deposition on aligned CNTs.

a.

Due to laboratory user restrictions and cost the LPCVD Si depositions in this thesis
were performed using a recipe optimized for thin film deposition on Si wafers.
Increases in deposited Si quantity and more uniform distribution throughout the
CNT forests may be achieved by performing studies that investigate the effect of
reactor temperature and precursor gas pressure on Si deposition. A more extensive
study on the CNT plasma etching step prior to Si-deposition may result in better Si
uniformity and thickness by optimizing

The CVD processes used in this work are energy intensive processes due high
temperature and active vacuum requirements required to run the reactors.
Alternative, less energy intensive processes, such as electrodeposition [263], should
be investigated for producing Si-CNT composites.

Processes can be developed for the deposition of cathode active materials, by
processes such as atomic layer deposition [264] or nanoparticle infiltration [77], on

aligned CNT forests on cathode compatible metal foils.

4. 3D electrolytes on aligned CNTs.

201



a.

The iCVD poly(HEMA-co-EGDA) electrolytes in this work have an ionic
conductivity that is amongst the highest reported for conformal, nanoscale
electrolyte. Future works should seek to uncover a better understanding of the
mechanisms behind ion conduction in these copolymer films and how film
properties such as molecular weight and salt concentration influence the observed
conductivity. Additional electrochemical parameters, such as the electrochemical
stability window, should also be addressed.

Poly(HEMA-co-EGDA) is a rather unconventional electrolyte material that was
selected in this work due to a previously demonstrated conductivity and reactor
access. However, iCVD is a powerful and versatile technique for electrolyte
deposition; so works investigating iCVD deposition of conventional electrolyte
materials such as polyethylene oxide [265] may significantly improve the outlook

of 3D battery designs.

5. Second electrode incorporation.

a.

b.

The full cell produced in this work incorporated a NMC nanoparticle cathode
(Figure 6.1A). Further advancements in performance should look to incorporate a
CNT-based cathode (Figure 6.1B) as the NMC nanoparticle electrode lacks many
of the structural advantages of a CNT-based electrode.

As shown in Figure 6.1B the ideal 3D design would incorporate the solid polymer
electrolyte throughout both electrodes, eliminating the need for the liquid
electrolyte that ensures ionic conductivity through the NMC nanoparticle cathode
in Figure 6.1A. This issue is not unique to the 3D CNT-based design, as maintaining

ionic conductivity through the cathode is also a challenge for planar solid state cells
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[26]. While the “zip tie” fabrication in Figure 6.1B might be unfeasible to fabricate,
pre-alignment of CNT electrodes, followed by an iCVD electrolyte deposition
through the entire cell may allow for 3D full solid polymer cells.

6. System level fabrication and integration.

a. Roll-to-roll processing steps, starting with those previously demonstrated for
vertically aligned CNTs [57], should be investigated to determine the potential
scale-up of all 3D electrode and full cell designs.

b. The unique mechanical properties of coated CNT forests in compression [56] may
serve as an interesting avenue to improve cell mechanical stability and for the
possible use of aligned CNT electrodes to enable structural integration of cells. This
would allow aligned CNTs to serve as the core of multifunctional energy storage
devices that result in significant mass and volume savings at the pack and system

level [266], [267].
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