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Abstract

Amid a global climate crisis, the urgent transition to net zero carbon emissions necessitates the
development of improved electrochemical energy storage (EES) devices, such as batteries and
supercapacitors. One of the most promising next-generation battery chemistries is lithium-sulfur, which
possesses a theoretical energy density an order of magnitude higher than today’s widely used lithium-
ion batteries. However, the effectively infinite volume change and unstable solid electrolyte interphase
of the lithium anode along with the insulating nature of the sulfur cathode material remain critical
challenges that limit the cycle life and energy density of current cells. Simultaneously, applications in
regenerative braking, grid stabilization, and consumer electronics require devices with higher power
densities and longer cycle life, which could be addressed via the use of supercapacitors, but the energy

density of these devices requires improvement.

Graphene-based materials possess high specific surface areas and conductivities, as well as tunable
morphologies, pore structures, and surface chemistries, making them particularly suited for EES
electrode applications. However, processing of graphene-based electrodes introduces many challenges,
including aggregation of graphene in the solid state, which limits the accessible surface area, and the
frequent use of toxic solvents in solution-based processing. As such, this thesis focuses on the
development of graphene-based electrodes for both supercapacitors and next-generation batteries via

novel processing methods with the potential for improving sustainability.

In the first part of this thesis, we explore the fabrication of graphene-based electrodes via the laser-
induced graphenization of polymer precursors, known as laser-induced graphene (LIG). This process
enables the rapid production of porous, defective graphene active material as well as the patterning of
advanced architectures. While LIG formation has previously been demonstrated on a range of materials,
the areal capacitance of most devices has been limited, with high-performing devices nearly exclusively
prepared from costly, petroleum-derived polyimide (PI, Kapton™, ~4-9 mF/cm?). As such, we first
study and introduce a new, easily processable, biomass-derived LIG precursor, poly(furfuryl alcohol)
(PFA). We further study the implementation of additives into the PFA precursor to improve its surface
area and capacitance. We demonstrate that supercapacitors prepared from composites of PFA
microspheres and graphene oxide exhibit areal capacitances as high as 16.0 mF/cm? at 0.05 mA/cm?,
outperforming both GO and PI-based LIG supercapacitors reported to date. Following this work, we
demonstrate that salt microparticle additives act as a template during LIG formation, resulting in BET
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surface areas that are an order of magnitude higher than LIG from pristine PFA, while simultaneously
doping the LIG with different heteroatoms depending on the salt. As such, the multifunctional nature
of these salts results in capacitances up to ~25 mF/cm? at 0.05 mA/cm?, 2-4 orders of magnitude above

that of LIG from pristine PFA, and among the highest capacitances reported for LIG to date.

Following the optimization of the LIG material, we study its implementation as a porous, 3D host
for lithium metal anodes. While host structures are a common strategy to address the lithium volume
change, little fundamental study has been reported to date on their rational design, with one of the
guiding principles in literature thus far being that heteroatom doping of carbon hosts can improve
lithium nucleation. As such, we study the nucleation of lithium metal on different LIG materials for the
first time. We demonstrate that doping of the LIG with lithiophilic functional groups enables lower
overpotentials for lithium nucleation, but also that doped samples exhibit shorter cycle life, indicating

that careful optimization of the degree of doping is critical for lithium host design.

Finally, we develop a novel processing strategy to utilize graphene as a conductive scaffold for sulfur
cathodes. Most fabrication methods for carbon/sulfur composites employ dry carbon powders, and are
impractical for materials such as graphene, which are highly aggregated in solid powder form.
Moreover, solution-based approaches typically use toxic organic solvents or costly electrochemically-
inactive sulfur precursors. We demonstrate that high performance sulfur cathodes can be prepared via
the nucleation and growth of sulfur on graphene from thus far relatively unexplored hydrophobic sulfur
sols. Cathodes exhibit capacities as high as 1300 mAh/gsurr (~4.8 mAh/cm?) and energy densities as
high as 468 Wh/kg at 0.1C, demonstrating that this method can serve as a simple, scalable, aqueous-
based route for the fabrication of high energy density cathodes.
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Chapter 1:

Introduction

The sixth assessment report from the Intergovernmental Panel on Climate Change states that
greenhouse gas emissions from human activity, primarily the burning of fossil fuels, have led to an
increase in global temperature of 1.1 °C above pre-industrial levels.! Further warming beyond 1.5 °C
above pre-industrial levels will strongly impact food and water availability and biodiversity, and lead

to increased flooding, wildfires, community displacement and infrastructure damage.'

Along with many other countries around the world, the government of Canada has pledged to reach
net zero carbon emissions by 2050.% The transportation sector accounts for 25% of Canada’s greenhouse
gas emissions.” As of 2020, automakers had announced investments of $300 billion globally into
vehicle electrification, and the Canadian government has set a sales target for zero-emission vehicles
of 30% by 2030 and 100% by 2040.? Further national commitments include electrifying public transit,
increasing renewable power generation via wind and solar, and establishing electric grid storage of
these inherently intermittent renewable energy sources.? Electrification of diesel-powered equipment
and vehicles in the industrial sector is also essential to reach net zero, as this sector contributes 37% of

Canada’s greenhouse gas emissions.>

As such, electrochemical energy storage devices have become critical in the fight against climate
change. Lithium-ion batteries are the most widely used electrochemical energy storage device and have
become ubiquitous in day-to-day life, used in all portable electronics and electric vehicles. While
decades of engineering of lithium-ion batteries have enabled significant advancements in
electrification, they are approaching their fundamental energy density limits and so a critical need to

develop and transition towards next-generation energy storage technologies exists.

The development of next-generation battery chemistries is therefore critical to enable the global
transition to net zero, by enabling higher energy densities and greater access to and implementation of
energy storage technologies via the use of electrodes prepared from inexpensive and abundant
materials. One promising next-generation battery chemistry is the lithium-sulfur battery. Lithium-sulfur
batteries replace the graphite anode and lithium transition metal oxide cathode of lithium-ion batteries
with a lithium metal anode and sulfur cathode. This chemistry possesses a theoretical energy density
an order of magnitude higher than lithium-ion batteries (2500 Wh/kg vs. 390 Wh/kg),>¢ and the

abundant nature of sulfur makes it significantly cheaper. However, a number of challenges have
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hindered the widespread implementation of lithium-sulfur batteries. The lithium metal anode possesses
a limited cycle life, due to the formation of an unstable solid electrolyte interphase and an effectively
infinite volume change during cycling.>’ Furthermore, the insulating nature of elemental sulfur requires
the fabrication of composites of sulfur and a conductive additive, typically carbon, to enable electron
transport.>*® The fabrication of these composites is energy intensive or requires the use of toxic organic
solvents, and the addition of the inactive carbon material limits the achievable energy density of the
cell.’ These issues, among others, such as the dissolution of intermediate polysulfide species into the

electrolyte,™!* have limited both the energy density and cycle life of lithium-sulfur batteries.

Simultaneously, other electrochemical energy storage devices can assist in addressing some of the
limitations of rechargeable batteries. Supercapacitors, which employ physical rather than chemical
charge storage, possess lower energy densities than batteries, but much higher power densities and
significantly longer cycle life, making them desirable for applications in which large bursts of power
need to be captured or provided.''!* This high power density makes them useful in combination with
batteries in electric vehicles for short term acceleration or regenerative braking, extending the lifetime
of the battery by limiting the rapid charging and discharging steps.''!* They have also been employed
in a range of other applications, including consumer electronics, memory back-up systems and power
buffers for the grid.!""!* The electrodes of most supercapacitors are prepared from high surface area,
lightweight, conductive carbon materials, such as activated carbons.''™"* The relative simplicity of the
supercapacitor architecture also makes it an excellent model system to investigate wearable and flexible
energy storage devices, as well as novel and advanced manufacturing approaches. However, the low

capacitance and energy density remain major limiting factors for many energy storage applications.

While the charge storage mechanism is different for batteries and supercapacitors, both
electrochemical energy storage devices consist of two electrodes submerged in an electrolyte, and the
electrode material and design are critical to the achievable energy density, power density, and cycle
life. Electrodes must be electrically conductive, lightweight, and contain as few inactive additives as
possible, while possessing controlled morphologies and porosity. The design of high-performance
electrodes is critical, and the development and inclusion of novel materials such as nanomaterials can

enable these performance improvements.

In 2004 Geim and Novoselov demonstrated that a single 2D atomic layer of carbon, referred to as

graphene, could be isolated from a graphite crystal by repeatedly cleaving layers with Scotch tape,



leading them to receive the 2010 Nobel prize in Physics.!*!* Graphene possesses exceptional material
properties, including high electrical conductivity, mechanical strength, and high specific surface

16,17

area. Following its discovery, the subsequent two decades of research have enabled a host of

methods to synthesize graphene at scale, tune its specific surface area, and introduce various defects,

1719 As such, graphene is a promising electrode material

dopants and functional groups onto the surface.
for electrochemical energy storage devices such as supercapacitors and next-generation battery

chemistries.

While much research in electrochemical engineering has focused on the development of novel
electrode materials, an area which has received less attention is device fabrication. Electrodes are
conventionally prepared via the slurry casting of electrode materials onto conductive foils.? This
process typically employs large quantities of organic solvent, and often leads to cracking or distortion
of electrodes beyond a certain thickness, making higher electrode loadings — which is essential for

20" Moreover, it limits device architectures to a

increased energy density — challenging to produce.
conventional sandwich configuration, while next generation architectures such as interdigitated designs
may lead to improved performance.?'** As such, next-generation approaches are needed for electrode
and device fabrication. This may include processing of electrodes with aqueous, non-organic solvents,
or the avoidance of solvent entirely through dry-pressing of electrodes. More notably, advanced
manufacturing methods such as laser-based processing may enable the patterning of unique electrode
architectures and enable active material synthesis and electrode fabrication in a single step.?
Particularly, the laser-induced graphenization of polymer precursors has emerged as a promising,
inexpensive approach to prepare porous, defective graphene foam known as laser-induced graphene
(LIG).>* The porous, high surface area, and highly conductive graphene is uniquely suited for
supercapacitor or battery electrodes, while laser processing enables the formation of novel electrode

architectures. Nonetheless, nearly all LIG prepared to date has been produced from petroleum-based

precursors, and the areal capacitance remains limited.?

The conductive, high surface area, porous and tunable nature of graphene-based electrodes make
them uniquely suited to address many of the challenges of next-generation EES devices, such as
lithium-sulfur batteries. However, several major challenges in processing graphene-based electrodes
must be overcome. While graphene could be an ideal conductive scaffold for sulfur cathodes, few
processing methods exist to effectively couple elemental sulfur and graphene into conductive, high

sulfur-loading composites. Most fabrication strategies involve processing carbon scaffolds in a dry
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powder form, which leads to aggregation of the graphene sheets and reduces their surface area, limiting
cathode performance compared to other carbon additives.” Solution-based strategies either employ
toxic organic solvents or costly electrochemically-inactive sulfur precursors.” Conversely, porous,
defective LIG could be uniquely suited to act as a host for the lithium metal anode, providing a
lithiophilic surface for lithium nucleation, void space to accommodate the lithium volume change, and
the opportunity to pattern advanced 3D architectures. However, nearly all high-performance LIG
prepared to date is from costly, petroleum-derived, commercial polyimide (PI, Kapton™).2* Thus, a
need exists for both more sustainable and easily processable polymer precursors, which could be easily
modified via various additives, as well as better control over the surface area, carbon yield, and surface

chemistry of the resulting LIG.

The overall objective of this research project is to develop novel and sustainable fabrication strategies
to employ graphene as an electrode material in EES devices. This work will both advance fundamental
scientific knowledge pertaining to processing of graphene-based electrodes and improve the
performance of the resulting devices. This will be accomplished by first developing an easily
processable, biomass-derived LIG precursor system, and optimizing the LIG material properties by
implementing different additives and studying its performance first as a supercapacitor. Following this,
we will investigate the optimized LIG as a host for the lithium metal anode. Finally, we will develop
an aqueous, solution-based strategy to fabricate graphene-sulfur composites for sulfur cathodes. Before
outlining the specific objectives of this thesis, a comprehensive background and literature review on
supercapacitors, batteries, electrode fabrication and graphene-based electrodes will be provided in the

next chapter.



Chapter 2:

Literature Review

2.1 Operating Principles of Electrochemical Energy Storage (EES) Devices

As shown schematically in Figure 2.1, conventional EES devices are composed of two electrically
conductive electrodes which typically contain the active electrode material bound together as a film
with a polymer binder. These are laminated onto current collectors such as Al or Cu foil which better
distribute the electronic charge to the less conductive electrode material which is limited in thickness
to 10-100 um to minimize ohmic losses. The electrodes are electronically isolated from each other,
typically by using a porous polymeric separator. Ionic conduction between the two electrodes is
facilitated by a liquid, solid, or gel electrolyte which fills the pore space within the separator and

electrode materials.
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Figure 2.1: Schematic of an EDLC supercapacitor: a) discharging from a mostly charged state, b) charging
from a mostly discharged state, and of an alkali-ion, intercalation-type battery: c) discharging from a mostly
charged state, d) charging from a mostly discharged state. Figure and caption adapted from our review paper, 2,
with permission from Taylor & Francis.



2.1.1 Supercapacitors

Electrochemical capacitors or supercapacitors are EES devices in which charge is stored either through
purely physical electric double-layer formation (known as electrochemical double layer capacitors or

EDLC:s) or via rapid surface redox reactions (pseudocapacitors).

In EDLCs, applying a negative potential to the negative electrode causes the accumulation of positive
charge adjacent the electrode/electrolyte interface, otherwise known as the formation of the electrical
double layer. The electrical double layer was first introduced by Helmholtz in 1879, who postulated
that a compact layer of ions forms on the surface of an electrically conductive electrode in solution,
known as the Helmholtz layer.!" A subsequent model by Gouy and Chapman included thermal effects,
and suggested the formation of a diffuse layer of ions instead, following the Poisson-Boltzmann
equation.'! A final model, the Stern model, combined the work of Helmholtz and Gouy and Chapman,
to suggest that both a compact, rigid layer of ions closest to the electrode surface (known as the Stern
or Helmholtz layer), followed by a diffuse layer of ions, exist as seen in Figure 2.2.!' However, due to
the high ionic strength of most commonly employed electrolytes in EDLCs, the diffuse layer is

suppressed and the Helmholtz model is most relevant for this system.
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Figure 2.2: Model of the electrical double layer at a positively charged surface. a) Helmholtz model. d is the
thickness of the double layer in this model. b) Gouy-Chapman Model. c¢) Stern Model. IHP denotes the inner
Helmholtz plane, which is the distance of closest approach of specifically adsorbed ions, and OHP denotes the
outer Helmholtz plane, which is the distance of closest approach of non-specifically adsorbed ions, and also
where the diffuse layer begins. ¥ is the potential at the electrode surface and ¥ is the potential at the
electrode/electrolyte interface with distance. Figure and caption adapted from !! with permission from Royal
Society of Chemistry.
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EDLCs store charge based on this electrical double layer formation. The capacitance (C) is the

amount of charge (g) stored in the electrical double layer per unit volt applied (V):
=4
C = ” (2.1

Experimentally, either the differential capacitance (Cy;55) or integral capacitance (Cy,.) is measured,
where:

d
Caiff = ﬁ (2.2)

and:

Cint =1 23)

The capacitance of a conventional parallel plate capacitor is:
C=— (2.4)

where ¢ is the permittivity of the dielectric, 4 is the area of the plates, and J is the thickness of the
dielectric. In an EDLC, a capacitor akin to a parallel plate capacitor is formed at the double layer
between the closely spaced electronic and ionic charge separated by a dielectric with a thickness of less
than a few solvent-layers (0< 1 nm). When a material with high mass specific surface area (4m) is used,
such as an activated carbon which can have 4., ~1000 m?/g, the mass-specific capacitance (C},) is many
orders of magnitude higher than conventional dielectric or electrolytic capacitors. Using some order of

magnitude estimates for typical parameters:

Cl=2A4,~

10-8.85X10712F/m
T8

1x107%m

x1000 m%g = ~100 F/g 2.5)

where ¢ is the effective permittivity of the solvent or ligand between the electronic and ionic charge

which is typically reduced from bulk values due to the high electric field within this layer.?>-2

Moving beyond the charge that can be stored in the double-layer alone, pseudocapacitors employ
rapid and highly reversible surface or near-surface Faradaic charge transfer reactions which possess
theoretical capacitances that are an order of magnitude higher than EDLCs.?” Materials which exhibit
pseudocapacitance (in parallel with double layer capacitance) include conducting polymers or metal
oxides, which store charge by either highly reversible protonation/deprotonation reactions,

electrochemical intercalation or adsorption processes.?’” Each of these mechanisms results in a change
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in the oxidation state of the pseudocapacitive material, which unlike in a battery, is distributed over a
wide voltage, as opposed to a single redox potential. For example, metal oxide pseudocapacitive
materials possess high theoretical capacitances of > 1000 F/g, but values of <400 F/g are typically
achieved. While promising, some combination of limited voltage window or low stability reduce their

energy density or applicability as a supercapacitor and few examples have yet to be commercialized.?®

2.1.2 Batteries

In a battery, the negative electrode (the anode during discharge) contains an active electrode material
or redox electrolyte which supports a half-cell reaction with a more negative redox potential (Erey, ).
The positive electrode (the cathode during discharge) supports another electrochemical reaction with a
more positive redox potential (Erv, ¢). The difference between the redox potentials (Ecet = Erev, ¢ - Erev, a)
sets up the driving force for a spontaneous galvanic process that converts chemical energy into electrical
energy as electrons flow through the external circuit (as opposed to short-circuiting if the two electrodes
were in physical contact as is the case with corrosion — another spontaneous galvanic process). The
amount of charge that can flow through this external circuit is dictated by the capacity of the active
material and is often normalized by the mass or volume of each active material. In SI units, the specific
capacity is reported in C/g but more commonly mAh/g is used where 1 mAh = 3.6 C. This is known as
the mass specific capacity (Cnm) of the active material and the theoretical maximum for a given half-cell
reaction (Cm,eor) can be determined by Faraday’s law based on the number of electrons transferred (7)
per formula unit in the half-cell reaction, Faraday’s constant (F) and the molar mass (M) of the active

material:

F
Cintheor = % (2.6)

2.2 Performance Metrics of EES Devices

2.2.1 Supercapacitors

As defined in Equation 2.5, the gravimetric capacitance is a critical parameter for EDLC
supercapacitors, and is directly related to the mass specific surface area of the electrode material and

the distance of closest approach of ions. The capacitance can also be normalized volumetrically:
Cl = Ciup 2.7)

where p is the electrode density, or even areally:
8



Ci = Chtm (2.8)

where tm is the areal mass loading of the electrode material, usually reported in mg/cm?. Areal
capacitances are of particular interest as these are the most commonly reported benchmarks for
advanced manufacturing approaches, such as laser-induced graphene-based devices, both due to the
fact that the electrode area is explicitly controlled in these methods, while the volume and mass may be
unknown, and because many of these devices may have applications in microelectronics that are already

lightweight.

The maximum voltage (¥max) achieved by a supercapacitor depends on the electrochemical stability
window of the electrodes and electrolyte used. For aqueous electrolytes, the thermodynamic stability
window is 1.23 V but this can be extended to nearly 2 V when using materials with high overpotentials
for oxygen and hydrogen evolution reactions. Most commercial supercapacitors operate above 2.7 V
by using organic electrolytes while ionic liquid electrolytes can achieve 3.5-4 V. Since the charge stored
by a capacitor depends on the voltage, it is challenging to talk about supercapacitors in terms of capacity

as the charge must be integrated over the voltage range which continuously falls upon discharge.

In a symmetric design, where both positive and negative electrodes are the same mass () and exhibit
the same capacitance (C’+ = C’.= C’), the reciprocal of the total absolute capacitance is equal to the

sum of each electrode’s reciprocal capacitance as each electrode acts in series:

7— ==+ = = —and thus, C ' = C’/2 2.9)

- [
Ctotal C+

When considering the areal capacitance for full symmetric devices, for all works in this thesis, the
areal capacitance is normalized by the full two electrode area (i.e., ¥4 of the single electrode
capacitance). While supercapacitors are conventionally prepared in sandwich configurations, which
would often be normalized by the single electrode or device area, interdigitated and other complex
geometries are more frequently employed by advanced manufacturing approaches, and in these
methods the full two electrode area is more commonly used for normalization. As such, we will use

this normalization for device capacitance throughout this thesis.

From Equation 2.9, the total, theoretical cell-level Gibbs free energy stored in such a symmetric

supercapacitor is given by:

Vmax 1 1
, I {0 \'C\ A WL P S BN
AGcell,m,theor - 2m - g;Vmax - ECmeax (2-10)
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where, the 2m accounts for the mass of two identical electrodes of mass m in the symmetric cell with
C,, being the single electrode capacitance which is what would be measured in a 3-electrode cell.
However, this equation merely predicts the theoretical energy density. This value cannot be achieved
in practice, as cells consist of many essential components beyond the active material. Practical energy

densities can be calculated by iIltI'OdUCiIlg a COITCCtiOIl factor, FmZ
14 Fm Cl 2 2 11
AGcell,m ~— 5 ml’max ( . )

Fn is the mass fraction active material (in wt%) corresponding to both electrode active materials. It
accounts for the, usually dominant, mass of all other cell components which do not contribute to the
capacitance such as the current collectors and separator. Fi, is largely controlled by the areal mass
loading of the electrode material (#), making this one of the most important parameters for assessing
the practical energy density of a design and thus its commercial promise. Fy, is related to #, by the

following relationship:

fm (2.12)

E =
M fotmtfo

where f. is the total mass of other materials that scale in direct proportion to the active material. For
example, the amount of binder used and the amount of electrolyte used to fill a given electrode porosity
would scale with the loading. If the electrode were made infinitely thick, these masses would still need
to be accounted for while the total mass of fixed components such as the current collectors, membrane
separator and electrolyte within the membrane separator, represented by fo, would become a smaller
and smaller proportion of the device mass. Table 2.1 illustrates typical masses of cell components in

supercapacitors that contribute to £, and fo.

As illustrated in Equation 2.11, the square dependence of the maximum voltage makes it preferable
to work with materials and electrolytes with high electrochemical stability windows. In a well-designed
supercapacitor, with high loading, dense electrodes, Fi, would approach 30 wt.% and capacitances

achievable in commercialized activated carbon electrodes (~150 F/g) in an organic electrolyte (Vimax ~

3 V) leads to AGiey 1 = %3- 150-32% = 50.6éor 14 Wh/kg. Some optimized designs can reportedly

achieve 20-30 Wh/kg which is not too far off from the aforementioned estimate. It is important to note
that while we have used AG(.;,, here to represent the theoretical maximum energy stored in a

supercapacitor, practical cell energy densities are lower due to inefficiencies and losses.
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Table 2.1: Mass of cell components that scale with active material loading (f.) and that do not scale with active
material loading (fo) for typical supercapacitors. Table adapted from our review paper, 23, with permission from
Taylor & Francis.

Cell Component [ (mg/mg)i

Electrolyte 0.62 (Aqueous), 0.49 (Organic), 0.95 (IL)
Binder 0.22

Electrode 1 1.00

Electrode 2 1.00

Total fo 2.84 (Aqueous), 2.71 (Organic), 3.17 (IL)
Cell Component fo (mg/cm?)ii

Al current collector for electrode 1 4.32

Al current collector for electrode 2 4.32

Membrane separator 1.03

Electrolyte in membrane 1.38 (Aqueous), 1.08, (Organic), 2.10 (IL)
Total fo 11.05 (Aqueous), 10.75 (Organic), 11.77 (IL)

1) Assumptions: No additional conductive material, symmetric supercapacitor with two electrodes of identical loading,
single electrode capacitance (C’m of 100 F/g); Electrode porosity of (¢) = 0.35 used to calculate electrolyte mass; Electrolyte
density = 0.997 g/cm?® for aqueous electrolyte, Electrolyte density = 0.783 g/cm? for organic electrolyte (acetonitrile),
Electrolyte density = 1.52 g/cm? for ionic liquid electrolyte (1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, (EMIM-TFSI)), Carbon active material density = 2.2 g/cm?; Binder density (PVDF) =
1.78 g/cm?, and 10 wt.% binder assumed. ii) Assumptions: 25 pm polypropylene (density = 0.91g/cm?) membrane with a
porosity of 55% was assumed to calculate mass of electrolyte in separator; 16 um thick Al foil current collectors.

The mass-specific power density in W/kg is directly related to the energy density:

éell,m = AGéell,m/t (2.13)

where ¢ is the discharge time. Finally, another critical assessment of performance is the cycle life of the
full supercapacitor device, which is typically reported as the percentage of capacitance retention after

a specific number of charging and discharging cycles (for example, 10,000) at a specific current density.

2.2.2 Batteries

Similar performance metrics are used for batteries, with some key differences. The theoretical
gravimetric capacity of an electrode material, as introduced in Equation 2.6, is a critical parameter. As
discussed with supercapacitors, the capacity can also be normalized volumetrically or areally, in a
similar manner as Equations 2.7 and 2.8. For batteries, the areal capacity of both the individual
electrodes and the full cell are normalized to the single electrode area, which typically corresponds to
the geometric device area, as most batteries are prepared in a sandwich or stacked configuration, even
via advanced manufacturing approaches. Also similarly to supercapacitors, the theoretical capacity of
the full cell can be determined from the individual theoretical capacities of the anode and cathode, by
considering them as two capacitors in series, with the absolute capacity of each electrode being

equivalent:®
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1
Crotat = —T———1— (2.14)

Canode Ccathode

However, in practice, the capacity of a full cell is typically limited by the electrode with lower
capacity.

Unlike EDLC supercapacitors, in which the cell voltage is purely dependent on the stable voltage
window of the electrolyte, the battery cell voltage is dictated by the reduction potentials of the cathode

and anode. The cell reaction emf, E,;, is:2%3°

Ecenr = Ecathode — Eanode (2.15)

where Ecamode and Eanode are the electrode potentials of the cathodic and anodic reactions, respectively.
These reduction potentials are related to both the standard reduction potential of the electrode, as well

as the activities of the oxidized and reduced species through the Nernst equation:?*°

Vo
E=E°+Eln(%) (2.16)

zF R

where E? is the standard reduction potential of the electrode, R is the gas constant, T is the temperature,
z is the stoichiometric number of electrons transferred in the half-reaction, F is Faraday’s constant, ao
and ar are the activities of the oxidized and reduced species, and vo and vr are their respective
stoichiometric coefficients. It should be noted that both Equations 2.15 and 2.16 assume that no current
is flowing. When current is flowing, overpotentials at the two electrodes and ohmic resistance must
also be included when determining the cell potentials. Equation 2.16 can be further simplified by using
the formal potential, £, which is the measured potential of the half-cell when the oxidized and reduced
0

VR
CR

species are present in concentrations such that = 1 and any other conditions such as pH or ionic

strength are specified. For example, for the case where the stoichiometric coefficients vo and vr are
both unity, the formal potential incorporates the standard reduction potential of the electrode and the

activity coefficients yo and yr as follows:

E” =E° + Xy (V—O) 2.17)

zF YR

which enables the Nernst equation to be more conveniently written as a function of the formal

potential and the concentrations of the oxidized and reduced species, Co and Ck:
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E=E"+"In (g—z) (2.18)

However, it should be noted that one of the downsides of this formulation is that the formal potential

depends on concentration, as the activity coefficients may depend on concentration as well.

Assuming that Eci does not change as a function of the extent of charge or discharge, the mass-

specific Gibbs free energy (constant temperature and pressure) stored in a battery is given by:
AGcell,m = FnCnEcen (2~19)

where in this case, Fin is the mass fraction active material (in wt%) corresponding to the electrode
material used for Cn. Fin has the same form for the supercapacitor as in the battery, but in this case,
since the anode and cathode are not prepared from identical materials, the other electrode whose
capacity must at least match that of the first, also must be considered. Table 2.2 shows typical cell
components that contribute to f. and f for lithium-ion batteries. It is worth noting that practically, E..j;
does vary depending on the state of charge, and thus, the energy density calculated in Equation 2.19 is
an estimate.

Table 2.2: Mass of cell components that scale with active material loading (f.,) and that do not scale with active

material loading (fo) for typical lithium-ion batteries. Table adapted from our review paper, 23, with permission
from Taylor & Francis.

Cell Component foo (mg/mg)i
Electrolyte in Cathode 0.28
Electrolyte in Anode 0.25

Binder in Cathode 0.11

Binder in Anode 0.08
Conductive Additive in Cathode 0.03
Conductive Additive in Anode 0.02
Cathode Material 1.00

Anode Material 0.74

Total f- 2.52

Cell Component fo (mg/cm?)i
Al current collector 4.3
Membrane separator 1.0
Electrolyte in membrane 1.7

Cu current collector 9.9

Total fo 16.9

i) Assumptions: Ratio of active material to conductive additive assumed to be 30; A stoichiometric amount of graphite
anode was assumed and a cathode theoretical capacity of 160 mAh/g; Cathode and anode porosity (&) = 0.35 used to
calculate electrolyte mass; Electrolyte density = 1.195 g/cm?, which is an average of pure EC and DMC; Cathode active
material density = 2.8 g/cm? based on LCO, Carbon conductive additive and graphite material density = 2.2 g/cm? ; Binder
density (PVDF) = 1.78 g/cm?, and 10 wt.% binder assumed. ii) Assumptions: 25 pm polypropylene (density = 0.91g/cm?)
membrane with a porosity of 55% was assumed to calculate mass of electrolyte in separator; 16 pm thick Al foil current
collector; 11 um thick Cu foil current collector.
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For parameters typical of commercial lithium-ion batteries (Table 2.2), the high loadings used (15-
20 mg cathode/cm?) and compactness of the electrodes (reduced porosity for electrolyte deadweight)
enable devices to be roughly 30 wt.% active material, while ~40 wt.% could be achieved at infinite
active material loading. This results in current, commercial Li-ion full-cells which are capable of
reaching energy densities exceeding 250 Wh/kg. EDLC-type supercapacitors offer only one tenth of
this energy density, being more similar to lead-acid batteries but with significantly improved power
density, cycle life, reliability and safety. The power density of batteries is calculated in the same manner

as for supercapacitors, using Equation 2.13.

Assessments of battery capacity and energy density are essential battery metrics, but equally
important are metrics quantifying the cycle life. This is typically quantified through the coulombic

efficiency of the cell which can be calculated as:*!

__ Discharge Capacity

CE

Charge Capacity % 100% (2~20)

For an ideal theoretical cell, the discharge capacity would perfectly equal the charge capacity, and the
coulombic efficiency would equal 100%. For any real cell, this value is less than 100% due to various
side reactions and consumption of active material. The coulombic efficiency of the cell after a certain

number of cycles can demonstrate the stability and cycle life of a cell.

Finally, it is important to assess the rate of charge and discharge of the cell. For batteries, this is
typically expressed as a “C rate”. A C rate of 1C means that a constant current is applied such that the
battery should be fully charged or discharged in 1 hour.” Higher C rates refer to higher currents used,;
thus at 2C a cell would take 30 minutes to discharge, while at 0.1C it would require 10 hours to
discharge.”” The cycle life and capacity of cells are strongly influenced by the rate of charge and

discharge.

2.2.3 Comparison of Supercapacitor and Battery Performance:

For all EES devices, a tradeoff exists between energy density and power density,?”*? and different
EES devices fall into different ranges between the two, as seen in the Ragone plot in Figure 2.3.
Batteries exhibit the highest energy densities, but limited power density, while parallel plate capacitors
such as dielectric and electrolytic capacitors used in electronic circuits can achieve the highest power

densities, but very limited energy densities. Supercapacitors exist over a range of power and energy
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densities and bridge the gap between capacitors and batteries, with improved power density over

batteries, but lower energy densities.

10°

10*

Specific Power (W kg™)

10

Specific Energy (Wh kg™)

Figure 2.3: Ragone plot showing the energy and power relationships of current electrochemical energy storage
technologies with their associated time constant regimes. Figure and caption adapted from 33 with permission
from John Wiley and Sons.

While we have mainly discussed energy density thus far, the requirements for maximum energy
density typically oppose those for high power density.*? Higher power density requires design criteria
which lower the equivalent series resistance in EES devices. Some considerations are summarized in
Table 2.3 which affect various ohmic and mass transport resistances in an EES device. Depending on
the system, kinetic overpotentials can also play a role. Different manufacturers use different approaches

to optimize their cells for high energy density or high power density.

Table 2.3: Design parameters used to optimize LIBs in terms of energy density and power density. Table
adapted from our review paper, *, with permission from Taylor & Francis.

Component Energy Density
Electrode High loading ¢, (mg/cm?)

Power Density
Lower electrode loading

Low electrode porosity & (%)
Larger primary particle size

Low conductive additive content
Minimum possible binder content

Higher electrode porosity
Smaller particle size

High conductive carbon content
Minimum possible binder content

Current collector

Thinner
Coated to improve adhesion

Thicker
Coated to reduce resistance

Seperator

Thin

Thin

Electrolyte

High conductivity

High conductivity
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2.3 Current Electrode Materials

2.3.1 Supercapacitors

EDLC-type supercapacitors typically employ carbonaceous materials as electrode materials, due to
their high electrical conductivity, chemical stability, corrosion-resistance, and specific surface area.
Moreover, porous carbon materials can be prepared from a variety of methods and with a variety of
surface areas and pore structures, enabling tuning of key electrode properties. Smaller pore sizes
generally result in higher specific surface areas, boosting capacitance, but also limit electrolyte access,
lowering power density. As such, the porous carbon structure needs to be carefully optimized to enable

the desired device performance.

The first and still most commonly used carbon-based electrode material is activated carbon.!'’!3
Activated carbon is prepared via either physical or chemical activation of precursors such as waste,
coal, nutshells, and wood.!"!* Physical activation involves the use of high-temperature (700 — 1200 °C)
thermal treatments of precursors with oxidizing or reducing agents, such as air, CO,, and steam, while
chemical activation employs lower temperatures (400 — 700 °C) along with chemicals such as oxyacids,
hydroxides, and metal chlorides.'? These activation processes enable the formation of carbon materials
with conductivities ranging from 1250 — 2500 S/m and extremely high BET surface areas of up to 2500-
3000 m?/g.!33* The pore structure of activated carbons consist of macropores, mesopores, and
micropores. Depending on the quantity of micropores, the BET surface area may be much higher than
the electrolyte-accessible surface area, otherwise known as the electrochemical surface area (ECSA),
which is what determines the achievable double-layer capacitance. Nonetheless, the high specific
surface area and ability to prepare activated carbons via inexpensive and widely used industrial
processes have made them the most widely employed electrode material for commercial
supercapacitors to date, typically achieving electrode specific capacitances of up to ~300 F/g and ~150-
180 F/g in aqueous and organic electrolytes respectively.!> Higher capacitances are achieved with
aqueous electrolytes than organic since the organic electrolyte ions are typically larger, and thus a larger

quantity of the activated carbon pores remain inaccessible and do not contribute to charge storage.'?

2.3.2 Batteries

The first officially reported battery, called the voltaic pile, was developed by Alessandro Volta in 1800

and consisted of stacks of alternating copper and zinc plates, separated by cloths soaked in brine.* In
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the subsequent centuries, a range of different active materials have been utilized to form batteries,
including lead-acid batteries, which have been used in nearly all internal combustion engine vehicles
to power starter motors, and nickel metal hydride batteries, widely used in consumer electronics and
first-generation electric vehicles. In 1991, Sony released the first lithium-ion battery.*® The cell utilized
graphite as the anode material. The relatively reversible intercalation and deintercalation of lithium ions

between the graphite sheets enables the anode to have a theoretical capacity of 372 mAh/g:3¢
Lit + Cy + e~ = LiCq (2.21)

This knowledge was combined with work from the Goodenough group, which found that lithium
ions can also reversibly intercalate into and deintercalate from a lithium transition metal oxide

compound such as lithium cobalt oxide (LiC00O), enabling its use as a cathode material:*’
LiCoO, == xLi* + xe™ + Li;_,Co0, (2.22)

The cells utilized a microporous polyethylene separator to prevent contact between the anode and
cathode, and an ethylene carbonate-based electrolyte.® During battery charge, lithium ions are
transported from the lithium transition metal oxide cathode towards the graphite anode, where they are
intercalated within the graphite sheets, while during discharge, the opposite occurs, giving a cell voltage
0f 3.3 -4.2 V. Since 1991, various other lithium-ion cathode materials have been developed, including
lithium iron phosphate (LiFePOs), lithium manganese oxide (LiMnQO,), and lithium nickel manganese
cobalt oxide (LiNMC, Li(Nii;sMn;;3Co13)0,), among others, which enable cathode theoretical
capacities of 140 — 200 mAh/g, and thus full cell theoretical capacities of 100 — 130 mAh/g.** Decades
of engineering have enabled improvements in cathode capacity and voltage, while increasing the
correction factor i by reducing electrolyte volume, separator thickness, and the mass and volume of
current collectors and packaging. However, these engineering improvements are reaching fundamental
limits, as certain volumes of electrolyte and separator thicknesses are necessary for safe and reasonable
cell operation. As such, next-generation battery chemistries and active materials beyond lithium-ion

are needed to achieve substantial increases in energy density.

2.4 Next-Generation Electrode Materials: Graphene

Graphene is a carbon nanomaterial consisting of a single layer of carbon atoms in a hexagonal lattice.
As mentioned in the introduction, it was first isolated by Geim and Novoselov in 2004 via

micromechanical cleavage from a graphite crystal using adhesive tape, otherwise known as the Scotch
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tape method.'*!> Geim and Novoselov were awarded the Nobel Prize in Physics in 2010 for their
discovery. Graphene has found applications in nearly all fields of science and technology, including
electronics, drug delivery, composites and coatings, membranes, and sensors. Pristine graphene has
exceptional material properties, including a specific surface area of 2630 m?/g, high Young’s modulus
(1 TPa) and intrinsic strength of ~130 Gpa, high thermal conductivity (5000 W/mK), strong chemical
resistance, high optical transmittance (97.7%), and high electron mobility (2.5 x 10° cm?/Vs).!%!” While
the Scotch tape method demonstrated the possibility of isolating single graphene sheets, the limited
scalability of the approach led to the development of many other synthesis approaches to prepare

graphene-based materials.

2.4.1 Current Synthesis Methods

All graphene synthesis methods can be characterized as either bottom-up or top-down approaches.
Bottom-up approaches include chemical synthesis, SiC epitaxial growth, or, most commonly, chemical
vapor deposition (CVD). In the CVD approach, graphene is grown on a metallic catalyst such as nickel
or copper via the high temperature decomposition of H,/CH4 gas, followed by the dissolution of carbon
atoms into the metal catalyst to form a solid solution.'® Cooling then occurs, allowing carbon atoms to
diffuse out of the solid solution and grow graphene on the catalyst surface.'® This process has been
useful for preparing single layers of highly conductive crystalline graphene, but is costly and has limited

scalability for bulk synthesis.

One category of top-down methods expands on the micromechanical cleavage initially utilized by
Geim and Novoselov, by directly exfoliating graphite into graphene via methods such as ball-milling
or liquid-phase exfoliation methods such as sonication and high shear mixing.!” While this can produce
graphene materials with a low ratio of defects, yields are relatively low and significant lateral size and

sheet number variations are common. '°

One of the most commonly employed top-down methods to prepare scalable amounts of graphene is
the reduction of graphene oxide (GO). GO can be prepared via the oxidation of graphite to form graphite
oxide, followed by subsequent exfoliation to form GO. GO synthesis was first demonstrated by Brodie
in 1859, by oxidizing graphite with potassium chlorate in fuming nitric acid.'®*® This was improved
upon by Staudenmaier in 1898, via adding the chlorate in multiple aliquots, and employing a mixture
of concentrated sulfuric and fuming nitric acid.'>*° This was further optimized in 1958 by Hummers,

who used a mixture of potassium permanganate and sodium nitrate in concentrated sulfuric acid.'**
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The most commonly employed method today is Tour’s method, developed in 2010.!° In this method,
potassium permanganate is used as an oxidizer, in a 9:1 mixture of oxidizing acids sulfuric and
phosphoric acid. This approach avoids the formation of toxic nitrogen dioxide and dinitrogen tetroxide
gases, and the toxic and explosive gas chlorine dioxide, which were formed in previous approaches.'’
As such, this method is both the most scalable and safest, and also produces the most oxidized GO,

with the least hydrophobic unreacted material left over. '

The conversion of graphite into GO occurs through a three-step process.*! The first step is the
intercalation of the sulfuric acid into the graphite sheets to form a stage 1, or fully intercalated, graphite
compound.*! In the second step, this graphite intercalation compound is converted into graphite oxide,
via the diffusion of the oxidizing agent into the graphite galleries.*' This is the rate-determining step of
the reaction.*! The third and final step occurs when the graphite oxide is exposed to water, which

hydrolyzes covalent sulfate bonds and exfoliates the graphite oxide into GO.*!

Despite over a century of synthesis, the exact chemical structure of GO is not fully known. A
common model for GO is the Lerf-Klinowski model, as shown in Figure 2.4, which consists of a
graphene sheet with oxidized domains, possessing oxygen-containing functional groups such as
hydroxyl, epoxy, and ketone groups on the graphene plane, along with carboxylic acid groups at the
sheet edge.*” NMR studies have also shown that ester groups are present on the surface, and 6- and 5-
membered lactol rings are present at the edges,* and residual sulfate groups are also known to be
present.*! These oxygen-containing functional groups disrupt the otherwise flat and pristine sp?
graphene lattice, introducing some sp®> carbon atoms, which are distorted to above or below the
graphene plane.* Nonetheless, this model and all models to date are non-stoichiometric in nature, and
variation in the quantity of the different oxygen-containing functional groups is common among
different reports. GO can be considered a 2D material with a random distribution of oxidized regions,

possessing oxygen-containing functional groups, and regions with preserved sp? graphene structure.
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Figure 2.4: Lerf-Klinowski model of GO. Some minor groups at the plane edge have been omitted (carbonyl,
carboxyl, ester, etc.). Figure and caption reproduced from *>#* with permission from Elsevier and the American
Chemical Society.

This structure has made GO an interesting material for many applications. While it is still a 2D
material with a high specific surface area, it is unlike graphene as it is electrically insulating and highly
hydrophilic in nature, enabling its easy dispersion in aqueous systems. This has motivated its use in a
variety of fields, including membranes, sensors, and biomedical applications.**** Moreover, it can be
reduced via a range of methods to produce reduced graphene oxide (rGO). The two most common

methods to reduce GO are chemical and thermal reduction methods.

Chemical reduction of GO utilizes chemical reducing agents, such as hydrazine, sodium borohydride,
ascorbic acid, or hydroiodic acid. This process can typically be done in an aqueous dispersion at
relatively low temperatures, which also prevents the possible aggregation and re-stacking of the GO or
rGO during drying steps. However, chemically reduced GO is typically only partially reduced. A
common metric to assess the degree of reduction is the C/O ratio, which is typically 8 — 12 via chemical

reduction, though some methods have reported C/O ratios up to 15424748

Thermal reduction involves heating GO at high temperature, and is typically performed on dried GO
powders or films. The drying process introduces challenges, as the sheets may restack or aggregate,
and methods such as spray-drying or freeze-drying are often used to attempt to preserve the high surface
area of the material. However, rapid thermal reduction can be used to simultaneously reduce and
exfoliate graphite oxide, or restacked GO.**** Rapid heating (>2000 °C) causes the oxygen-containing
functional groups on the GO surface to rapidly decompose into CO and CO; gases and the pressure of

this rapid gas evolution can exfoliate the rGO during a simultaneous reduction.*** As such, this is a
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scalable method to produce large quantities of rGO. Moreover, the high temperatures used typically
result in a more highly reduced rGO than chemical reduction methods, with C/O ratios of ~15 typically
achieved, though this is dependent on the reduction temperature used.*” However, it should be noted
that thermal reduction also leads to some structure deformation of the rGO — the sheets are typically
wrinkled in nature and possess lattice defects, as some of the carbon of the GO is lost during the rapid
gas formation.*>** Moreover, thermal reduction is energy intensive and requires extremely high

temperatures (>1000 °C) for highly reduced, high surface area rGO to be produced.*?

While chemical and thermal reduction of GO are the most widely used reduction methods, a number
of other methods have been proposed, including electrochemical reduction,*® solvothermal reduction,!
photocatalyst reduction,> microwave reduction,”® and photothermal methods.’* Microwave and
photothermal methods employ a similar mechanism as thermal annealing reduction methods, but utilize
microwaves or photo energy, for example from a xenon lamp, as the thermal energy source for
reduction. These methods may enable rapid and localized GO reduction, without the need for energy
intensive high-temperature furnaces. This approach has been expanded via the use of lasers to
photothermally reduce GO, which can enable rapid, inexpensive patterning of rGO electrodes.”>’ We

will discuss this method in further detail later in this chapter.

2.4.2 Graphene in Supercapacitors

The high specific surface area and conductivity of graphene has made it extremely attractive as a
supercapacitor electrode material. The intrinsic double layer capacitance of graphene has been
measured to be 21 pF/cm? (without considering quantum capacitance limitations, to be discussed
below).”® With a theoretical specific surface area of 2630 m?/g, this enables an extremely high
theoretical capacitance of 550 F/g.*® Moreover, depending on the electrode fabrication method,
graphene electrodes could possess significantly less microporosity than activated carbon, making more
of this high BET surface area electrochemically accessible. In fact, the structure of graphene sheets has
been proposed to improve ionic conductivity and electrolyte penetration into supercapacitor electrodes
by allowing channels for ionic transport. In 2010, Miller et al. demonstrated that supercapacitors
prepared from vertically oriented graphene grown directly on a metal current collector could be charged
and discharged in under a millisecond — a similar time scale to dielectric and electrolytic capacitors,
but with ten times the volumetric capacitance.®® As such, significant research has focused on developing

graphene-based electrodes.
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However, several issues have limited the performance of graphene electrodes thus far. One of the
major challenges is the re-stacking of graphene sheets in solid, powder form. While graphene and rGO
can be dispersed and stabilized in dispersion with specific solvents or surfactants, strong m-n
interactions between graphene sheets lead to restacking and aggregation during any drying process.
This restacking limits the actual accessible surface area of graphene electrodes. Consequently,
significant research effort has focused on methods to limit restacking. One avenue is to employ physical

6162 or some form of

spacers between the graphene sheets, such as other carbon nanomaterials
electrolyte, such as a microemulsion®® or surfactant complex,® while other strategies focus on altering
the graphene morphology via the use of curved or crumpled graphene structures to attempt to limit
restacking.%>%® Notably, laser-induced graphene synthesis, which will be introduced fully in section 2.8,
enables simultaneous graphene synthesis and electrode fabrication from a precursor substrate without

drying of a graphene dispersion, thereby avoiding the restacking issue entirely.

Another key consideration in employing graphene-based materials is their inherent semimetallic
nature. For supercapacitors prepared from materials with a low density of states such as graphene,® the
total capacitance (Cr) is dependent on both the double layer capacitance (Cpr) and the quantum
capacitance (Cg):

L_1 1
w=wtor (2.23)

The quantum capacitance is intrinsic to the electrode material, and depends upon its electronic

properties:
CoV) == [} eD(ep — eV)av’ (2.24)

where S is the surface area, V is the applied voltage, D is the density of states, ¢r is the Fermi level, and
e is the electron charge.’* As the quantum capacitance is often less than the double layer capacitance,
it is typically a limiting value for graphene-based supercapacitors. However, several studies have
demonstrated that doping of the graphene with different heteroatoms can increase the density of states

near the Fermi level and thereby increase the quantum capacitance.®’-%

2.4.3 Graphene in Batteries

Graphene has also found a wide range of applications in batteries. Most notably, it has been used as an

anode material in lithium-ion batteries, to replace graphite. The theoretical capacity of conventional
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graphite anodes is limited to 372 mAh/g, which corresponds to the formation of LiCs, a stage I
intercalation compound. However, higher capacity carbon materials have been demonstrated via other
mechanisms, including the adsorption of lithium onto carbon sheets and the binding of lithium on
hydrogen-terminated graphene edges.””’! Since graphene-based materials can facilitate lithium
adsorption onto both sides of each sheet, this could lead to an effective doubling in capacity compared
to graphite, forming Li,Ce, and resulting in a theoretical capacity of 744 mAh/g.”° However, it has also
been proposed that lithium can be stored in microcavities in carbon materials, which can enable a further
increase in capacity.”® In one of the first reports of graphene-based lithium-ion anodes, Wang et al.

demonstrated a reversible capacity of 650 mAh/g at 1C.7°

While graphene has been investigated as a potential lithium-ion anode material, its most widely
explored applications have been in next-generation battery chemistries, such as lithium-sulfur batteries
(to be discussed more thoroughly in subsequent sections). While it is not used as the main active
material in these next-generation batteries, its conductivity, high specific surface area, and tunable
morphology and surface chemistry have made it a widely employed additive for both lithium metal

anodes and sulfur cathodes.
2.5 Cell Manufacturing

2.5.1 Manufacturing Process

The cell assembly of both batteries and supercapacitors follows a similar process. The current
production of lithium-ion batteries (LIBs) follows a fairly well-known sequence of manufacturing steps

as presented in Figure 2.5.
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Figure 2.5: Schematic of current Li-ion battery manufacturing process. Figure and caption adapted from 2° with
permission from Elsevier under a Creative Commons Attribution-Non-Commercial-No Derivatives License.

2.5.2 Electrode Preparation

Electrode preparation includes the mixing, coating, drying and solvent recovery steps. This is an
important part of the fabrication of a battery as its performance depends significantly on the
morphology of the electrode at the micron length scale. In particular, the proper dispersion and
homogenization of electrode particles is critical, as the electronic pathways generated by the carbon
additive and the ionic pathways in-between these particles are key to battery performance.”” The mixing
phase can be done with high-shear mixing equipment, ball milling or via ultrasonication.” The coating
phase traditionally involves the application of a “wet” slurry onto a metal sheet current collector (copper
for anode and aluminum for cathode) through a slot die on a roll-to-roll system.?’ Subsequent drying is
conducted in ovens, under conditions that depend on the solvent used. Typically, anode slurries are
water-based with a mixture of sodium carboxymethylcellulose and styrene-butadiene as binders. On
the cathode side, slurries typically use N-methyl-2-pyrrolidone, an organic solvent that has a higher
boiling point than water (~200 °C). Organic solvents not only require higher temperatures to evaporate,

but their toxicity also mandates using a solvent recovery process.’* Organic solvents are often necessary
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because most lithium-ion cathode materials are water-sensitive.”> To reduce energy consumption and
drying time, the industry is moving toward thicker slurries with a lower amount of solvent. Finally, the
calendaring of electrodes is achieved by pressing them in between rollers that are adjusted to achieve a
certain thickness and compression of the coating in order to enhance adhesion with the current collector

and control porosity.”®

2.5.3 Electrode Conditioning

Electrode conditioning is comprised of slitting and vacuum drying. Slitting refers to the cutting of the
electrodes to a prescribed width. This operation increasingly makes use of laser cutting rather than
mechanical cutting.”” Laser cutting improves edge quality that helps prevent potential short-circuiting
when the battery is assembled. The vacuum drying step removes traces of water in the anode. Drying
is one of the most energy intensive steps as shown in Table 2.4.7® This step consists of placing the
electrode in a low pressure environment at temperatures up to 150 °C for several hours. However, it
has been demonstrated that using argon purges at lower temperatures prevents PVDF and CMC binders
from being degraded and produces higher performing electrodes.”

Table 2.4: Manufacturing and energy cost of the various steps of production of Li-ion batteries. Table adapted

from 2° with permission from Elsevier under a Creative Commons Attribution-Non-Commercial-No Derivatives
License.

Manufacturing Cost per year | Percentage | Throughput | Manufacturing Energy Percentage
process [$]* [%] processes consumption | [%]
per cell
[KkWh]
Slurry mixing 7,396,000 7.91 30min—5h | Slurry mixing 0.11 0.83
Coating/drying 13,984,000 14.96 35-80 m/min | Coating 0.18 1.36
Solvent recovery | 4,296,000 4.60 NA Drying/solvent 6.22 46.84
recovery
Calendering 4,849,000 5.19 60-100 Calendering 0.38 2.86
m/min
Slitting 2,891,000 3.09 80-150 Sitting 0.71 5.35
m/min
Vacuum drying 2,990,000 3.20 12-30 h Stacking 0.77 5.80
Stacking 8,086,000 8.65 NA Welding 0.25 1.88
Welding 6,864,000 7.34 NA Enclosing 0.69 5.20
Enclosing 11,636,000 12.45 Depend on | Formation/aging | 0.07 0.53
the cell
design
Formation/aging | 30,482,750 32.61 Up to 1.5-3 | Dry room 3.9 29.37
weeks

*The manufacturing cost includes equipment depreciation, labor cost, and plant floor space cost.
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2.5.4 Battery Assembly

In the final stages of cell assembly, anodes and cathodes are stacked and welded. External containers
are assembled with the introduction of electrolyte and the formation and aging steps are conducted.
Welding is done using ultrasonic and spot-welding techniques for pouch cells and cylindrical or
prismatic cells respectively. This step also involves the welding of a tab at the end of each electrode
rolls of the battery, which is used as electrical connection to the battery terminals.*® After introduction
of the electrolyte, the formation and aging steps consist of cycling the battery at a very slow rate to
form a robust solid electrolyte interphase (SEI) layer and promote wetting of the active material. During
these steps, the battery is also degassed to increase operational safety. These steps take weeks and can

account for more than 30% of the total cost of production.?

2.5.5 Limitations

While conventional manufacturing approaches have enabled large-scale production of both
supercapacitors and batteries with a variety of active materials and a number of cell geometries (coin,
cylindrical, pouch, etc.), they face various limitations which slow innovative design changes and restrict
design possibilities. For example, the high capital costs associated with the various required
manufacturing equipment prohibit any major change to the manufacturing process such as form factor.
Thus, it is currently infeasible to build a battery that fits a specific design whereas, these days, the
design is normally built around a battery with set form factor. Furthermore, the relatively thick
sandwich-type design of laminated batteries make them relatively inflexible which precludes their use
in wearable and flexible electronics. Most microbatteries or microsupercapacitors employed in
miniaturized electronics are fabricated using costly cleanroom processes such as chemical vapor
deposition and thermal evaporation for thin-film designs, and photolithography and plasma etching for
interdigitated architectures, which also suffer from a slow design loop.®*? On the other hand,
thicker/higher active material loadings are required to increase Fi, to improve device energy density.
With this in mind, even improvements to energy density in the sandwich configuration by slurry casting
is limited in terms of achievable active material loadings/thicknesses due to high stresses that develop
during the drying process which are exacerbated with increased thickness and fast drying times.®}
Furthermore, thicker active material films have lower ionic and electronic conductivity which could

severely limit power density and charge/discharge rates.
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2.6 Advanced Manufacturing Approaches

While significant research attention has focused on the development of new and advanced materials for
EES systems, less attention has been paid to advancing electrode and device manufacturing. Advanced
manufacturing techniques such as additive manufacturing and laser-based methods can potentially
overcome many of the limitations of conventional slurry casting processes and possess other unique
advantages. Firstly, these methods can enable the fabrication of electrodes and devices with unique
form factors beyond conventional planar sandwich structures, including interdigitated and lattice
structures, and even coaxial, parallel and twisted fiber designs. These novel structures possess unique
advantages in terms of electrochemical performance. The most commonly employed advanced
architecture is a planar, interdigitated design, which enables increased electrode-electrolyte contact
area, and also simplifies device manufacturing by entirely eliminating the need for a polymeric
separator between the anode and cathode.?!?? The design prevents short circuiting via control of the
distance between the interdigitated fingers and can enable very short ion transport distances and
improved device power density by shortening the distance between each finger. These advantages are
particularly critical for thick and high-loading electrodes that would otherwise limit power density in a
standard sandwich configuration. For thick electrodes, interdigitated designs may also enable increased
electrolyte penetration into the electrode and thus higher electrochemical utilization of active material.2?
Moreover, via the careful preparation of precursor substrates, a number of high loading electrodes with
novel architectures have been fabricated without the need for additives or polymer binders as well as
free-standing electrodes which do not require current collectors, all of which typically lower the overall
device energy density.

In addition to their potential electrochemical performance enhancements, unique cell form factors
can imbue devices with added functionality, such as flexibility, stretchability, and wearability.3+*
Moreover, while traditional cells are too bulky for implementation into microelectronics, advanced
manufacturing methods are uniquely suited to prepare microsupercapacitors and microbatteries, as they
enable the patterning of individual traces ranging from 100 nm to hundreds of microns. Compared to
traditional manufacturing techniques, these advanced manufacturing methods are also considered low-
cost rapid prototyping methods that enable quick and easy design changes via computer control without
re-tooling an entire manufacturing line. Some advanced manufacturing methods, such as laser-based
methods, also enable simultaneous active material synthesis and electrode fabrication in a single step,

simplifying the overall device manufacturing process. Furthermore, using specific precursor materials,
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not only conductive but electrically insulating structures can also be prepared, enabling printing and

patterning of all components of an EES device in one step.

2.7 Direct Laser Writing

While the rapid and room-temperature nature of laser-based synthesis methods, including laser-based
carbonization, has been widely employed for bulk synthesis of electrochemical active materials, laser-
based patterning approaches, often referred to as direct laser writing, can enable the simultaneous
synthesis of active materials from a suitable precursor and the rapid patterning of electrodes. These
processes utilize a 2D computer model to raster a pattern on a substrate using a laser. The high energy
of the laser beam can cause photothermal or photochemical reactions to occur, and can convert many
insulating materials into carbonaceous, conductive traces. In 2010, the laser reduction of graphene
oxide (GO) to conductive reduced graphene oxide (rGO), termed laser reduced graphene (LRG) was
first demonstrated.”>>” A range of different lasers were used for this purpose, ranging in wavelength
from 355 nm to 663 nm. Sokolov et. al observed the formation of CO and CO,, and the release of H,O
during laser irradiation.*® With a 663 nm laser, under an air environment, Zhou et al. observed oxidative
burning or ablation of the GO, but under inert environments they observed the reduction of the GO.%
They measured the local temperature of irradiated GO to be >500°C, suggesting a photothermal
reduction mechanism.> Others with shorter wavelength lasers and different laser powers observed
reduction under ambient conditions, indicating that careful control of the laser energy is needed to
facilitate reduction of the GO without ablation. El-Kady et al. expanded upon this work in 2012 by
using a Lightscribe optical DVD laser (788 nm, 5 mW) to reduce GO and prepare LRG supercapacitors,
as seen in Figure 2.6. The LRG from this work was highly conductive (1738 S/m), possessed
extremely high specific surface areas of 1520 m*/g, and was very mechanically robust and flexible,
with only ~1% change in the resistance after 1000 bending cycles.®” The rapid nature of the
photothermal laser reduction causes simultaneous reduction of the GO and exfoliation, as the rapidly
escaping gases push apart the LRG sheets.?” It was used directly as an electrode for supercapacitors,
without the need for binder, additional conductive additives, or current collectors, and resulted in
capacitances of 5.02 mF/cm? (276 F/girGrelectrode) at 1 A/giRGrelectrode.’’ Following these seminal works,

the use of laser-processing to fabricate graphene-based devices has rapidly expanded.®-!
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Figure 2.6: Schematic of the fabrication of LRG supercapacitors (referred to in this figure as “laser-scribed
graphene, LSG”). a-d) A GO film on a flexible substrate is placed on a Lightscribe-enabled DVD disc. A
computer image is then irradiated onto the GO in a Lightscribe DVD drive. e) As shown in the photo, the
golden brown GO is converted into black LRG. The low power IR laser changes the stacked GO sheets
immediately into exfoliated, few-layered LRG, as seen in the SEM images. f) A symmetric supercapacitor is
prepared from two identical LRG electrodes, a separator, and electrolyte. Figure and caption adapted from &7
with permission from AAAS.

2.8 Laser-Induced Graphene

Direct laser writing of graphene was further advanced in 2014, when the Tour group demonstrated that
an IR laser could be used to convert commercial polymers such as polyimide (PI, Kapton™) to laser
induced graphene (LIG) (Figure 2.7).2* The LIG process is appealing as it is rapid — the large thermal
cross-section of traces (~100 um) allows large areas to be converted in one pass converting ~cm? areas
in seconds and enabling the possibility of medium-throughput manufacturing. While a range of
different laser wavelengths and powers have been employed, most of the field has focused on the use
of widely available and inexpensive CO; IR lasers that are commonly used in industry and by hobbyists
for laser cutting and engraving. Furthermore, LIG formed from PI possesses highly desirable properties
for the fabrication of electrodes for electrochemical energy storage, including a high conductivity of
~25 S/cm, and a unique three-dimensional porous structure, due to the rapid escape of gases during the
carbonization, which results in a high specific surface area.”® Furthermore, the LIG material is highly
defective, with a number of five- and seven-membered ring defects that can contribute to capacitive
energy storage by increasing the density of electronic states in the carbon near the Fermi level.”> While
LIG is not a metal, this increased density of states makes it more “metallic” than pristine graphene,
which is a semimetal.?* Moreover, laser irradiation combines both graphene production and device

fabrication and patterning into one rapid step. Since its discovery, this method has been used
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extensively for the production of flexible and miniaturizable devices for a wide array of different

24,93-97 98-106

applications, including energy storage devices such as supercapacitors, batteries, water

7 108-110 1

splitting electrodes,'”” sensors, microfluidics'!! and superhydrophobic membranes for water

purification.''>'!3 In particular, this technology has enabled the miniaturization of supercapacitors,

facilitating their integration into microcomputers, lab-on-a-chip, and wearable devices.!?% 14115
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Figure 2.7: Demonstration of LIG process and material. a) Schematic of the synthesis process of LIG from PI.
b) SEM image of LIG patterned into an owl shape; scale bar, | mm. The bright contrast corresponds to LIG
surrounded by the darker-colored insulating PI substrates. ¢) SEM image of the LIG film circled in b); scale bar,
10 um. Inset is the corresponding higher magnification SEM image; scale bar, 1 um. d) Cross-sectional SEM
image of the LIG film on the PI substrate; scale bar, 20 um. Inset is the SEM image showing the porous
morphology of LIG; scale bar, 1 um. Electrochemical performances of LIG-microsupercapacitor (MSC)
devices in 1M H,S0Os. e) A digital photograph of LIG-MSCs with 12 interdigital electrodes; scale bar, 1 mm. f)
SEM image of LIG electrodes; scale bar, 200 um. g) Schematic diagram of LIG-MSCs device architecture. h),i)
CV curves of LIG-MSCs at scan rates from 20 to 10,000 mV/s. j) Specific areal capacitance (Ca) calculated
from CV curves as a function of scan rates. k),1) CC curves of LIG-MSCs at discharge current densities (/p)
varied from 0.2 to 25 mA/cm? m) Ca calculated from CC curves versus Ip. Figure and caption adapted from
with permission from Springer Nature.
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2.8.1 Laser-Induced Graphene Supercapacitors

In their seminal paper on the LIG process, Lin et al. demonstrated that LIG-based supercapacitors could
be prepared from PI in an interdigitated architecture, with the insulating PI between each finger acting
as a separator, preventing short circuiting.?* These initial LIG supercapacitors resulted in areal
capacitances of 4 mF/cm?,?* which was rapidly increased in their following report to 9 mF/cm? when
using a stacked architecture and a polyvinyl alcohol (PVA)/sulfuric acid (H.SO4) polymer gel
electrolyte.” Since this report, PVA/H>SO4 and PVA/H;PO4 gel electrolytes have been widely used
with LIG-based supercapacitors, reducing the need for leakproof packaging for liquid electrolytes.?
Following these initial studies, significant research attention has focused on improving the areal
capacitance of LIG prepared from PI, as seen in Figure 2.8. One strategy involved doping the PI, by
incorporating boric acid during PI synthesis, resulting in B-doped LIG with an areal capacitances of
16.5 mF/cm? at 0.05 mA/cm?,’* and use of a fluorinated PI substrate which improved performance to
27.5 mF/cm?."1¢ Further strategies to boost areal capacitance have focused on modification of the LIG
material to introduce further defects and improve wetting of the electrolyte. Application of an oxygen
plasma treatment after laser scribing with a blue laser boosted performance to 31.9 mF/cm?.°’ Lasing
in an O, environment enabled capacitances as high as 37 mF/cm? — although the addition of sealed gas

chambers may limit both the substrate size and the ease and accessibility of the method.!!?
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Figure 2.8: Summary of LIG-based supercapacitors prepared from various materials. a) Pie chart of LIG-based
supercapacitors. b) Areal capacitance with constant current rate. ¢) Maximum reported areal capacitance with
publication year. Red — Conventional LIG, blue — LIG and pseudocapacitive additives, green — LIG devices
with added functionality (i.e. flexibility, etc.). Figure and caption reproduced from our review paper, 2, with
permission from Taylor & Francis.

LIG preparation is currently limited to a select set of materials — typically PI, made from precursors,
4,4’-oxydianiline and pyromellitic dianhydride, that are costly, toxic, and derived from petroleum or
coal. Thus, great interest has been shown in preparing LIG from inexpensive and green precursors.
Methods to expand the range of LIG-precursors, such as through pre-treatment of substrates with fire

and fabrication in inert environments'!”-'!8

retardants,'” the use of lasers of different wavelengths,”
have achieved some success but all of these approaches pose significant challenges that hinder the
widespread implementation of LIG devices. Furthermore, the electrochemical performance of current

LIG-based electrode materials requires further improvement. LIG-based supercapacitors achieve
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relatively low capacitance per area compared to conventional supercapacitors, with higher performance
essentially limited to PI-based LIG. Though LIG formation has been expanded to other polymers and
resins such as Bakelite,” phenolic resin,”® PEEK,'" PEL**!?° and poly(Ph-ddm),"?!'*? all of these
materials are also prepared from petroleum-based precursors, and either result in lower capacitances
than PI or require complex, multi-step syntheses. Consequently, the need exists for novel LIG
precursors that are inexpensive, abundant, easily processable, and based on green or sustainable
precursors. While LIG has also been prepared from wood and other biomaterial precursors,!!7!18123-125
most reported capacitances from these bulk materials are around ~1 mF/cm?. Thus the preparation of
high performance devices from sustainable and easily processable materials remains challenging,

explaining why PI still remains the most widely used LIG precursor to date.

2.8.2 Laser-Induced Graphene Batteries

While the LIG method has been widely used to prepare supercapacitors, its application for the
fabrication of battery electrodes or current collectors is less widely reported and still a developing
field.!?® Since the mass loading of LIG formed cannot easily be measured or controlled, it is not
typically used as an active material directly, but rather as a porous, conductive scaffold to which active
materials can be added. In most examples, LIG has been used in metal-air batteries, as a three-
dimensional, carbonaceous framework that can potentially act as a catalyst support, or a catalyst itself

for the OER/ORR reaction at the air cathode.”s1%!

While air cathodes have dominated the LIG battery literature, a few studies have recently been
reported of the method’s extension into other battery chemistries. LIG and LIG-based composites have
been recently used as anode materials for lithium-ion batteries,'>"'% but their areal capacities remain
far below the 4 mAh/cm? typically achieved via slurry casting (typically <1 mAh/cm?) due to the low
loadings of active material (1-3 mg/cm?), which are far below those used in slurry casting. Recent work
has moved instead towards the preparation of LIG/sulfur cathodes, which achieve higher gravimetric
capacities (~950-1300 mAh/g),'%1% with the LIG acting as a conductive framework to imbibe
insulating sulfur. However, sulfur loadings reported to date remain low. Only one report achieves an
areal capacity above 4 mAh/cm? (6.4 mAh/cm? at 6.7 mgaus/cm?).'% Thus, LIG-based batteries remain
an exciting if relatively unexplored field, particularly for applications as a conductive, porous scaffold

for active material deposition in next-generation battery chemistries.
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2.9 Lithium-Sulfur Batteries

One of the most promising battery chemistries to replace lithium-ion is the lithium-sulfur battery, which
consists of a sulfur cathode and lithium metal anode, as seen in Figure 2.9. During discharge at the

cathode, elemental sulfur in the form Sg is reduced to form Li,S:*3
Sg + 16Li* + 166~ ==8Li,S (2.25)

This reaction provides a theoretical capacity of 1672 mAh/g sulfur, an order of magnitude greater than
lithium-ion battery transition metal oxide cathode materials.>> During discharge at the anode side, the

oxidation of lithium metal to lithium ions occurs:’

During charge, Li,S is converted back into elemental sulfur at the cathode and lithium ions are reduced
to plate lithium metal at the anode. The utilization of a lithium metal anode instead of an intercalation
compound such as graphite provides a theoretical capacity of 3860 mAh/g, the highest capacity of any
anode material, as well as the lowest electrochemical reduction potential, at -3.04 V vs SHE.” Cells
utilize a microporous polyethylene or polypropylene separator which prevents short circuiting and
enables electrolyte transport. The electrolyte typically consists of ether-based solvents, as polysulfide
species generated during cycling react irreversibly with the carbonate solvents optimized for the
lithium-ion system.'?” A 1:1 mixture of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) is the
most common solvent mixture utilized, with the current optimized salt being 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). 0.1 to 0.2 M lithium nitrate (LiNQO3) is also commonly
added to improve cycling by forming a more stable SEI on lithium metal, and preventing the irreversible
decomposition of polysulfides.'?® Overall, the full lithium-sulfur cell possesses a voltage of
approximately 2.2 V, which is less than that of lithium-ion cells, but due to the high capacity of the
active materials, the full cell can provide a theoretical energy density of 2567 Wh/kg,? as seen in Table

2.5.
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Figure 2.9: Schematic of lithium-sulfur battery.

Copper Current Collector
Lithium Metal

Solid Electrolyte Interphase
Electrolyte

Separator

Sulfur

Carbon

Aluminum Current Collector

Table 2.5: Comparison of lithium-ion and lithium-sulfur batteries.

Lithium-Ion Lithium-Sulfur
Anode Graphite Lithium metal
Cathode Lithium transition metal oxide Sulfur
Electrolyte Carbonate-based Ether-based
Separator Polyethylene/Polypropylene Polyethylene/Polypropylene
Anode Theoretical Capacity (mAh/g) 37253 3860 3
Cathode Theoretical Capacity (mAh/g) | 140-200 3° 16723
Full Cell Theoretical Capacity (mAh/g) | 100-130 3> 11673
Voltage (V) 3.3-42° 223
Theoretical Gravimetric Energy 3903 2500 346
Density (Wh/kg)
Current Achievable Gravimetric 2507 400 ©
Energy Density (Wh/kg)
Theoretical Volumetric Energy Density | 10153 22003
(Wh/L)
Current Achievable Volumetric Energy | 7007 700 1%
Density (Wh/L)
Cost ($/kWh) ~150 13° ~100 (projected) 13!

2.10 Lithium Anode

While much progress has been made in the past sixty years on the sulfur cathode, one of the most
formidable challenges of the lithium-sulfur battery remains the lithium anode. Lithium metal is the
ultimate anode material, possessing the highest theoretical capacity of any anode at 3860 mAh/g as
well as the most negative electrochemical reduction potential of -3.04 V vs the standard hydrogen

electrode.’>” Furthermore, high capacity, next-generation chemistries such as lithium-sulfur possess

non-lithiated cathodes and thereby require lithium anodes to function.
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Despite their exceptional theoretical capacities and energy densities, lithium anodes face a host of
challenges limiting the safety and cycle life of full cells, as seen in Figure 2.10. Firstly, unlike
intercalation compounds, lithium metal anodes are “hostless” and undergo an effectively infinite
volume change during cycling.” This leads to breakage of the solid electrolyte interphase (SEI) layer
that initially passivates the lithium metal in the electrolyte.” Breakage of this layer leads to exposure of
fresh lithium metal to the electrolyte, allowing for further parasitic reactions, consuming both lithium
and electrolyte, and forming a thick, resistive SEI layer.” These breaks in the SEI layer also contribute
to one of lithium metal’s greatest challenges — its tendency to electrodeposit as dendritic or mossy
morphologies. The needle-like dendrites formed during the charging process can pierce through the
battery separator, leading to short circuiting and cell failure.” Furthermore, the long, fragile dendrites
can break from the anode surface, leading to the accumulation of “dead lithium”, which is no longer
electrically contacted.” This results in loss of active material, and the formation of a thick, resistive
dead lithium layer, preventing transport within the cell and leading to steady capacity decay over time.”
Much research in the last three decades has focused on understanding the mechanisms of dendrite
formation during lithium electrodeposition, as well as the structure, composition, and properties of the

SEI layer on lithium anodes, in order to control the morphology and efficiency of lithium plating.

Step 1 Stepd . def'limes Step3 Isolated Li Step 4
Cracks m — V" A —_— }Dead U
)

g = Thick SEI

SElon Li z l?’» s
plati : i strippi 3 1 electrode

iplating Further Li stripping Continuous
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Figure 2.10: Summary of challenges facing lithium anodes. Step 1: Li plating causes volume expansion, which
cracks the SEI film. Step 2: further plating causes Li dendrites to shoot out through the cracks. Step 3: Li
stripping produces isolated Li which becomes part of the “dead” Li, while volume contraction results in further
SEI fracture. Step 4: Continuous cycling causes steps 1-3 to occur repeatedly, and this finally results in
accumulated dead Li, thick SEI and porous Li electrode. Figure and caption adapted from 7 with permission
from Springer Nature.

2.10.1 Dendritic Lithium Deposition

Dendritic electrodeposition has been observed for several metals at high current densities, including
copper and zinc'* and can be explained by the classical Chazalviel model.'** At current densities
greater than a mass transfer-limited current, the cations in the solution can only supply the applied
current for a time referred to as Sand’s time before they are depleted, destroying the electroneutrality

in solution at the electrode surface.'**> Because of this, a localized space charge develops, which leads

37



to the formation of dendrite structures.'** While this theory can explain the formation of dendrites at
high current densities, lithium metal forms dendritic morphologies at current densities far below a mass
transfer limited current, requiring further understanding of the process of lithium plating at the electrode

surface.!®?

Unlike the metals mentioned above, the high reactivity of lithium metal leads to the spontaneous
formation of an SEI layer when submerged in electrolyte. Various models are proposed for the SEI
layer, but all suggest that the layer is an inhomogeneous mixture of different lithium compounds and
salts, with varying lithium ion conductivity.!** This causes inhomogeneities in ion transport at the
electrode surface leading to inhomogeneous nucleation and growth of lithium metal.!** Additionally,
the breakage of this layer due to the severe volume changes of the lithium anode during cycling exposes
areas of fresh lithium metal.” Lithium plating on this fresh exposed lithium metal requires a much lower
overpotential, as it avoids the more resistive path of lithium ion conduction through the SEI layer.’

Thus, dendrites can more easily form at these cracks.

Another important consideration is that dendrite growth is self-propagating, with lithium deposition
occurring more rapidly at dendrite tips than at their sides or at the bulk lithium surface.” Some theories
suggest that this is due to an increased electrical field surrounding dendrite tips due to their curved
structure, while others suggest that three-dimensional diffusion can occur around the tips, while only
one-dimensional diffusion can occur at the planar electrode surface.” Due to this self-propagating
phenomenon, it is essential to minimize the initial heterogeneous lithium ion transport and nucleation

that leads to the formation of dendrites.

2.10.2 Solid Electrolyte Interphase

Due to its extremely negative electrochemical reduction potential, when submerged in any electrolyte,
lithium will immediately react with the electrolyte components to form a solid electrolyte interphase
(SEI).!3* This SEI is formed from the deposition of various solid decomposition products on the anode
surface. Typically, this layer is approximately 20 nm thick, ionically conductive and electrically
insulating, and passivates the lithium metal surface, preventing further reaction between the lithium
metal and the electrolyte.'** Thus, while the formation of this layer consumes active material and
electrolyte, it also plays a key role in enabling proper cell function. While many electrodes, including

graphite-based lithium-ion anodes, form an SEI during initial galvanostatic cell cycling, lithium metal
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is unique in that it is one of the few electrode materials that spontaneously form an SEI upon submersion

in the electrolyte, due to its exceptionally negative standard reduction potential.'**

The various decomposition products that make up the SEI layer on lithium are dictated by the
electrolyte used in the cell. Ether-based solvents such as 1,3-dioxolane and dimethyl ether containing
lithium salts such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and lithium nitrate are
typically utilized in lithium-sulfur battery research. Decomposition products are a mixture of inorganic
and organic lithium salts, including ROCO,Li, ROLi, Li,COs, LiOH, Li»O, LiF, Li3N, and oligomers
of polydioxolane.!** X-ray photoelectron spectroscopy (XPS) studies have shown that the
decomposition products in an inner, compact layer closest to the anode surface consist mainly of
inorganic lithium salts with low oxidation states, such as Li,O, Li;N, LiF and lithiated carbon species.'**
The outer side of the SEI layer is porous and consists mainly of organic lithium salts, such as ROCOLi,
ROLi, LiOH, RCOO:Li, and polydioxolane oligomers.'** These oligomers are formed from the
decomposition of 1,3-dioxolane with lithium metal, and are elastomeric in nature, enabling reduced

breakage of the flexible SEI layer during cycling in comparison to other electrolytes.'3*

2.10.3 Electrolyte Modifications

One major research direction in overcoming the challenges of lithium anodes is the use of a solid-state
electrolyte (SSE). Various types of SSEs have been investigated, including ceramics, such as oxide and
sulfide-based lithium compounds, as well as solid and gel polymer-based systems.!*> These systems are
attractive as they eliminate many of the hazards of organic electrolytes, such as flammability and low
flash point, and eradicate polysulfide shuttling.!*> Solid state electrolytes are especially appealing for
lithium metal batteries. In 2005, Monroe and Newman predicted that a solid electrolyte with a shear
modulus approximately twice that of lithium metal could suppress dendrite formation.'*® However,
despite these advantages, solid state electrolytes remain far from full cell implementation, as most suffer
from low room-temperature lithium ion conductivities and exhibit poor interfacial contact and

stability.'%

Another strategy in implementing lithium metal anodes involves tailoring the electrolyte composition
through various additives to form a more chemically stable, ionically conductive, mechanically robust,
and homogenous solid electrolyte interphase. This includes the use of different lithium salts as the main
ion source in the electrolyte, including LiAsFs, LiPFs, and LiTFSI, as well as different electrolyte

128 polyphosphoric acid,'?” Li»Se and P»Ss mixtures,'*® indium halide
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salts'*? or In(TFSI); % and cesium or rubidium ions,'*' among others. “Solvent in salt” systems using
extremely high lithium salt concentrations have also been explored'** but remain impractical as the
large quantities of the lithium salts utilized are typically prohibitively expensive. While the use of
electrolyte additives is a scalable and simple approach to improve the structure and stability of the SEI
layer, the additives are typically expensive or not commercially available, and results in full cells —
particularly lithium-sulfur cells — are limited. In addition, due to their limited concentration, additives

are typically fully consumed during cell cycling, minimizing the overall efficacy of this strategy.

2.10.4 Protective Films

As tailoring of the SEI layer with electrolyte additives has yet to address many of the fundamental
challenges facing lithium anodes, much research attention has focused on ex situ methods to implement
artificial SEI layers. These layers, like an ideal SEI, should be mechanically robust, chemically stable

against lithium metal, and possess high lithium-ion conductivity.

Ex situ approaches can enable uniform coatings of a single, homogeneous lithium salt. One method
to prepare these coatings is a vapour phase deposition method, which can enable conformal and pinhole-
free coatings. This method has been used to prepare coatings of LisN by exposing fresh lithium metal
to a nitrogen atmosphere,'** as well as lithium fluoride coatings using freon gas as the fluoride source.!*
Both coatings improved cycle life of symmetric cells, but the coulombic efficiency of LizN-coated
lithium cells remained low, at 92%.'** For LiF-coated cells, fluorine-containing additives further
improved cycling performance, indicating that the LiF layer still forms cracks and pinholes during long-

term cycling.'#

One of the benefits of ex-situ coatings is that a wide variety of different materials can be used to
prepare protective layers, rather than purely lithium salts. Other inorganic materials, such as Al,Os,
have been utilized through a direct spin-coating approach on lithium foil.'*> Additionally, a variety of
polymer layers have been utilized, including polydimethylsiloxane'*¢ and copolymers of PEDOT-co-
PEO.'*” Much attention has also focused on utilizing atomic layer deposition (ALD), molecular layer
deposition (MLD) and vapor phase methods to develop hybrid organic-inorganic coatings, such as
alucone layers,'*® composite lithium silicate and mercaptopropyl group coatings,'* and bilayers of
ceramic lithium-ion conductor lithium phosphorus oxy-nitride (LIPON) and an elastomer developed
from cycling the lithium anode in a dioxolane electrolyte.'*® While these methods show improvement

in cycling stability, increases in cell resistance are still observed during cycling even though fairly low
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current densities and charging rates are utilized for testing. Additionally, costly, low-throughput
methods such as ALD and MLD are impractical for widespread battery fabrication. Other hybrid
methods involve mixing organic and inorganic species together and coating using a traditional method.
Various mixtures such as TiO, in Nafion have proven successful,'! but the lithium transport through
these films is limited by the degree of mixing. If an inhomogeneous mixing of the inorganic filler is
obtained, lithium transport through the film will also be inhomogeneous, resulting in higher localized

current densities.

Another direction of ex-situ film research focuses on carbonaceous coatings. Carbon materials are
lightweight, easily prepared from a variety of precursors, and their ability to easily intercalate lithium
ions at a variety of rates is the backbone of the success of lithium-ion cells. One of the seminal papers
in this area came from Yi Cui’s group, who utilized a hollow carbon nanosphere film prepared from
the flash evaporation of carbon fibers onto self-assembled polystyrene nanoparticles.'*? This film could
be utilized directly on copper substrates or the film could be etched from the copper surface and
transferred onto lithium metal.”>?> Another study from the same group utilized 2D materials such as
graphene prepared via chemical vapor deposition onto copper substrates as a protective coating.'>® Still
other approaches have utilized films prepared from carbon-coated electrospun polymer fibers'** and
carbon paper interlayers'>® as protective layers. A final novel approach utilized a graphite-lithium metal
hybrid anode, which enabled lithium ions to intercalate into the graphite layer before reaching the
lithium surface, creating a stable SEI on the graphite surface rather than the lithium.'*¢ A lithium-sulfur
cell prepared from this design maintained a capacity above 800 mAh/g after 400 cycles at 1C, sustaining
a coulombic efficiency of over 99%.!%® While these approaches are promising, all of these carbon layers
are porous in nature, and cannot fully block the electrolyte from reaching the lithium surface, and
therefore an unstable, heterogeneous, and fragile SEI layer will still form and be broken during cycling.
Thus, the benefits of these layers lie mainly in mechanically suppressing dendrites rather than being
impermeable, electrolyte-blocking and protective. Furthermore, the fabrication of thin, robust, ex-situ
carbon films is challenging. Most critically, controlling the location of lithium plating with a carbon
coating remains an unsolved issue. For a carbon coating to be effective, lithium ions must move through
it and undergo deposition by nucleation and growth beneath it, rather than on the electronically
conductive carbon surface. This is challenging since solid-state diffusion through the carbon film can
be rate-limiting and promote nucleation on the carbon surface. While innovative approaches have been

taken to deal with this, such as using evaporated carbon with a relatively electrically insulating
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surface'*? and by connecting a graphite electrode in parallel with the lithium anode,'>® this remains a
Y g a grap p

fundamental challenge with all carbon-based artificial SEI layers.

2.10.5 3D Current Collectors and Host Structures

Both in situ and ex situ films can provide significant advances in suppressing dendrite growth,
nucleating and growing smooth morphologies of lithium metal, controlling lithium-ion diffusion, and
forming stable, mechanically robust interfaces. However, despite these advances, the exceptionally
large volume change of the lithium metal anode during cycling remains a critical issue and leads to
some breakage of even the most robust films. Consequently, a great deal of research has focused on
designing three-dimensional porous structures that can adequately host lithium metal, as this is the only
strategy that can mitigate the overall volume change of the electrode and prevent breakage of the SEI

layer.

This can either be done by using a 3D current collector or a host structure. Both consist of porous,
conductive scaffolds for lithium metal deposition. However, 3D current collectors are unsealed — the
deposited lithium metal is still exposed to electrolyte, and SEI will still form, though the mitigation of
the lithium volume change may prevent breakage of the SEI layer. An ideal host structure would possess
void space for lithium to deposit, but would be sealed from the electrolyte, preventing the formation of
the SEI layer on lithium metal directly. While some hollow structures have been developed, in practice,
fully sealing the host structure from a liquid electrolyte is exceedingly challenging, and most host
structures to date involve some exposure of the lithium metal to the electrolyte. As such, we will refer

to all of these porous scaffolds as lithium metal hosts.

A variety of materials can be utilized as a 3D current collector or host for lithium metal. One of the
simplest approaches to introduce 3D void space is the use of a porous copper mesh as a current collector,
rather than the conventional copper foil.!*” Lithium-silicon host composites have also been designed by
reacting SiO with an overstoichiometric amount of lithium, resulting in a Li,Si—Li>O host.'>® However,
carbonaceous materials make up the largest body of lithium host research. Carbon-based hosts are
extremely promising due to their high electrical conductivity and lightweight nature, as well as their
ability to transport lithium ions in the solid state. A variety of carbonaceous lithium hosts have been
explored. Lin et al. utilized a spark reaction between graphene oxide and molten lithium to form a
layered reduced graphene oxide/lithium anode that maintains 3390 mAh/g capacity and retains

approximately 1.16 and 14 times greater capacity than lithium foil in a Li/LiCoO; cell at 4C and 10C
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respectively.!” Graphene foams have also been utilized as three-dimensional scaffolds for lithium
metal, due to their large surface area and flexibility.'®® Symmetric cells prepared from these host
structures exhibit stable cycling for over 2000 cycles at 10 mA/cm?, but only for low amounts of lithium
plated, at 0.5 mAh/cm?.'® Xie. et al. utilized hollow carbon nanospheres as a lithium host, with an
ALD-deposited alumina layer to both fill small pores in the carbon nanospheres, and mechanically
induce lithium plating within the nanospheres, and not on their surfaces.'®! Symmetric cells maintained
an average 99% coulombic efficiency at 0.5 mA/cm? for over 500 cycles.'®! Still other carbon materials
165,166

including mesoporous carbon,'®? hard carbon,'®> MOF-derived porous carbon,!®* carbon fibers,

and carbon nanotube/carbon fiber composites'®” have also been explored as host materials.

While these carbon hosts have been promising, many require complex fabrication steps, such as
utilizing molten lithium,'*® hydrofluoric acid etching,'®! or costly, low throughput ALD methods. ¢!
Additionally, few report results in full cells (without significantly excess lithium and electrolyte), and

especially in lithium-sulfur cells, indicating that a dire need exists for further research in this field.

Yi et al. addressed some of these challenges in the only study to date to investigate the use of LIG as
a lithium metal host.'®® By selectively lasing copper foil covered with PI tape, they fabricated 3D PI
pillars, coated with LIG, as seen in Figure 2.11.'® This unique architecture exhibited a higher cycle
life than both conventional LIG films and copper at a range of current densities.'®® Moreover, it
demonstrated less than 10% capacity loss after 250 cycles at 1C when assembled in a full cell, with a

high loading (15 mg/cm?) lithium iron phosphate cathode.'®®

While this study illustrates the potential
of LIG as a host material, it is only the first to date, and thus further study into optimizing the properties

of the LIG as a lithium nucleation substrate and porous host is needed.

43



Figure 2.11: Lithium deposition characteristics in LIG host. a) Illustration of the mode of lithium nucleation
and growth in LIG host. SEM of Li deposited in LIG host with a specific capacity of b) 0, ¢) 0.5, d) 2, e) 5, and
) 10 mAh/cm? at the current density of 1 mA/cm?. The white box indicates the position of the PI pillar. Figure
and caption adapted from '%® with permission from John Wiley and Sons.

2.10.6 Lithium Host Design

Critically, while many promising host structures have been demonstrated, little fundamental work has
been done on host structure and material design. Host materials should be electronically conductive,
lightweight so as to introduce as little electrochemically inactive mass as possible, possess void space
for lithium deposition, and be lithiophilic. The lithiophilicity of a material is a measure of how well
lithium metal deposits on or wets a material. This is a term frequently used in lithium metal anode
research, but is challenging to quantitatively measure. The lithiophilicity of a material can be visualized
by examining the contact angle of molten lithium on a substrate, as seen in Figure 2.12. Due to the
challenges associated with performing this measurement in a glovebox above the melting point of
lithium metal (~180 °C), this is typically done qualitatively (i.e. by assessing if the contact angle is low
or high, without numerical measurement), where low contact angles of lithium indicate a lithiophilic

material, while high contact angles indicate a lithiophobic material.
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CNT film C fiber meso-C on Cu C nanofiber rGO film

Figure 2.12: Lithiophilicity of various carbon materials, as indicated by molten lithium wetting on a,f) CNT
film, b,g) carbon fiber, ¢,h) mesoporous carbon, d,i) carbon nanofiber, and e,j) rGO film. The rGO film is
lithiophilic while the other carbon materials are lithiophobic. Figure and caption adapted from '* with
permission from Springer Nature.

The importance of the lithiophilicity of the lithium host can be further elucidated by considering the
electrochemical nucleation of lithium on a surface via classical nucleation theory. Classically,
nucleation is controlled by the decrease in free energy associated with forming a new phase, which is
the driving force of the nucleation process, and the increase in surface energy from the formation of a

new interface, which controls the thermodynamic nucleation barrier.!'*

For homogeneous nucleation of a spherical nucleus, the Gibbs free energy change as a function of

the nucleus radius, r, is:'"°
AGnom = —57r3AG, + 4mr2y g 2.27)

where y;  is the surface energy of, in this case, the lithium-electrolyte interface and AG, is the free
energy change per volume, which for electrodeposition is related to the magnitude of the deposition

overpotential, 7,:'7°

AG, =21 (2.28)

where F is Faraday’s constant and 1}, is the molar volume of lithium. An overpotential (1) is the

potential difference between the non-equilibrium and equilibrium potential for a redox event:

n= Enon—equilibrium — Lequilibrium (2~29)
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Increasing the magnitude of the overpotential effectively lowers the nucleation energy barrier, by
changing the electrochemical supersaturation at the working electrode.'” For heterogeneous
nucleation, the nucleation barrier is lowered compared to homogeneous nucleation, via the

multiplication of a factor related to the contact angle, 6:'"!

AGper = f(0)AGrom (2.30)
where

£(6) = 2-3 cosj+cos39 231
and where the contact angle, 0, is defined as:'"!

cos g = HEEL (2.32)

where ysp and yg; are the surface and interfacial energies of the substrate-electrolyte and substrate-
lithium interfaces respectively. Changes in the lithium nucleation substrate will affect both ygz and y; .
Choosing an effectively lithiophilic material will lower the substrate-lithium interfacial energy,
lowering the contact angle and thus the nucleation barrier. While lithium electrodeposition is much
more complex in practice, and deviates from classical nucleation behaviour in many ways, including
the presence of the SEI layer and the formation of deposits of varying morphologies,'’ these general

principles still guide lithium host design.

As measuring the molten lithium contact angle is experimentally challenging, Yan et al.
demonstrated that a more quantitative and direct measure of lithiophilicity is the overpotential for
lithium nucleation on a material.!”> When lithium is galvanostatically plated on a substrate, the voltage
profile follows a shape similar to that seen in Figure 2.13a), where below 0 V vs. Li/Li*, there is an
initial dip in the voltage profile, associated with lithium nucleation, before it plateaus at a voltage
slightly below zero as the lithium nuclei steadily grow in size. The voltage difference between the
bottom of this initial dip and the voltage plateau is thus the lithium nucleation overpotential, #nuc, while
the voltage difference between the voltage plateau and 0 V is the lithium deposition overpotential, #74cp.
Thus, measurement of the magnitude of the lithium nucleation overpotential provides direct insight into

the magnitude of the lithium nucleation barrier on different materials.

Yan et al. electrochemically plated lithium metal on a range of different metallic substrates and

observed dramatically different overpotentials for lithium nucleation, depending on the material, as
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seen in Figure 2.13.'” For example, a significant overpotential for lithium nucleation is observed on
copper substrates (~40 mV at 10 uA/cm?), the commonly employed lithium anode current collector.!”
However, nearly zero overpotential is observed on gold.'”” The overpotential for this heterogenous
nucleation of lithium onto another solid surface is dependent on the interfacial energy between lithium
metal and the substrate, which in turn is increased by a mismatch of the crystal structures of lithium
and the solid substrate.!” In the cases of both copper and gold however, a crystal structure mismatch
occurs with lithium metal (both are FCC crystals, while lithium is BCC).!”> However, the phase
diagrams of lithium/copper and lithium/gold reveal that while no stable alloys or mixed phases of
lithium and copper form, several alloys of lithium and gold exist.!”® Notably, at an atomic ratio of
lithium of nearly 100%, gold exhibits some limited solubility in lithium.!”® This solid solution enables
the deposition of lithium metal on gold with effectively zero overpotential. Similarly, a range of
different overpotential behaviour is observed on other conductive substrates, including Pt, Al, Mg, Zn,
Ag, Si, Sn, Ni and C.'” This lithiophilic behaviour of gold is exploited to prepared hollow carbon shells
that contain gold nanoparticles as a lithium host, and lithium is found to preferentially deposit on the
gold within the shells, rather than on the surface.'”” This demonstrates that the development of a
lithiophilic host material with a low lithium nucleation overpotential is critical to control lithium
deposition. Indeed, since this seminal work, the addition of lithiophilic materials such as gold, silver,
and zinc oxide into host materials in order to control lithium nucleation and growth has been widely

employed in the field.'*'"’

It is worth noting at this point that the lithium nucleation process is very complicated and influenced
by both kinetics and thermodynamics. Lithium ions are driven to the electrode surface via an electric
field, concentration gradient, and electrostatic interactions with electronegative sites on the electrode.'®
They bind to electronegative sites on the electrode surface, and following adsorption, are reduced to
form lithium metal via electron transfer.'® Consequently, the experimentally measured lithium
nucleation overpotential has contributions from many processes: charge transfer, mass transport,
chemical reaction, and crystallization.!’>!”® While Yan et al. utilize low plating current densities and
thus assume that the overpotentials they measure are purely controlled by the thermodynamic
differences in the nucleation process on different substrates, in practice, kinetics and mass transport

may also contribute.
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Figure 2.13: Overpotential for lithium deposition on different substrates. a) Voltage profile of galvanostatic Li
deposition on a copper substrate at 10 nA/cm?. Ewg refers to the potential of the working electrode. A clear
overpotential was observed, as circled by the dashed line. The inset shows a schematic mechanism of Li
nucleation, which explains the extra energy involved. b) Voltage profile of galvanostatic Li deposition on a gold
substrate at 10 pA/cm?. As indicated by the dashed circle, no overpotential was observed at the onset of Li
metal plating. The inset shows a schematic of how the solid solution buffer layer of Au dissolved in Li reduces
the nucleation energy. c¢) Phase diagrams of lithium with copper (top) and gold (bottom). The region where Au
dissolved in Li is circled by the dashed line. L refers to liquid, whereas (Li)rt means lithium metal phase at
room temperature. d,e) Voltage profiles of various materials during lithium deposition. Figure and caption
adapted from !7® with permission from Springer Nature.
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Nonetheless, the use of costly gold or silver nanoparticles is not practical for large-scale battery
fabrication. Moreover, as previously discussed, nearly all host materials used for lithium metal to date
are carbon-based due to their inexpensive, lightweight, and conductive nature. Thus, controlling the
lithiophilicity of carbonaceous hosts directly is key to designing lithium host materials. This could
potentially be done via doping of the carbon with different functional groups and heteroatoms that could
significantly alter the surface chemistry of the material. A key parameter that defines the lithiophilicity
of a surface is the strength of the electrostatic interaction between a lithium ion and an electronegative
group on the material surface. Chen et al. computationally investigated the lithiophilicity of heteroatom
doped-graphene by calculating the binding energy of lithium to various functional groups on the
graphene surface.!® As seen in Figure 2.14, many of these groups possess more negative binding
energies with lithium than pristine graphene (G), indicating that heteroatom doping is one strategy to
create a lithiophilic host material.'®® Notably, the dopants that result in the strongest binding energies
include B, P, N, S, and O, though for N, S, and O, this is dependent on the specific functional group
formed.'® However, this is one of the only studies to date on the effect of doping on a carbon material’s
lithiophilicity, and it is mainly computational in nature, with only one experimental proof-of-concept
included. More fundamental studies on the overpotential of lithium nucleation on different carbon

materials would be invaluable in designing improved lithium metal hosts.

49



1 | |
= N w
(2] B N
T T T

Binding energy (eV)

|
e
(-]

T

0.0

bgB egB oB bgNegqgN rN pN cO eO hO kO aO F CI Br | P S oS G

Figure 2.14: Summary of computationally calculated binding energies for different heteratom-containing
functional groups on graphene. a) Heteroatom-doped graphene model. b) Pristine graphene model. ¢) Summary
of binding energies for different functional groups. G denotes pristine graphene. Adapted from '* with
permission from AAAS under a Creative Commons Attribution-Non-Commercial license.

2.11 Sulfur Cathode

Sulfur possesses the highest theoretical capacity for any solid cathode material.»!'” This stems from the
combination of both its relatively low molecular weight, and the fact that each sulfur atom can react
with two lithium ions.®> Beyond its high capacity, sulfur is the tenth most abundant element in the
universe® and is also a common byproduct of the fossil fuel industry, making it extremely cheap.®
Additionally, its non-toxicity and low melting point can be an added benefit in manufacturing cathodes
in simple, green, and energy-efficient methods.> These combined factors make sulfur a compelling
replacement for current lithium-ion battery cathodes, which contain toxic, expensive, and rare transition

metals.

However, since initial work on sulfur cathodes in the 1960s, many challenges have limited their
widespread implementation. The first critical issue is that sulfur and its final discharge product, Li»S,

are electrically insulating, with a room temperature conductivity of 5 x 107° S/cm.! This necessitates
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the addition of high surface area conductive material into the cathode in order for charge transfer
processes to occur, adding inactive mass and limiting the fraction of active material in the cathode.>**
A second key issue is the formation of soluble polysulfide species during the charging and discharging
processes, which results in “the shuttle effect”, in which these species migrate out of the cathode and

can react with the lithium anode to form insoluble Li,S at the anode surface.”

Another challenge of the sulfur cathode is its effective volume change during cycling. As sulfur
cathodes take in two lithium ions per sulfur atom, they undergo an approximately 180% volume
change.,® which is enormous compared to typical lithium ion cathodes, which undergo a nearly 0%
volume change.!®! This volume change can lead to mechanical failure of the cathode if it is unable to
accommodate it. Finally, sulfur cathodes cannot be employed with the carbonate-based electrolytes
typically used for lithium-ion batteries, as soluble polysulfides react immediately and irreversibly with
these solvents.'?” This necessitates the use of ether-based electrolytes, which possess high vapor

pressures, posing challenges for vacuum-based processing and flammability concerns.?

2.11.1 Conductive Additives for Sulfur Cathodes

Due to the intrinsically low conductivity of sulfur and Li,S, various conductive additives have been
explored to facilitate charge transport within sulfur cathodes. These additives should possess a high
electrical conductivity, high specific surface area, and be lightweight, so as to limit the mass of inactive
additives within the cathode. While many different types of additives have been explored, including

conductive polymers,'s? metal foams,'®* and metal organic frameworks, '

most cathode designs utilize
carbon-based materials, due to their high specific surface areas, low density, high conductivity, and low
cost, enabling good rate performance with low carbon loadings.®° Furthermore, a wide array of high
surface area carbon materials can be synthesized, with tunable surface chemistry and porosity,

185

including mesoporous carbon materials,'®> carbon nanotubes,®¢ activated carbons,'®’ carbon fibers,'3®

180

carbon blacks, ®” and graphene-based materials.

Among these carbon materials, great attention has been placed on the use of graphene as a conductive
scaffold, as it possesses extremely high electrical conductivity and exceptional specific surface area
(theoretical SSA of 2630 m*/g).® Furthermore, due to its monolayer structure, graphene sheets possess
superior mechanical properties and flexibility, which are important to accommodate volume changes
during cycling,® making graphene an ideal candidate material to provide a lightweight conductive

scaffold for sulfur cathodes.
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The solubility of intermediate polysulfides in the Li-S electrolyte leads to redistribution of sulfur

189-191

during cycling which is why understanding and optimizing processes to achieve highly intimate
mixing of sulfur and carbon filler have not garnered much attention in the research community.
However, the development of strategies to uniformly coat carbon materials with sulfur remains critical,
as large insulating sulfur particles are not fully electrochemically converted during cycling, leading to
low sulfur utilization and poor capacity.'? Similarly, one key failure mode of sulfur cathodes is their
mechanical degradation due to the large volume change of the cathode during charge and discharge
(80%), which leads to pulverization and loss of electrical contact.'>"'> The uniform distribution of
sulfur in the cathode is critical to ensure that the mechanical stress caused by the volume change during
cycling is well-distributed about the cathode. This is critical for maintaining mechanical integrity of the
cathode, particularly for increased sulfur loadings, which are essential to achieve high energy densities.
Furthermore, as the field moves toward the use of solid state electrolytes, in which polysulfides remain

135193196198 the redistribution of sulfur cannot be relied upon for high performance,

insoluble,
necessitating the development of simple, cost-effective and scalable approaches for the fabrication of

well-distributed sulfur/carbon composites.

Several methods have been established to mix insulating sulfur intimately with conductive additives,
as seen in Figure 2.15.° The simplest and most common approach is melt imbibition, in which sulfur
is melted at ~160 °C and subsequently coats the solid carbonaceous material while in the liquid
state. 83199201 Though effective, melt imbibition is time-consuming, hard to control, energy intensive,
and often requires post-treatments to improve sulfur distribution and remove large insulating
aggregates.” Furthermore, the melt imbibition approach is only suitable for carbonaceous materials
which possess a well-defined internal porosity, such as mesoporous carbon.’ Various other methods
can be utilized, including mechanical mixing of carbon and sulfur, as well as vapor phase infiltration
of gaseous sulfur into the pores of the carbonaceous material.” However, all of these traditional forms
of sulfur-carbon composite formation involve mixing sulfur with a solid carbon phase, which is
challenging when utilizing nanomaterials such as graphene, as the strong m — m interactions between
the graphene sheets will cause re-stacking and aggregation, limiting the exposed surface area during
the sulfur coating. Thus, to fully enable the use of these materials, the development of feasible solution-
based processing routes where the carbonaceous nanomaterial is coated while in a de-aggregated and

dispersed state is essential.
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Figure 2.15: Different methods for preparing carbon/sulfur composites. Figure and caption adapted from ° with
permission from John Wiley and Sons.

Several solution-based methods have been investigated for the purpose of coating graphene and other
carbonaceous nanomaterials with sulfur, but all are fraught with limitations. Sulfur is insoluble in water
and most organic solvents, and thus, many solution-based approaches involve dissolving sulfur in
CS,,222% which is highly toxic and impractical for large-scale synthesis.” Other approaches look at
forming sulfur in situ from hydrophilic sulfur sols. These strategies utilize a sulfur precursor, which
undergoes a chemical reaction in dispersion with the carbonaceous material to produce sulfur
microparticles known as sols. Evers et al. demonstrated the use of this approach by mixing sodium
polysulfides (Na,Sx) with a dispersion of graphene oxide (GO) and 5% HCI, where the polysulfides
were oxidized in situ to produce sulfur particles wrapped with slightly reduced graphene oxide.?** While
composites with sulfur content as high as 87% were prepared with this one-pot approach, the particles
were micron-sized, leading to limited capacity. Zu et al. utilized a similar approach to prepare sulfur
particles from sodium thiosulfate (Na»S,03) precursors in dispersion with hydroxylated graphene
nanosheets, achieving high initial capacities of 1277 mAh/g at C/2, although the specific areal sulfur

d 205

loading was not reported.*”> Other studies have employed similar strategies, using precursors such as

Li,Ss* and other polysulfides,?’” as well as sulfur-amine chemistry, in which sulfur nanoparticles can
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be formed from the decomposition of complexes of sulfur and amines such as ethylenediamine

(EDA) 193,208,209

While these approaches have enabled solution-based processing of graphene/sulfur nanocomposites,
they all utilize hydrophilic sulfur sols, in which the sulfur particles are prepared in situ from chemical
precursors, which are typically much more costly than inexpensive elemental sulfur. Furthermore,
hydrophilic sols possess unreacted sulfur precursor and electrochemically inactive groups at the surface

210211 wwhich remain present in the final active material and may result in side

of the sulfur particles,
reactions resulting in limited faradaic efficiency and capacity loss. Despite the large amount of research
on this topic, a need remains for simple, green and cost-effective methods to effectively and directly

coat carbonaceous materials with elemental sulfur in uniform, thin, and conformal coatings.

212213 remain largely unexplored

Conversely, hydrophobic sulfur sols, also known as Weimarn sols,
for applications in sulfur cathode preparation. Weimarn sols are prepared via the dissolution of sulfur
in a suitable water-miscible organic solvent, followed by the rapid addition of this solution into a large
volume of water.?!’ The extremely low solubility of sulfur in water (5 x 10 g/L at 25°C) produces
submicron sulfur particles, which have been shown to consist of liquid or amorphous sulfur.?!® This
approach is simpler, scalable and utilizes elemental sulfur and aqueous processing, making it an
attractive alternative to hydrophilic sol-based processing methods for the fabrication of high
performance sulfur cathodes. Recent work from our group demonstrated the use of these hydrophobic
sulfur sols to prepare sulfur cathodes by trapping of sol particles within a network of GO and
polyethyleneimine (PEI), followed by a hydrothermal step to both reduce the GO and melt the sulfur
particles for improved distribution, as seen in Figure 2.16, resulting in practical energy densities of
>400 Wh/kg.*'* While demonstrating the simplicity and promise of hydrophobic sulfur sols, this
approach merely trapped the sols in solution, and relied on a secondary heat treatment to enable better
coating of the carbon materials with sulfur. Furthermore, the reduced graphene oxide (rGO) used in
this method is prepared via a low temperature heat treatment, resulting in a carbon material with many
remaining oxygen-containing functional groups and poor conductivity. Further fundamental studies on
the interaction of these unexplored hydrophobic sulfur sols with carbon and graphene-based materials
are critical to develop aqueous processes in which carbon nanomaterials can be coated with sulfur in

dispersion.
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Figure 2.16: Schematic of the synthesis of PEI-rGO/S composite starting from the GO suspension followed by
the addition of dissolved sulfur in DMSO to form a hydrophobic sulfur sol, followed by modification with PEI
and its hydrothermal treatment along with the digital images of these steps of the synthesis. Figure and caption
adapted from 2!* with permission from John Wiley and Sons.

2.11.2 Polysulfide Scavengers and Blocking Agents

Beyond the insulating nature of sulfur and Li,S, the other significant challenge impeding sulfur
cathodes is the dissolution of intermediate polysulfide species during charge and discharge. During the
discharge process of a lithium-sulfur cell, elemental sulfur in the form of Sg is first converted to long-
chain polysulfides such as Li,Ss and Li>Se, which are then converted into shorter polysulfides such as
Li»Ss and Li,S,, and finally to Li,S, as seen in Figure 2.17.> These polysulfide species are soluble in
the ether-based electrolytes utilized in lithium-sulfur cells, and thus redistribution of the sulfur species
occurs within the cathode during cycling.’ Because sulfur itself is not ionically conductive, it is critical
that the sulfur species in the cathode are accessible to the electrolyte of the cell for the electrochemical
reactions to proceed; however, this enables migration of the soluble polysulfides out of the cathode.?
These species can then diffuse towards the lithium anode, at which they irreversibly reduce to form

Li,S, resulting in permanent capacity fade.'
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Figure 2.17: Charging and discharging voltage profile for a lithium-sulfur cell, illustrating the formation of
intermediate polysulfides. Figure and caption adapted from * with permission from John Wiley and Sons.
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Two overall approaches are typically utilized in order to prevent polysulfide migration. The first
involves modifying the battery separator with species that can either interact strongly with and trap

polysulfide species, or with coatings that limit the diffusion of the polysulfide species through the
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separator.?'> While this approach has demonstrated improvements in cycle life, it does not solve the
fundamental issue of the migration of polysulfides out of the heart of the cathode, and instead merely
traps them at the cathode surface. The second strategy involves modifying the cathode itself with
additives that interact with polysulfide species, preventing their migration out of the cathode. A variety
of additives can be used for this purpose, but polymers are commonly employed, as they can also act
as an adhesive and flexible binder for the electrode, which can be critical to enable its large volume
change. A wide variety of polymers containing polar heteroatoms such as oxygen and nitrogen have
been employed to interact with and trap polysulfides through either hydrogen bonding or polar-polar
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interactions,  including  polypyrrole, polyethyleneimine ~ (PEI),?*  polydopamine,?’

8 and poly(ethylene oxide) (PEO),'®> among others. As discussed earlier,

polyvinylpyrrolidone,?!
previous work from our group demonstrated that cathodes prepared from sulfur composites with rGO
and PEI could be prepared with high energy densities. Importantly, the inclusion of PEI also limited
polysulfide shuttling, and enabled excellent cycle life, with 0.028% capacity loss per cycle over 810
cycles at 0.75C, indicating that this is a promising strategy to overcome the polysulfide shuttling

challenge.?'

2.12 Research Objectives

The overarching objective of this thesis is to develop graphene-based electrodes for supercapacitors
and next-generation batteries via advanced and sustainable fabrication methods. This work has value
for both fundamental science and device engineering, as it will explore fundamental mechanistic
studies, including the formation of LIG from different precursors and the nucleation of active materials
such as lithium and sulfur onto graphene, as well as focusing on fabricating devices with improved

capacitance, capacity, and energy density.
The specific objectives are as follows:
1. Develop a new, biomass-derived carbon precursor for the fabrication of LIG-based electrodes.

2. Improve the surface area and areal capacitance of LIG traces via the implementation of precursor

additives.

3. Develop strategies to introduce heteroatom dopants into LIG in order to improve lithiophilicity

for controlled lithium plating for lithium metal anodes.
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4. Develop a method to better couple elemental sulfur with graphene through aqueous solution

processing.

2.13 Thesis Outline

This thesis is organized into seven chapters. The previous chapter, Chapter 1, provides an
introduction to the thesis and motivation for the work. The present chapter, Chapter 2, provides a
comprehensive literature review of batteries, supercapacitors, performance metrics, and graphene
electrodes. Chapter 3 focuses on the formation of LIG from PFA, a biomass-derived sustainable resin
which has never previously been studied as an LIG precursor, as well as the use of GO as a
carbonization aid, and the development of PFA/GO-derived LIG supercapacitors. Chapter 4 focuses on
the development of LIG supercapacitors from composites of PFA and inexpensive, abundant sodium
salt microparticles which can simultaneously boost the LIG surface area via a templating effect and
dope the LIG formed with different heteroatoms depending on the salt employed. Following the
optimization of the surface area and surface chemistry of the LIG via studying its performance as a
supercapacitor, Chapter 5 focuses on the investigation of different LIG materials from Chapter 3 and
Chapter 4 as potential lithium metal anode hosts, by studying the nucleation of lithium metal on the
LIG surface. Chapter 6 focuses on the aqueous solution-based, room-temperature fabrication of
graphene/sulfur composites for high energy density sulfur cathodes. Finally, the conclusions of this
thesis and recommendations for future work are presented in Chapter 7. A schematic outline of the four

main projects discussed in Chapters 3, 4, 5, and 6 can be seen in Figure 2.18.

Laser-Induced Graphene Supercapacitors Graphene-based Lithium Sulfur Battery

(""" Chapter3: ) [ Chapter4: | (" Chapter5: (" Chapter6: |
: PFA/GO-based LIG ! : PFA/salt-based LIG : : LIG as Li Metal : 5 r_G_O_I§ 95t_hg¢!e_:
" supercapacitors ,' | supercapacitors | ' Anode Host | |

PFA Laser Induced
Precursor Graphene (LIG)

bt Nucleation and growth of
Lithium Anode  Sulfur Cathode sulfur on cag,ho"

Figure 2.18: Overall thesis outline schematic.
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Chapter 3:
Supercapacitors Fabricated via Laser-Induced Carbonization of
Biomass-Derived Poly(furfuryl alcohol)/Graphene Oxide

Composites

3.1 Introduction

As discussed in Chapter 2, the LIG method is promising for the simultaneous synthesis and
fabrication of graphene-based electrodes with high conductivity, surface area, and porosity. However,
thus far, high performance LIG formation has been effectively limited to Pl-based LIG, which is
prepared from petroleum and coal-based precursors. Moreover, the areal capacitance remains limited.
Consequently, a need exists for the fabrication of high-performance LIG from inexpensive, easily

processable, and sustainable precursors.

Poly(furfuryl alcohol) (PFA) is a thermosetting polymer resin and a common carbon precursor. Its
pyrolysis product has been utilized to prepare carbon materials for a wide array of applications,

including the first lithium-ion battery anode by Sony in 1990,¢2!? as well as glassy carbon MEMs, 2%

1 2

electrodes,?! and sensors,”” and carbonaceous membranes for water desalination’? and gas
separation.”?* While it self-polymerizes via a simple acid catalyzed polycondensation reaction, various
branching reactions lead to a highly crosslinked structure with aromatic rings, which is a common
feature of nearly all LIG precursors. Its chemical structure is similar to phenol-formaldehyde resins,
which have been previously utilized to form LIG-based supercapacitors, albeit with much lower
specific capacitances than P1.°>° However, unlike petroleum-based PF resin, PFA is also a sustainable
and green polymer. Its monomer, furfuryl alcohol (FA), is prepared from the hydrogenation of furfural,
which is easily prepared in large quantities from a variety of biomass waste derivatives, such as corn
cobs, rice hulls, bagasse, and wood.?>>**¢ As such, it is a compelling choice as a precursor for the

formation of LIG.

Notably, PFA has been widely used as a precursor to glassy carbon, rather than graphene. However,
for high performance LIG-based supercapacitors, it is not critical that the carbonaceous electrodes are
graphene-based. In fact, pristine graphene is a poor candidate as a supercapacitor material, as it is
limited by its low quantum capacitance.*® It has been shown by us®? and others??’2?® that defects and

functional groups similar to those on glassy carbon are beneficial for enhancing the area-specific
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capacitance. Glassy carbon is thought to be a more “metallic” form of carbon, as it has a higher density

of states near the Fermi level, and is not limited by these effects.”

The first paper on LIG from Lin et al. noted that the high capacitance of LIG prepared from PI was
aided by the polycrystalline nature of the LIG, which consists of grain boundaries made up of defects
such as five and seven-membered rings that enhance the “metallic” nature and charge storage
performance of the material.>* In fact, the best electrochemical performance reported for LIG devices
to date was for Pl-based devices that were plasma-treated to introduce further oxygen-containing
groups and defects to increase the hydrophilicity and wettability of the electrodes, further indicating

the benefits of defects on device performance.”’

Furthermore, the unique properties of glassy carbon, including high inertness and corrosion
resistance, excellent electrical conductivity, exceptional mechanical properties, and tunable surface
chemistry make it a superior material for a host of applications. It has been widely employed as a
chemically inert electrode for analytical electrochemistry, and its surface has been functionalized with
a variety of small molecules for use in sensors and biosensors. Its high conductivity and mechanical
properties have propelled its widespread use in MEMS devices,”* and, unlike graphite or graphene, it
is able to intercalate sodium ions, making it the most promising candidate for sodium-ion batteries to

date.?®

However, glassy carbon is commonly prepared from high temperature pyrolysis of crosslinked
polymers, which is a slow and energy-intensive process. Preparation of glassy carbon through direct
laser writing is a rapid and simple synthesis approach, and further enables patterning of complex
architectures, which has previously only been achieved through expensive and complex multi-step
lithography methods.??® The ease and speed of this approach would expand the application space of

glassy carbon, further motivating the investigation of laser-induced carbonization of PFA.

In this work, we investigate for the first time the laser-induced carbonization of PFA according to
the approach described in Figure 3.1. Surprisingly, while PFA typically exhibits a high carbon yield
under normal thermal processing in a furnace, under all laser conditions tried (varying powers,
defocusing, multiple lasing) no significant laser-induced carbonization could be achieved with our IR
laser. In an attempt to bypass this challenge, we explore the use of graphene oxide (GO) as an aid for
successful carbonization and LIG-formation. We demonstrate that the addition of loadings as low as 1

wt. % of GO to PFA enables its carbonization via an IR laser under ambient conditions to a porous,
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conductive material with properties similar to glassy carbon. As this material is prepared via the LIG

method, we will also refer to this material as LIG throughout, although its structure and properties are

more similar to a glassy carbon than graphene. Furthermore, we develop a novel strategy to utilize PFA

microspheres (WPFA), prepared from an emulsion polymerization approach, in order to increase the

surface area and porosity of the PFA/GO composite films, resulting in LIG microsupercapacitors

(MSCs) with high specific areal capacitances of 11.7 mF/cm? at 5 mV/s. This specific capacitance

increases to 14.5 mF/cm? after 11 days due to increased electrolyte wetting, outperforming current PI

and GO-based LIG MSCs prepared by similar methods. The devices reach a maximum capacitance of

16.0 mF/cm? at 0.05 mA/cm?, which is among the highest capacitances reported for LIG-based devices,

and also cycle stably for over 10,000 cycles with over 97% capacitance retention.
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Figure 3.1: Scheme of strategies to induce carbonization of PFA and to introduce further porosity through the
use of composites of PFA microspheres and GO. The interconnected and highly crosslinked nature of the PFA

chemical structure is not shown.
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3.2 Experimental Methods

3.2.1 GO Synthesis and Characterization

Graphene oxide synthesis was conducted according to Marcano et al.’s improved Hummer’s method, "
where 1 g of graphite flakes (Natural, 99.9%, -10 mesh, metal basis, Alfa-Aesar) and 6 g of potassium
permanganate (EMD Millipore), were stirred in a 9:1 mixture of sulfuric (98%, Sigma-Aldrich) and
phosphoric acid (85 wt.% in H,O, 97%, Sigma-Aldrich) for 16 h at 45 °C. After the oxidation process
the mixture was cooled and then slowly transferred to a beaker with 130 mL of deionized water placed
in an ice bath. Then approximately 5 mL of H.O, (30 wt.% in H,O, Sigma-Aldrich) was added until
the mixture changed color from purple to golden yellow. The final mixture was then washed two times
with 10% hydrochloric acid solution (ACS Reagent 37 wt.% in H,O, Sigma-Aldrich) followed by four
washes with ethanol, with each washing step followed by centrifugation (Thermo-IEC Centra-CL2)
conducted at 3500 rpm for 30 min. The final precipitate was dispersed in ethanol, resulting in a
dispersion of ~20-40 mg/mL. The elemental composition of the graphene oxide material was
determined by spray drying an aqueous dispersion (Buchi Mini Spray Dryer B-290), pressing the
material into a pellet, and using energy dispersive x-ray spectroscopy (EDS) on a Zeiss Leo 1530
scanning electron microscope operating with a 20 kV acceleration voltage. The graphene oxide
possessed an average C/O ratio of 2.06, with the elemental atomic composition of carbon: 66.5% =+
0.8%, oxygen: 32% + 1%, sulfur: 0.9% + 0.2%, chlorine: 0.13% =+ 0.02%, potassium: 0.09% = 0.03%,
sodium: 0.04% = 0.06%, phosphorus: 0.02% + 0.02%, and silicon: 0.02% = 0.03%.

Atomic force microscopy (AFM) of the graphene oxide sheets was conducted by spin-coating a
dispersion of 0.01 wt.% graphene oxide in ethanol on atomically flat muscovite mica substrates. AFM

images were obtained with a NP-STT10 tip (Bruker) and a Nanoscope MultiMode AFM (Veeco).

3.2.2 Preparation of PFA Resin Films With and Without GO

PFA resin was prepared via the acid-catalyzed polycondensation of furfuryl alcohol (FA). For samples
without GO, 25 mg of oxalic acid (99.5%, EMD) was dissolved in 5 mL of FA (98%, Sigma Aldrich),
and the mixture was polymerized at 70 °C for 21 hours, to form a viscous black liquid. Initial samples
of PFA resins with varying contents of GO, ranging from 0.1 wt.% to 1 wt.%, were prepared via the
mixing and ultrasonic dispersion of the corresponding amount of GO (from a ~20-40 mg/mL dispersion

of GO in ethanol) in FA with no oxalic acid. The samples were sonicated with an ultrasonic probe at
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60% power (BioLogics, Inc., Model 150 V/T Ultrasonic Homogenizer, 150 W) for 15 minutes in an
ice bath, and then allowed to react for 24 hours at room temperature. In order to shorten the reaction
time and improve the throughput of the process, samples were also prepared by mixing 1 wt.% GO
with FA and 0.75 wt.% oxalic acid, sonicating with an ultrasonic probe for 15 minutes at 60% power
in an ice bath, and polymerizing at 75 °C for 3 hours to form a viscous black liquid. Films were then
either drop-cast or spin-coated onto PET or glass substrates and allowed to solidify on a 75 °C hotplate

overnight.

3.2.3 Preparation of PFA Microspheres

The emulsion polymerization procedure was adapted from Yao et al.>*° 3 g of Pluronic F127 (Sigma-
Aldrich) was dissolved in 20 mL of'a 7:3 ratio (v/v) ethanol to water mixture. To this solution, 1.4 g of
37% HCI was dissolved as a catalyst for the polycondensation reaction. This solution was stirred for 5
min before adding 3 g of FA dropwise. The polymerization was carried out for 24 hours at room
temperature and pressure. Following this, approximately 11.9 mL of 9 M H,SO4 were added into the
polymer mixture in order to induce further crosslinking within each microsphere and prevent particle
aggregation. The mixture was then allowed to evaporate at 90 °C for one hour, resulting in a dark
brown, viscous dispersion. This was diluted with water and vacuum-filtered and the filter cake rinsed
with 100 mL DI water four times to remove any unreacted monomer, surfactant and acid. The filter

cake was left to dry under vacuum overnight.

3.2.4 Preparation of yPFA/GO Films

Dispersions of 12 mg/mL PFA microspheres and graphene oxide in ethanol were prepared, by
sonicating each for 15 minutes at 60% power in an ice bath. Then, the two dispersions were mixed in
the desired mass ratio (i.e. 2:3 PFA:GO) and sonicated for an additional 5 min. Approximately 1.2 mL
of the final dispersion was drop-cast onto 2.5 x 2.5 cm PET substrates, resulting in loadings of

approximately 2.2-2.3 mg/cm?.

3.2.5 Laser-Induced Carbonization and Electrode Assembly

To fabricate the microsupercapacitors, a CO; infrared laser machine (BossLaser 1416L - 50W) was

used to carbonize a selected area of the film. The pattern used (interdigitated finger) was designed in

RDWorks, v.8.0 (Fig. Al). The full device was composed of 28 fingers, 14 on each electrode, with

each finger being 1.5 cm in length and 350 um in width, with 450 um of space between each other.
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Images of a scribed device design can be seen in Figure 3.2. The active area of both electrodes for this
design is ~0.98 cm?. The power and speed settings utilized in scribing the devices were determined by
which conditions resulted in the lowest sheet resistance, with the effect of the laser power on sheet
resistance discussed in section 3.3. Sheet resistances were determined by laser scribing a rectangle of
6.07 mm x 2.70 mm and measuring the resistance with a two-probe measurement using a multimeter.
While this two-point measurement is not as accurate as a four-point probe measurement due to contact
resistances, it can still provide a comparative estimate between different materials. This characterization
was conducted every time that a device was prepared, as slight variations in the laser power are common

over time. The sheet resistance was calculated with the following formula:
Ry, =— (3.1)

In this equation R is the measured resistance, ¥ is the width of the scribed rectangle, and L is the length

of the scribed rectangle.

To assemble the MSC, the electrode area was coated with 230 mg of the electrolyte, which was
prepared by dissolving 1 g of polyvinyl alcohol (165 kDa molecular weight, hydrolyzed, 98%, Fisher
Scientific) in 5.2 mL concentrated phosphoric acid (85 wt.% in H,O, 97%, Sigma-Aldrich) and 10 mL
DI water at 85°C for 2 h, after which a gel was formed. The MSC was then assembled utilizing titanium
foil current collectors (Alfa Aesar, 0.5 mm thick, annealed, 99% metals basis) and a custom laser-cut
PMMA cell. Devices were tested 24 hours after electrolyte application to enable the gel-based
electrolyte to penetrate into the pores of the laser-scribed material. A representative illustration of the

steps is shown in Fig. A2.

3.2.6 Materials Characterization

Optical microscope images of the laser-scribed PFA films were obtained with a Leica DM2700M
microscope at 10x or 20x magnification, as indicated. ATR-FTIR spectroscopy of the PFA resin films
was conducted with a Bruker Tensor 27 Fourier-Transform Infrared Spectrometer with Pike attenuated
total reflectance (ATR) attachment possessing a ZnSe crystal. Thermogravimetric analysis (TGA) was
carried out utilizing a TA Instruments Q500 at a 20 °C/min ramp rate from 30 °C to 800 °C, under
nitrogen atmosphere, to best approximate the rapid heating of laser irradiation. To assess the differences
in the thermal diffusivity of the samples, TGA was also done at ramp rates of 5 °C/min and 10 °C/min.

The LIG material was examined using Raman spectroscopy using a Horiba Jobin-Yvon HR800 Raman
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system equipped with an Olympus BX 41 microscope with a 50 mW, 532 nm laser operating at 25%
laser power. Raman spectroscopy was carried out directly on a laser-scribed substrate for uPFA/GO
samples, but was done on LIG powder scraped off of the substrate for PFA/1% GO samples, in order
to eliminate any fluorescent background from remaining PFA beneath the carbonized trace. Raman
spectra of pyrolyzed PFA were obtained from either solidified PFA resin ground into a powder or uPFA
powder, by heating in a Carbolite Gero tube furnace under an argon environment at a ramp rate of 5
°C/min to a temperature of 700 °C, followed by heating at 700 °C for 2 hours. A minimum of 3 Raman
scans were performed on different areas of each sample in order to obtain a representative measurement.
The D and G peaks were fit with a Lorentzian and Breit-Wigner-Fano (BWF) fit,*! and the 2D peak
was fit with a Lorentzian fit. The In/ls and I¢/Ip ratios were calculated from the fitted peak heights or
intensities. Flammability testing was done on solid, free-standing pieces of PFA with 0% and 1% GO
prepared via polymerization within a PDMS mold, with dimensions 4 cm x 2.5 cm x 0.1 cm. Each
sample was ignited for 3 seconds with a butane torch possessing a flame height of 2 cm, positioned 1
cm away from the sample. Burn tests were carried out inside an acrylic box within a fumehood, to limit
the influence of air flow on the burning process. Scanning electron microscopy (SEM) to assess the
material morphology was done on cryogenically fractured cross-sections of both the polymer/GO films
and the LIG material, with a Zeiss Leo 1530 with energy dispersive X-ray spectroscopy (EDS)
operating at an acceleration voltage of 10 kV. X-ray photoelectron spectroscopy (Thermal Scientific
KAlpha XPS spectrometer, 150 eV) was carried out on LIG powders scraped off of films of polyimide
and pPFA/GO 2:3 composite. The spectra were fitted using CasaXPS software.

3.2.7 Electrochemical Characterization

The MSCs were tested at ambient conditions using a Biologic SP-300 potentiostat. Cyclic voltammetry
(CV) was conducted at 5, 10, 50, 100, 250 and 500 mV/s, with a voltage window of 0 — 1 V. The
specific areal capacitance based on CV measurement was calculated according to Eq. (3.2), where I,g
is the average current at the center of the voltage window of CV (i.e. at 0.5 V), v is the scan rate, and
A is the active area of both electrodes (~0.98 cm?). This calculation method was utilized in order to

avoid any contribution to the capacitance from the faradaic signal at the edges of the voltage window.

lay
Cov="r (3.2)
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Galvanostatic charge and discharge (GCD) curves were obtained at varying current densities, ranging
from 0.05 mA/cm? to 0.3 mA/cm?. Specific areal capacitances were calculated from the discharge

curves in GCD according to Eq. (3.3), where I, is the applied current and dV /dt is the slope of the

discharge curve.

_ _lappi
Coep = 3y ac a (3.3)

Electrochemical impedance spectroscopy (EIS) was carried out between 1 MHz to 1 Hz using a
sinusoidal perturbation of amplitude 10 mV at a constant 0 V DC. Long term cycling of the devices

was done at a single electrode current density of 0.3 mA/cm?.
3.3 Results and Discussion

3.3.1 Laser-Induced Carbonization of PFA Resin

As shown in Figure 3.2a), when a film of neat PFA resin was irradiated with an IR laser under ambient
conditions, only a brown, insulating decomposition product could be formed. A variety of different
laser conditions were examined, including varying the power from 4 W to 5 W (Fig. A3). At powers
below 4 W, no change in the material was observed, while the brown insulating product was formed in
power ranges of 4 W to 4.65 W. At higher powers than this, the PFA film appears fully ablated,
indicating that the PFA resin does not carbonize within this range of laser parameters, but rather directly
forms gaseous decomposition products. We also examined the strategy of multiple lasings!!’ to enable
carbonization and did form a black product after 10 scans at 4.5 W power and 1 mm/s scan speed (Fig.
A4), but only thin, disconnected lines of the black material were formed, and nearly all of the initial
polymer film appears ablated, resulting in an insulating film. We further explored using a defocusing
approach, as introduced by Chyan et al.,!'” to enable the carbonization of PFA. While a defocusing of
1.7 mm and a power of 4.65 W did result in the formation of a black material rather than the insulating
brown film (Fig. A5), nearly all of the initial polymer material again appears ablated. Supercapacitors
assembled from this material exhibit extremely noisy CV curves, with average currents in the nA range
at 500 mV/s (Fig. A6), indicating that the poor conductivity and significant ablation of material under
these conditions make this approach unfeasible for the fabrication of microsupercapacitors or other
devices from PFA. Thus, under no laser conditions were we able to obtain LIG or conductive,

carbonaceous material from pure PFA resin that was viable as an electrode material.
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Figure 3.2: Characterization of the effect of 1% GO on carbonization of PFA. a) I. PFA/0% GO thin film laser-
scribed at 4.5 W, 1 mm/s. Brown areas correspond to solid decomposition product, while yellow areas
correspond to unconverted PFA. Inset: Interdigitated electrode laser-scribed onto PFA/0% GO film on PET
substrate at 4.5 W and 10 mm/s, and 1.7 mm defocus. II. PFA/1% GO thin film laser-scribed at 4.5 W, 1
mm/s. Black, conductive material is formed over the entire film area. Inset: Interdigitated electrode laser-
scribed onto PFA/1% GO film on PET substrate at 4.9 W and 10 mm/s. b) FTIR spectra of GO, PFA/0% GO,
PFA/1% GO, and furfuryl alcohol monomer. c) Sheet resistances of laser-scribed PFA/1% GO and PI films,
where PFA/1% GO films were laser scribed at 10 mm/s and PI films were laser scribed at 30 mm/s. d) Raman
spectra of PFA/1% GO prior to laser-scribing (red), laser-scribed PFA/1% GO (black), LIG from GO (blue),
LIG from PI (green), and PFA pyrolyzed at 700 °C (violet). €) TGA curves of PFA/0% GO and PFA/1% GO,
performed at a ramp rate of 20 °C/min in nitrogen.

Following this, small percentages of a GO dispersion in ethanol were added to the resin during the
polymerization to serve as an aid for carbonization and the formation of LIG. Atomic force microscopy
(AFM) analysis of spin-coated GO from this dispersion demonstrates that the sheets have an average
thickness of 1.1 nm + 0.3 nm, indicating that they have been exfoliated into monolayers, and possess
lateral flake sizes ranging from sub-100 nm to 1.4 micron (Fig. A7). The FTIR spectra of GO, FA
monomer and PFA with 0% GO and 1% GO are presented in Figure 3.2b). The FTIR spectrum of GO
corresponds well with results from Marcano et al.’s improved synthesis of graphene oxide.'” The major

peaks consist of a broad OH stretching peak at ~3300 cm™!, C=0 stretching peak at 1728 ¢cm™, C=C
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stretching peak at 1622 ¢cm™, and C-O stretching peak at 1226 cm™ and 1001 ¢cm™." From FTIR
analysis, no significant difference appears in the structure of PFA formed when percentages up to 1
wt.% of GO were present during the polymerization. The FTIR spectra confirm that both resins with
and without GO are fully polymerized. This is most apparent due to the disappearance of the OH
stretching peak present in the FA monomer at ~3330 cm™ and further confirmed by the appearance of
a peak at ~1715 cm™!, which can be attributed to the stretching of the carbonyl (C=0) groups of di-
ketones which are formed from the furan rings during the crosslinking of the resin.?3? The intensity of
the 1005 cm™ and 1150 ecm™ peaks associated with C-O stretches in the FA monomer decreases
significantly.?32-23* Other weak peaks are present in the polymer samples, including peaks at 2920 cm'!
and 2852 cm! arising from aliphatic -C-H stretches, 1660-1670 cm™! associated with ring stretching of
2,3-bisubstituted furan rings, ~1562 cm™ arising from the stretching mode of conjugated C=C bonds or
ring vibrations, 1350 cm™! from C-H ring deformation, 1215-1180 cm™ and ~1015 cm! arising from
=C-0O-C asymmetric and symmetric stretching, 793 cm™ from 2,5-disubstituted furan rings, and 735

cm’! from monosubstituted furan heterocycles.?? 2%

When amounts of GO ranging from 0.1 wt.% to 0.5 wt.% were added to the PFA resin, the material
behaved similarly to pure PFA resin, with the formation of a brown, insulating film at low laser powers,
and complete ablation at higher powers (Fig. A8, A9). However, when 1 wt.% of GO was added into
the PFA resin, a black, conductive material was formed upon laser irradiation under ambient conditions
(Fig. 3.2a)). Loadings above 1 wt. % were not investigated due to the challenge of dispersing higher
loadings without increasing the composite viscosity beyond film processing limits. We tested a range
of different laser powers and found that the black, conductive material was formed in a laser power
range of 4.4 W to 4.65 W at a scanning speed of 1 mm/s and a range of 4.8 to 5.1 W at a scanning speed
of 10 mm/s (Fig. A10). Above these powers, the film appears cut or ablated. At powers slightly below
this range, (i.e., 4 W to 4.4 W at 1 mm/s), black circles of presumably carbonized material are present
in optical microscope images of the films, but are disconnected and do not result in a conductive
network. At even lower powers, no change is observed in the morphology or colour of the films,
indicating that the laser power is too low to induce any carbonization or degradation of the PFA/GO

composite.

The sheet resistance of the laser-scribed films was also measured and compared to LIG prepared
from PI at various laser powers. It should be noted that the range of laser powers that enable

carbonization of the PFA was narrower than PI (4.8 W to 5.1 W, compared to 4.75 W to 5.2 W). The
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conductivity of the laser scribed films was quite high, with sheet resistances ranging from 13-80 ()/sq
over the range of powers that induce carbonization (Fig. 3.2¢)). These values were higher than those of
LIG films prepared from PI, which possessed sheet resistances ranging from 21 — 245 Q/sq. Taking
into account the thickness of the LIG layer formed in each case, which was 84 um = 7 um for LIG from
Pl and 81 pm + 6 pm for LIG from PFA/1% GO (as estimated from cross-sectional SEM)), this results
in conductivities of 6 S/cm £ 0.5 S/cm and 9 S/cm + 0.7 S/cm respectively. These values are lower than
the conductivity of LIG from PI reported by Lin et al. (25 S/cm),** which may stem from contact
resistances, due to our measurement being a two-point probe measurement, while theirs was a four-
point probe measurement. Differences in the conductivity of the LIG material prepared from PFA and

PI may stem from different morphologies and porosities of these materials (to be discussed below).

Raman spectroscopy of the laser-scribed PFA/1% GO material further confirms the conversion of
the polymer into carbon (Fig. 3.2d)). Three major peaks are typically observable in the Raman spectrum
of graphitic carbon: the D peak at ~1350 cm™!, the G peak at ~1580 cm™, and the 2D peak at ~2700 cm"
I, The D peak is typically absent for pristine graphene and is associated with defects and disorder in the
graphene material.>*® The G peak is indicative of a graphitic sp? carbon structure, while the 2D peak
arises from second order zone boundary phonons and can be utilized to assess the number of layers of
graphene.?*® Two major peaks are visible in the Raman spectrum of laser-scribed PFA/1% GO: the D
peak at ~1350 cm™, and the G peak at ~1580 cm™'. A faint 2D peak at ~2700 cm™' can also be observed.
Prior to laser-scribing, the PFA/1% GO composite possesses no significant peaks, with a sloping
background due to the fluorescence of the PFA under the 532 nm laser. The formation of the D and G
peaks confirm the conversion of the polymer into a carbonaceous material under laser irradiation;
however, the broadness of the peaks and lack of a sharp and strong 2D peak indicate that the material
is more similar to glassy carbon than graphene. The ratio of the D peak intensity (/p) to the G peak
intensity (Ig) or Ip/lg ratio of the laser-scribed PFA/1% GO material is 0.79 = 0.03. While some
variation in the Ip/lg ratio of the LIG prepared from GO and PI films is observed, all spectra display
sharp peaks and a strong 2D peak, making the laser-scribed PFA/1% GO spectrum significantly
different than both. The laser-scribed PFA/1% GO material most closely resembles that of a glassy
carbon prepared from pyrolysis of PFA at high temperature (700 °C).

Further investigation on the effect of GO on the thermal degradation of PFA was performed through
thermogravimetric analysis (TGA) (Fig. 3.2¢)). PFA/0% GO and PFA/1% GO were heated at high

ramp rates of 20 °C/min under nitrogen to a maximum temperature of 800 °C to best approximate the
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rapid, high-temperature laser-scribing process. The laser heating is much faster (>1000 °C/s),*” and
thus TGA can only provide some indirect insight into the decomposition process with and without GO.
The TGA profiles of the two materials are similar, with a slow and steady mass loss as the polymer
carbonizes, up until approximately 500 °C, where the curves plateau. However, the TGA curve for
PFA/1% GO possesses a distinct plateau from approximately 200 °C to 300 °C and possesses a carbon
yield of 44.7% at 800 °C, while the PFA/0% GO material has a carbon yield of 39.3%. This yield
difference of 5.4% cannot be explained by the mass difference of the 1 wt.% GO added into the PFA/1%
GO material alone, suggesting that the GO plays a role in acting as a carbon-forming aid in the PFA

system.

The morphology and microstructure of the laser-scribed PFA/1% GO was further investigated via
SEM imaging. The SEM images of a freeze-fractured cross-section of the film indicate that a fibrous,
porous structure is formed upon laser irradiation (Fig. 3.3a),c)). EDS mapping indicates that this film
consists of 96.8 at.% carbon and 3.2 at.% oxygen (Fig. A11), further confirming the conversion of the
polymer into a highly carbonized structure. This material possesses a distinctly different morphology
and pore structure than LIG formed from PI (Fig. 3.3b),d)). The thickness of the carbonized film on
PFA/1% GO is approximately 80 um, and appears cut into the PFA resin, exhibiting a different structure
than LIG from PI, which appears to both cut into the PI film by ~25-45 um and expand significantly
(~45-70 pm) above the polymer surface. The difference in the morphology and expansion of the
carbonized material between PFA and PI is suspected to arise from the different chemical structures of
the polymer precursors, which dictate the quantity and identity of the gaseous products formed, the
kinetics of the gas evolution and carbon formation reactions, and the carbon yield of the rapid laser-

induced carbonization process.
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Figure 3.3: SEM images of laser-scribed PFA/1% GO and PI. Freeze-fractured cross-sectional SEM images of
a) laser-scribed PFA/1% GO and b) LIG from PI. ¢) Higher magnification image of laser-scribed PFA/1% GO.
d) Higher magnification image of LIG from PI. Dashed yellow lines indicate where the substrate or polymer
film ends and where the LIG material begins. LIG from PFA/1% GO appears cut into the PFA resin, while LIG
from PI appears to both cut into the polymer and expand above its surface.

These results indicate that the addition of even 1 wt.% of GO can enable the carbonization of PFA
through laser irradiation. Several possible explanations can be given for this effect. Firstly, it is possible
that the carbonized material formed is purely from the carbonization of the 1 wt.% GO, while all PFA
material is ablated during the process. This is unlikely, as the morphology of the carbonized material
via SEM imaging is fibrous in nature and does not resemble LIG produced from pure GO films, which
typically display clearly visible stacked reduced graphene oxide (rGO) sheets.’’ In addition, the
amorphous nature of the carbon material formed, as revealed by the Raman spectrum, indicates that the
material cannot be purely rGO. The more likely explanation is that GO is able to facilitate or aid in the
carbonization of the PFA material. Graphene oxide has been previously shown to catalyze the
hydrothermal carbonization of glucose, both significantly altering the carbonized product morphology

and resulting in higher carbon yields in shorter reaction times.>® GO can play a few possible roles in
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facilitating the carbonization of PFA. Firstly, Chyan et al. found that green materials such as wood,
paper, cardboard, and cotton fabric could be converted to LIG, but needed to be pre-treated with a
phosphoric acid or phosphate-based fire retardant prior to lasing to dehydrate the materials and increase
the char yield.'"”>*® Notably, graphene oxide and graphite oxides have been widely utilized as fire
retardants in a variety of polymeric nanocomposites.?*2*2 GO can act as a flame retardant via two
different mechanisms. As a 2D nanomaterial, GO can act as a physical barrier in the composite to
prevent the diffusion of heat, gases, and thermal degradation products.?**-2*? Furthermore, GO can also
act as an intumescent flame retardant. When heated, gases such as CO, and H»O are evolved from the
GO, and a charred foam is then formed, which then can block transport of heat and combustible gases
to the remaining polymer or substrate.?**2*? In this manner, the GO may act as a flame retardant and

char-forming agent for PFA during laser irradiation.

To investigate the role of GO as a flame retardant in this system, solid pieces of PFA resin with 0%
and 1% GO were burned with a butane torch in order to assess their flammability and self-extinguish
time. As a crosslinked, thermosetting resin, PFA is not highly flammable, and will self-extinguish rather
than melt or drip after ignition. No significant differences in the self-extinguish time of samples with
and without GO was measured, but differences in the burning process were observed, such as breakage
of the samples without GO and the formation of a liquid residue, neither of which occurred for samples
with GO. The chars formed during the flammability testing were imaged via SEM (Fig. A12), and
dramatic differences in morphology are observed. For samples without GO, large cracks or pores are
formed on the surface, exposing a porous sample interior. These cracks are 100 — 200 um wide, and
span ~0.5 — 2 mm long. However, chars from samples with GO do not display any of these large cracks,
instead possessing small, crescent-shaped pores or divots on the surface, that do not expose a porous
interior. These pores range from 50 — 200 um in size. The dramatic difference in char morphology
indicates that the 2D sheet structure of GO may limit the release of gases during burning of the sample,
preventing the formation of large cracks in the sample surface. Thus, while it appears that GO does not
significantly change the flammability of the PFA, it is expected that the effect of GO on the gas transport
during burning would be analogous to its effect on gas transport during laser irradiation of the samples,

which may be a key part of the laser-induced carbonization mechanism.

GO may play further roles in the carbonization of PFA. For example, GO is known to absorb IR
radiation very strongly,?**?** and thus it is expected that the GO is fully reduced to form rGO during

laser irradiation — an exothermic reaction?*>2%¢ that may distribute heat throughout the PFA resin. Both
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GO and rGO have been hypothesized to interact strongly with n-conjugated systems, templating and
controlling their assembly, and potentially acting as seeds or nucleation sites for the formation of
graphene sheets.?*” Furthermore, it has been well-documented that the addition of small amounts of
graphene or rGO into polymer nanocomposites increases the thermal conductivity of the
composites.?**24° Thus the rGO formed in situ may distribute the laser photothermal energy throughout

the thermally insulating PFA.

To investigate the effect of GO on the thermal conductivity and thermal stability of PFA, TGA was
carried out at varying heating rates ranging from 5 °C/min to 20 °C/min (Fig. A13). Shifts in the profile
of the TGA curve are expected at different heating rates, with curves shifting to higher temperatures at
higher heating rates.?***! This effect results partly from the kinetics of the decomposition, and partly
from thermal lag, which is attributed to heat transfer limitations.?>*?3! The magnitude of thermal lag
has been related to the thermal diffusivity of the measured material, which is, in turn, directly related
to the thermal conductivity of the material.>>2%* Thus, it is expected that smaller shifts in the TGA
curves should be observed for materials with higher thermal diffusivity, and larger changes should be
observed for materials with lower thermal diffusivity. Analysis of the derivative TGA curves
demonstrate two major weight loss regions, with maxima in the ranges of 130 — 170 °C and 350 — 420
°C. Due to the irregular shape of the weight loss peak in the 350 — 420 °C range, changes in the Tmax
value for the 130 — 170 °C range were investigated. The percent change in the Tmax value with varying
heating rate for samples with and without GO are similar, indicating that there is not a significant
difference in the thermal diffusivity. Assuming a similar heat capacity and density of the two materials,
there is no significant difference in the thermal conductivity of the two samples in this temperature
range (Table A1). However, all samples with GO exhibit a stable plateau observed in the 200 — 300 °C
region, which is absent in samples without GO. This plateau, which may result from the ability of GO
to block the release of gases during carbonization, indicates the increased thermal stability of all
samples with GO, resulting in repeatable higher overall carbon yields. While the TGA results do not
indicate significant differences in the thermal conductivity, the higher thermal stability of the samples
with GO should limit ablation of material at higher laser powers. Experimentally, we observe this in
our optical microscopy analysis, which indicates that PFA/0% GO is fully ablated at 4.75 W (Fig. A3),
while PFA/1% GO still retains some carbon material at this power (Fig. A10).

It is challenging to isolate a single mechanism to explain the effect of GO on the carbonization of

PFA, and it is likely that many of these mechanisms may play a role simultaneously. The SEM images
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of the chars of burned PFA and the TGA studies suggest that GO affects both the thermal stability of
the PFA and gas transport during laser irradiation. These effects, paired with further possible templating
effects of GO, enable the carbonization of the PFA/1% GO composite at laser powers that only degrade
the pure PFA resin into a brown insulating product. Zhang et. al found that the formation of LIG from
phenol-formaldehyde resins with an IR laser was very challenging due to the high power density of the
laser and high IR absorptivity of the material, resulting in the laser either having no effect or fully
ablating or burning the polymer.”® We observe a similar phenomenon with the PFA resin, where the
carbonization process is highly sensitive to the laser power, and the power control of the laser is too
coarse to result in carbonization of the resin alone. However, the addition of 1% of GO enables the

carbonization within a reasonable and controllable range of laser powers.

3.3.2 Electrochemical Performance of PFA/GO-based Resins

Following the successful carbonization of the PFA/1% GO composite, electrodes were scribed in an
interdigitated pattern and a microsupercapacitor was assembled with a PVA/H3;POs electrolyte for
electrochemical characterization. The PFA/1%GO supercapacitor exhibits the expected rectangular
shape by cyclic voltammetry (CV), with the absence of faradaic peaks (Fig. A14). While the addition
of 1 wt. % of GO enables the laser-induced carbonization of PFA and produced a higher electrical
conductivity than LIG from PI, the electrochemical performance of supercapacitors prepared from the
material is poor compared to reports of LIG-based supercapacitors in literature, with a specific areal
capacitance of only 34 uF/cm? at 5 mV/s (Fig. A14). It is expected that this low capacitance is a result

of the fibrous morphology, resulting in a dense material with low surface area and limited porosity.

3.3.3 Laser-Induced Carbonization of PFA Microsphere System

To achieve more competitive specific capacitances, we investigated a strategy to increase the surface
area and porosity of the PFA-based LIG through the use of PFA microspheres (WPFA). As the
monolithic PFA resin previously utilized is highly dense and nonporous, its conversion into a highly
porous, high surface area LIG material is challenging. Thus, by directly using films consisting of
microspheres of the PFA material prepared from a simple emulsion polymerization approach as the
LIG precursor, a significant increase in porosity in the initial polymer film can be achieved. SEM
images of the uPFA prepared via this approach display the spherical nature of the particles, which range
in size from approximately 280 nm to 1.5 pm and possess an average diameter of 670 nm (Fig. A15).

TGA analysis of the uPFA indicates that it possesses a nearly identical carbon yield as PFA resin, at
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39.2% (Fig. A16). Again, it was found that the uPFA material would not carbonize under laser
irradiation alone, and thus GO was added to the material in order to facilitate the carbonization.
However, unlike the PFA resin, uniform and crack-free film formation at both very low and very high
GO content was extremely challenging by solution casting. Four ratios of uPFA/GO were investigated:
1:4, 2:3, 1:1, and 3:2. All ratios, when laser-scribed, resulted in the formation of conductive,
carbonaceous material, and supercapacitors were prepared from each ratio. The performance of these
supercapacitors was again assessed via cyclic voltammetry at a variety of scan rates (Fig. A17). It was
found that at all scan rates tested, the uPFA/GO 2:3 ratio performed the best, and as such, this optimal

ratio was selected for further investigation and characterization.

Cross-sectional SEM images of the uPFA/GO composite display the microspheres of PFA wrapped
among the GO sheets (Fig. 3.4a)). These images indicate that a highly porous composite of PFA and
GO is formed during the film preparation process, with the microspheres and GO sheets well distributed
amongst each other. Following laser irradiation and carbonization, this highly porous structure remains
mostly intact (Fig. 3.4b)), with both the carbonized spheres and rGO sheets remaining visible, although
the number of spheres appears slightly decreased, indicating that some of the PFA material may be
ablated during this process. Larger voids are evident in the structure between 1-2 um thick domains of
UPFA/GO after carbonization, likely due to the rapid gas evolution during photothermal heating.
Furthermore, lower magnification images (Fig. A18), indicate that the LIG composite exists in larger
flakes, with some of the sheets and layers peeling apart from each other due to the rapid gas evolution
during the laser irradiation process. Notably, some of the carbonized PFA spheres appear broken and
opened (Fig. A18), which may also occur due to gas escaping during the carbonization process. EDS
mapping (Fig. A19, A20) of the uPFA/GO composite before carbonization indicates that the composite
consists of 18.7 at.% oxygen and 81.3 at.% carbon, which is reduced to 0.9 at.% oxygen and 99.1 at.%
carbon following laser irradiation. Furthermore, both before and after carbonization, the oxygen content
is randomly distributed across both the spheres and sheets of the composite, indicating that both the

GO and PFA are carbonized in the laser irradiation process.
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Figure 3.4: Materials characterization of uPFA/GO and LIG from pPFA/GO. a) Cross-sectional SEM image of
LPFA/GO composite. b) Cross-sectional SEM image of LIG from puPFA/GO composite. ¢) Raman spectrum of
LIG from pPFA/GO 2:3. Scale bars in lower magnification SEM images are 2 pm, and scale bars in higher
magnification inset are 500 nm.

X-ray photoelectron spectroscopy (XPS) analysis of the laser-scribed uPFA/GO 2:3 composite
reveals a C/O ratio of 11.2, compared to 16 for LIG from PI (Fig. A21). The Cls peak consists of a
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dominant C-C peak, with weak C=0 and C-O peaks. The Cl1s and Ols peaks of laser-scribed uPFA/GO
2:3 and LIG from PI are very similar, with the only significant difference being a more dominant C-O
peak than C=0 peak in the uPFA/GO 2:3 Ols peak. This corresponds well with the chemical structures
of the polymer precursors, as PFA possesses more C-O bonds and fewer C=0 bonds than PI. The sheet
resistance of carbonized material from the uPFA/GO composite was also measured and compared to
that of carbonized PFA/1% GO and LIG from PI (Fig. A22) and possesses a similar range to both (25
— 440 Q/sq). However, the thinner LIG layer formed from this material (20 um £ 10 pm), results in a
higher conductivity of 20 S/cm + 15 S/cm, although this value is also affected by contact resistances
during measurement and the porous nature of the LIG formed. Notably, PFA/1% GO carbonizes at
higher laser powers (4.8 to 5.1 W) compared to the uPFA/GO composite (4.65 to 4.85 W). The lower
laser power required to carbonize PFA/GO composites with increased GO content further reinforces

that GO acts to assist carbonization in both PFA/GO composites.

The Raman spectrum of the uPFA/GO composite displays a structure similar to LIG or rGO rather
than an amorphous carbon material (Fig. 3.4¢)). Although multiple spectra were obtained over different
areas of the composite, in no case does the spectrum resemble the glassy or amorphous carbon signature
of the laser-scribed PFA/1% GO, indicating that either the rGO signal dominates the spectrum, or the
PFA is converted into a more graphene-like structure in this composite. The spectra of the laser-scribed
UPFA/GO composites possess an average Ip/lg ratio of 0.37 £ 0.05. The relatively high D peak can
result from a variety of factors including the bending of the graphene sheets in the porous graphene
structure, residual oxygen functional groups, and other defects in the graphene such as the formation
of pentagon and heptagon ring structures, which have been previously suggested to form in PI-based
LIG.?* The uPFA/GO-based LIG possesses an average Io/Ip ratio of 2.1 + 0.2. The 2D peak can be fit
with a single Lorentzian curve centered at ~2700 cm™!, with a FWHM of ~54 cm’!, which is similar to
the Raman spectrum of LIG prepared from PI, and indicates that a few-layer graphene structure is
formed.?* While the Raman spectrum of the uPFA/GO composite prior to laser-scribing also possesses
D and G peaks, these stem from the GO in the composite. No 2D peak is evident, indicating the

transformation of the composite into LIG following laser irradiation.

It is challenging to experimentally assess the structure of the carbonized PFA within the composite,
as it is not easily isolated from the surrounding rGO. In order to better elucidate the nature of the
carbonized pPFA in the LIG, Raman analysis was carried out for LIG prepared from various ratios of

WPFA/GO (3:2, 1:1, 2:3), as well as LIG prepared from pure GO films, and thermally pyrolyzed pPFA
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(Fig. A23). Various parameters were assessed, including the Ip//s ratio, Io/I>p ratio, and the FWHM of
the D, G, and 2D peaks. In order to assess if the LIG consists purely of a physical mixture of glassy
carbon and rGO, these parameters were compared to theoretical values calculated from fitting of linear
combinations of spectra of LIG from GO and of thermally carbonized uPFA (Fig. A24). The values
were further compared to weighted averages of each individual parameter from LIG from GO and
thermally carbonized uPFA. For all parameters investigated, and most notably for the /p//g ratios and
Io/Lp ratios, significant differences are observed for experimental LIG prepared from ratios of
uPFA/GO compared to a theoretical physical mixture of glassy carbon and rGO. This leads us to
conclude that in the uPFA/GO composite, uPFA is converted into a more graphene-like material, along

with the GO.

It is difficult to experimentally evaluate the mechanism of this process. However, while PFA is most
widely known as a precursor to glassy carbon, researchers have utilized it to prepare graphene. Beckert
et al. prepared nitrogenated graphene from PFA and mixtures of urea and dicyandiamide.?>* In this
approach, the PFA is pyrolyzed in the presence of these nitrogen-containing agents, to cause the in situ
formation of C3N4 nanosheets, which act as sheet-like templates for the generation of graphene from

PFA.?** The C3N, sheets are then removed through higher temperature pyrolysis.?**

This approach demonstrates the potential of sheet-like nanomaterials to act as templates that can
guide and manipulate the carbonization of PFA, altering its structure from the disordered graphitic
crystallites formed to produce glassy carbon, into single or few-layer graphene sheets. This utilization
of a 2D sheet-like material as a template to form graphene from a carbonizable precursor has been

¢ and citric

extended to various materials, including dopamine,”> hydroxypropyl methylcellulose,?
acid.”’ The ability of GO, as a sheet-like nanomaterial, to template the carbonization of materials is
supported by Krishnan et al., who demonstrated that GO can act as a catalyst for the hydrothermal
carbonization of biomass such as glucose and cellulose, resulting in increased carbon yields and altering
the morphology of the carbon product from spheres to sheets.?*’ They suggest that GO can template the
formation of sheet-like carbon structures during the carbonization process, potentially acting as
nucleation sites for the growth of graphene sheets. 2’ This process should be even more favourable for
polymers such as PFA which contain aromatic ring structures that can interact strongly with graphene
and graphene oxide materials through n-m stacking interactions. Thus, we expect that the graphene

oxide in the PFA/GO nanocomposite acts as a template and as nucleation sites for the formation of a

graphene-like material from PFA during laser irradiation.
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Despite differences in the structure of the carbon material formed, the mechanisms of the laser-
induced carbonization of PFA/1%GO and pPFA/GO are related to one another. While the
microstructures of the two composites investigated differ, the main difference in the carbonization
process is in the GO content. In the resin-based PFA/1%GO, GO-lean conditions are utilized, while in
the pPFA/GO system, GO-rich conditions are employed. Our studies on the PFA/1%GO system
suggest that the increased thermal stability of composites with GO, and the effect of GO on gas transport
and escape both play a role in the carbonization of this material. It is also possible that GO may act as
a template or as nucleation sites during the carbonization, and the combination of these effects lead to
the formation of a glassy carbon material following laser irradiation. We suspect that all of these effects
are also key in the carbonization of WPFA/GO, but this is more challenging to investigate due to the
high GO content of the samples, which may dominate characterization methods. We hypothesize that
the more graphene-like material formed from puPFA is due to the much higher GO content of these
samples than the resin-based PFA/1%GO samples, enabling a higher degree of templating of PFA

during carbonization and thereby changing its carbonized structure.

3.3.4 Electrochemical Performance of Laser-Scribed yPFA/GO System

Microsupercapacitors prepared from laser-scribed uPFA/GO composites display the expected pseudo-
rectangular shape in CV at varying scan rates (Fig. 3.5a)), indicating a lack of any faradaic peaks or
pseudocapacitance. From the CV curves, the device exhibits specific areal capacitances as high as 11.7
mF/cm? at 5 mV/s. Galvanostatic charging and discharging (GCD) was also performed on the device
at different current densities (Fig. 3.5b)). The GCD curves display the expected triangular shape, with
the device displaying a specific areal capacitance of 11.3 mF/cm? at 0.15 mA/cm?. The rate
performance demonstrates that the device loses little capacitance with increased scan rates (Fig. 3.5¢)),
with specific areal capacitances as high as 4.70 mF/cm? still obtained at scan rates as high as 500 mV/s.
Furthermore, the specific areal capacitance of the device increases after 11 days of aging, achieving
values of 14.5 mF/cm? and 14.0 mF/cm? from CV at 5 mV/s and GCD at 0.15 mA/cm? respectively
(Fig. A25). This can be attributed to the gel-based electrolyte wetting and wicking into the LIG pores
over time, accessing more electrode surface area. At low current densities of 0.05 mA/cm?, the device
obtains a specific areal capacitance of 16.0 mF/cm? which is comparable to the 16.5 mF/cm? specific
capacitance of boron-doped LIG devices at 0.05 mA/cm?, which are the highest specific areal
capacitances reported for LIG-based devices prepared directly from an IR laser-scribing process.”

Additionally, the areal capacitance of the devices is currently limited by the thickness of the uPFA/GO
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film, which is approximately 5-10 pm thick and fully converted into LIG during laser irradiation; thus,
even higher areal capacitances could be achieved through irradiation of thicker films. The long-term
cycle life of the device has also been thoroughly tested via galvanostatic cycling at a current density of
0.3 mA/cm?. Excellent long-term cycle life is displayed (Fig. 3.5d)), with capacitance retention of
97.2% after 5000 cycles, and 97.4% at 10,000 cycles. Furthermore, no significant increase in cell
resistance or leakage current is observed with cycling. The profile of the galvanostatic charge and
discharge curve at cycles 0, 5000, and 10,000, overlap with little observable difference, indicating the

long-term stability of the device.
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Figure 3.5: Electrochemical characterization of microsupercapacitor prepared from laser-scribed pPFA/GO. a)
Cyclic voltammetry (CV) curves with varying scan rates. b) Galvanostatic charge and discharge (GCD) curves
with varying current densities. ¢) Specific areal capacitances with varying scan rates from both CV and GCD
results. d) Specific areal capacitance and capacitance retention with long-term cycling of microsupercapacitor at
0.3 mA/cm?
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The electrochemical performance of the uPFA/GO supercapacitors was then compared to
supercapacitors prepared from common LIG precursors in literature: PI and GO. MSCs with the same
interdigitated design were scribed on commercial PI films and drop cast GO films on PET substrates,
and their performance was assessed by CV and GCD testing (Fig. A26). Both uPFA/GO-based and PI-
based LIG films dramatically outperform GO-based LIG films (Fig. 3.6a)), which only possess a
specific areal capacitance of 0.97 mF/cm? at 5 mV/s. This lower capacitance may have been limited by
the lower loading and thickness of the GO films (1.1-1.3 mg/cm?), but if the capacitance is assumed to
scale with loading, GO films with twice the thickness would possess similar loadings as uPFA/GO
films, and still achieve capacitances less than 2 mF/cm? Furthermore, nPFA/GO-based films
outperform literature reports of GO-based LIG supercapacitors which have reached a specific
capacitance of 4-5 mF/cm? at current densities of 1 A/gLsc/electrode.”’ From the structure of the laser-
scribed uPFA/GO 2:3 composite in SEM analysis, as well as the strong rGO Raman signal, it could be
argued that the high specific capacitance of this material arises purely from the rGO sheets, with the
PFA spheres acting simply as spacers to maintain exfoliation of the sheets. However, previous literature
on GO-based LIG indicates that the material is well-exfoliated, with re-agglomeration prevented by the
3D porous structure, and these materials possess significantly lower capacitance than the uPFA/GO 2:3
composite.’” Furthermore, we have previously demonstrated that carbonized uPFA is also present
following laser irradiation, leading us to hypothesize that it is the unique microstructured nature of this

composite that is the origin of its high capacitance.
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Figure 3.6: Comparison of uPFA/GO 2:3 LIG supercapacitor performance with PI and GO-based LIG. a)
Comparison of CV curves for MSCs at 100 mV/s. b) Comparison of GCD curves at 0.3 mA/cm?. c)
Comparison of specific capacitance from CV at different scan rates. d) Comparison of specific areal capacitance
of MSCs to literature values. All capacitances reported are device capacitances (not single electrode) and are
normalized by the two-electrode area. Reference numbers for each material are listed below each bar. Bars for
this work are highlighted with an asterisk.

When PFA-based LIG supercapacitors are compared to results from Pl-based LIG, the uPFA/GO
composite outperforms PI in both CV and GCD testing (Fig. 3.6a),b)), where PI achieves a specific
capacitance of 9.2 mF/cm? at 5 mV/s. The uPFA/GO composites also possess excellent rate
performance as seen in Figure 3.6¢), exhibiting higher specific capacitances than both GO and PI-
based composites at all scan rates tested, up to a maximum of 500 mV/s. Electrochemical impedance
spectroscopy (EIS) (Fig. A27) curves for the uPFA/GO and PI-based devices are similar; however the
slope of the pPFA/GO composite in the low-frequency regime is higher than that of the PI-based device,

further indicating the stronger capacitive behaviour of the uPFA/GO-based device.
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Finally, the performance of the PFA-based MSCs prepared in this work has been compared to
reported literature performance for various LIG-based MSCs (Fig. 3.6d)). In order to compare reported
values fairly, the specific areal capacitance of the full MSC device was compared, where the
capacitance was normalized with the two-electrode area (area of both electrodes covered by the
electrolyte). If the values reported in literature were for a single-electrode capacitance, these values
were divided by four in order to account for both the area of the two electrodes, as well as the two
electrodes in series making up the device. The quantitative comparison of results is challenging due to
the varying methods of measuring and calculating the specific capacitance, which is reported both by
CV and GCD at varying scan rates and current densities, but here we compare the highest specific
capacitances reported for each MSC. It can be confirmed that the uPFA/GO composite fabricated in
this work outperforms current reported results for GO-based LIG,*”?%® and for PI scribed under similar
laser conditions.?****° Notably, the capacitance of the uPFA/GO composite also dramatically
surpasses recent reports on LIG prepared from petroleum-based Bakelite®> and phenol-formaldehyde
(PF) resins®® which possess similar chemical structures and properties as PFA. The pPFA/GO
composite achieves a maximum capacitance of 16.0 mF/cm? at a current density of 0.05 mA/cm? which
is highly comparable to the 16.5 mF/cm? capacitance (also reported at 0.05 mA/cm?) achieved by
boron-doped PI, which is the highest specific capacitance reported for LIG prepared with a
conventional IR laser.** While a PI-based LIG device has been prepared with a specific capacitance of
31.9 mF/cm? at 0.05 mA/cm?, this approach utilized a semiconductor blue-violet laser, followed by a
plasma treatment to enhance wettability.”” Thus, the performance of the uPFA/GO-based LIG is among
the highest of any LIG-based device prepared from an IR laser, without the need for semiconductor
lasers, inert atmospheres, plasma surface treatments, multiple lasings, or laser defocusing. Furthermore,
these excellent electrochemical results are achieved utilizing an easily synthesized, cost-effective, green

polymer rather than unsustainable coal or petroleum-based polymers.

3.4 Conclusion

In summary, we have demonstrated the laser-induced carbonization of inexpensive, renewable, and
easily processable poly(furfuryl alcohol) films for the first time. This process utilizes ambient
conditions and the most cost-effective and commonly utilized IR laser source, with no need for inert
atmosphere, multiple lasings, or substrate pre-treatment, through the addition of graphene oxide as a

carbonization aid. GO content as low as 1 wt.% can enable the carbonization of PFA, which would
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otherwise form an insulating brown degradation product or be fully ablated by the laser irradiation. The
laser-induced glassy carbon prepared from this approach exhibits excellent conductivity, with sheet
resistances as low as 13 Q/sq, which are lower than that of LIG from PI. This method utilizes only a
small fraction of the more synthetically complex and costly GO additive, making this platform cost-
effective and promising for further applications outside of energy storage in a variety of electronic
devices, including sensors, RFID antennas, sodium-ion batteries, MEMS, and other conductive traces.
Furthermore, we have demonstrated that composites of PFA microspheres and GO sheets result in a
highly porous film structure, both before and after laser exposure. Microsupercapacitors prepared from
this material possess specific areal capacitances as high as 11.7 mF/cm? at 5 mV/s, which increases to
14.5 mF/cm? after 11 days due to further electrolyte penetration into the pore structure. The device
achieves a maximum capacitance of 16.0 mF/cm? at 0.05 mA/cm?, making it among the highest
reported specific capacitances for LIG-based MSCs, and outperforming LIG prepared via the same
approach from commonly utilized GO films and commercial PI. The MSCs also demonstrate
impressive cycle life, with capacitance retention of 97.4% at 10,000 cycles. Furthermore, as all
components of these microsupercapacitors are flexible and mechanically robust, the devices could have
potential future applications in flexible and wearable electronics. The high performance, simplicity,
low cost, and use of biomass-derived materials make this approach a facile, practical green alternative
to conventional GO and Pl-based LIG devices, demonstrating the promise of PFA/GO-based LIG for

implementation into the next generation of miniaturized energy storage devices and electronics.
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Chapter 4:
Salt-Induced Doping and Templating of Laser-Induced Graphene

Supercapacitors

4.1 Introduction

In Chapter 3, we demonstrated the formation of LIG from composites of poly(furfuryl alcohol) (PFA)
and graphene oxide (GO).2° As discussed, PFA is an inexpensive, easily processable, sustainable
material with a highly crosslinked structure similar to that of many other LIG precursors. Despite this,
we previously found that neat PFA could not be carbonized successfully with a CO; laser, and thus we
introduced GO as a carbonization aid. Composites of PFA resin and 1 wt.% GO exhibited highly
conductive carbonized traces, but achieved low capacitances (34 puF/cm? at 5 mV/s) due to the low
surface area of the fibrous carbon material formed. To circumvent this, composites of PFA
microspheres and GO were prepared, which demonstrated capacitances higher than that of GO or PI-
based LIG. However, unlike PFA resin, both GO and PFA microspheres are prepared through complex,
lengthy syntheses using toxic chemicals and strong acids and resulted in fragile films compared to
dense, polymer-based substrates such as PI, making it unfeasible to form thick or free-standing films.
PFA resins have similar mechanical properties to other thermosetting resins®*! and PI (Young’s
modulus of 2.3 GPa and yield point of ~70 MPa),?*? with a Young’s modulus of ~0.8 GPa and tensile
yield strength of ~10 MPa.232%4 Thus, formation of LIG directly from PFA resins, which are more

mechanically robust and easily processable than PFA microspheres, would be desirable.

In this work, for the first time, we have investigated the use of inexpensive and abundant salts as
templates and carbonization aids to increase the surface area and capacitance of PFA-based LIG. Salts
have been previously used to activate carbon materials and increase their surface areas at high
temperatures.”® As the local temperatures during laser scribing can reach thousands of degrees,”’ the
presence of salt in the PFA material may result in a similar effect during laser irradiation. Likewise,
salt particles have been previously utilized as templating and pore-forming agents in order to increase

the porosity and surface area of carbon materials.?*

Herein, we demonstrate that the addition of micron-sized particles of sodium salts such as sodium
chloride (NaCl) and sodium sulfate (Na,SOs) into PFA dramatically changes the resulting LIG material

after laser irradiation, as seen in Figure 4.1. The addition of salt particles increases the BET surface

&4



area of the LIG formed by over an order of magnitude and also results in the formation of either Cl- or
S-doped LIG depending on the salt used, resulting in LIG electrodes which exhibit a ~2,500x
capacitance increase compared to pristine PFA. We demonstrate that the simultaneous effect of the salt
particles on the LIG surface area, chemical structure, and carbon yield enables composites of PFA/25%
Na»SO4 to exhibit average areal capacitances of ~20 mF/cm? at 5 mV/s and ~25 mF/cm? at 0.05
mA/cm?, with some individual PFA/20% Na,SO4 devices exhibiting capacitances as high as 38 mF/cm?
at 5 mV/s and 80 mF/cm? at 0.05 mA/cm?, outperforming previously reported values for GO, PI, and
PFA/GO-based LIG devices, and providing a key step towards sustainable, high-performance LIG-

based supercapacitors.

Salt template Laser Induced
in PFA Graphene (LIG)

Figure 4.1: Scheme of preparation of LIG from PFA/salt composites.

4.2 Experimental Methods

4.2.1 Spray Drying of Salt Particles

The size and morphology of the salts used were modified using a spray dryer (BUCHI Mini Spray
Dryer B-290). The spray dryer conditions were optimized to yield the smallest distinct particles, while
limiting fusion of the particles. The solutions were prepared by dissolving 6 g of either NaCl (EMD,
>99.5%) or Na,SO4 (Sigma-Aldrich, >99.0%) in 100 mL of DI water. This mixture was spray-dried at
an inlet temperature of 200 °C, with the aspirator set to 100%, the pump set to 30%, and the nitrogen
flow set to 473 L/h.
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4.2.2 Preparation of PFA Resin Films with and without Salt

PFA resin was prepared via the acid-catalyzed polycondensation of furfuryl alcohol (FA), using a
procedure adapted from our previous work with PFA resin and GO.?®® PFA resin without salt was
prepared by dissolving 34 mg of oxalic acid (EMD, 99.5%) into a mixture of 1.19 mL ethanol and 4
mL FA (Thermo Scientific™, Acros Organics, 98%), and then allowing the polymerization reaction to
occur for 5.5 hours in a 75 °C oil bath to form a viscous black resin that could then be either drop-cast
or doctor-bladed. PFA resins with varying salt loadings ranging from 1% to 30%, were prepared by
adding 34 mg of oxalic acid and the corresponding amount of salt into 1.19 mL ethanol and 4 mL FA.
The weight percentages used are ratios with respect to the monomer added, (i.e. msa/mra). While the
final amount of salt in the PFA/salt composite is expected to be higher, due to loss of water and other
byproducts during polymerization and crosslinking, we have maintained this naming convention for
simplicity. Following addition of salt and oxalic acid into ethanol and FA, the samples were sonicated
with an ultrasonic probe at 60% power (Sonics & Materials Inc., VCX 750, 750 W, 20 kHz) for 15
minutes in an ice bath, and then allowed to react at 75 °C until a viscous black liquid formed. For 1-
15% NaySOys, the reaction time was ~5.5 h, while for all NaCl samples and 20-30% Na>SOs the reaction
time was ~2-3 h. Films were then either drop-cast onto PET substrates (1.25” x 1.25”) to prepare
supercapacitors, or doctor-bladed onto aluminum foil (Fisherbrand, 18 um thick) using a wet gap of
1000 um for the preparation of large-scale films. Following film casting, the films were allowed to cure

and solidify in an oven at 80 °C overnight.

4.2.3 Laser-Induced Carbonization and Electrode Assembly

A CO; IR laser (BossLaser 1416L — 50 W) was used to selectively irradiate the PFA films.
Supercapacitors were prepared using an interdigitated finger architecture designed in RDWorks, v.8.0
(Figure B1). The full device was composed of 28 fingers, 14 on each electrode, with each finger being
1.5 cm in length and 350 um in width, with 450 um of space between each other. This is roughly the
minimum electrode spacing that can be achieved with the laser in order to avoid short circuiting, which
was occasionally observed due to some widening of the electrode fingers when scribing. The active
area of both electrodes for this design is ~0.98 cm?. Devices were prepared using a scan rate of 10
mm/s, and scribing the electrode pattern two times. A number of different laser powers were
investigated, and a laser power of 11.7% (5.85 W) was selected based on the Raman analysis, and as

such was used to prepare all devices.
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For assembly, the electrode area was coated with 230 mg of the electrolyte, which was prepared by
dissolving 1 g of polyvinyl alcohol (146-186 kDa molecular weight, 99+% hydrolyzed, Sigma-
Aldrich™) in 5.2 mL concentrated phosphoric acid (85 wt.% in H,O, 97%, Sigma-Aldrich) and 10 mL
DI water at 85°C for 2 h, after which a gel was formed. The supercapacitors were then assembled with
titanium foil current collectors (Alfa Aesar, 0.5 mm thick, annealed, 99% metals basis) and a custom
laser-cut PMMA cell (Figure B1). Electrochemical testing of devices was performed 24 hours after

electrolyte application to enable the gel-based electrolyte to penetrate into the pores of the LIG.

4.2.4 Materials Characterization

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy of the PFA films
with varying salt content was conducted with a Bruker Tensor 27 Fourier-Transform Infrared

Spectrometer with Pike ATR attachment possessing a ZnSe crystal.

Thermogravimetric analysis (TGA) of PFA and PFA/salt composites was carried out utilizing a TA
Instruments Q500 at a 20 °C/min ramp rate from 30 °C to 750 °C, under nitrogen atmosphere, to best
approximate the rapid heating of laser irradiation. As CO; laser irradiation can enable local heating of
>1000 °C/s, the much slower heating of TGA can only act as an indirect model of the laser
carbonization process, but can provide insight into the thermal degradation of PFA with and without
salt. PFA samples for TGA analysis were prepared by drop-casting resins into a silicone mold instead
of onto PET, and ground into a powder following overnight curing. The values reported here are the
averages obtained from three samples for each salt loading. The TGA data was corrected for the initial
salt content in the PFA/10% NaCl and PFA/25% Na,SO4 samples, such that the weight % only reflects
the mass of PFA in the sample, for a clearer comparison between the samples. It should be noted that
the salt content in the sample is in reference to the monomer, prior to polymerization. Since water and
other small molecules are formed as byproducts of the polymerization and are expected to evaporate
during polymerization, cross-linking, and curing of the resins, the actual salt content in the PFA/salt
samples is expected to be higher than the initial loading in the monomer. As such, the carbon yields
determined from these samples are only estimates and can only provide general insight into the thermal

degradation of the PFA composites.

Sheet resistances of LIG samples were determined by laser scribing a rectangle of 6.07 mm x 2.70
mm and measuring the sheet resistance with a four-point probe measurement (Ossila). To compare the

effect of different laser powers, all films were scribed at the same speed (10 mm/s) and all areas were
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scribed twice to ensure complete carbonization. All sheet resistance measurements were performed
directly on the PFA or PI substrates after laser scribing. However, for PFA/25% Na,SO4 samples, after
initial sheet resistance measurements, samples were soaked in DI water overnight and then dried under
vacuum overnight, and the sheet resistance was re-measured to determine if dissolving surface coatings

of salt could improve sheet resistance.

X-ray diffraction (XRD) was conducted on spray-dried salt powders and LIG powders scraped off
of the doctor-bladed PFA substrates. All LIG powders were prepared under the same laser conditions
for effective comparison, and were irradiated at 5.85 W laser power, using a laser speed of 10 mm/s,
with each area scribed twice. XRD was performed with a Rigaku Miniflex II at a scan rate of 2

degrees/minute, from 20 values of 10-100.

Raman spectroscopy was carried out on LIG directly on the substrate surface with a Horiba Jobin-
Yvon HR800 Raman system equipped with an Olympus BX 41 microscope with a 50 mW, 532 nm
laser operating at 25% laser power. The D, G, and 2D peaks of the Raman spectra were fit with
Lorentzian peaks, as this provided the best fit. The »p/Ic ratio was calculated from the fitted peak

heights or intensities.

Scanning electron microscopy (SEM) to assess the material morphology was conducted on spray-
dried salt particles and on both the surface of LIG and PFA/salt films and on gold-coated cryogenically
fractured cross-sections, with a Zeiss Leo 1530 with energy dispersive X-ray spectroscopy (EDS)
operating at an acceleration voltage of 20 kV. Image analysis of the spray-dried salt particle size was

done using ImagelJ software.

Brunauer—-Emmett—Teller (BET) surface area was measured for spray-dried salt powders and for
LIG powders using a Micromeritics Gemini VII 2390, with nitrogen as the gaseous adsorbate. Full
nitrogen adsorption and desorption isotherms were obtained using a Quantachrome Instruments
Autosorb 1Q. The LIG from PFA/no salt was measured directly, but LIG from PFA/10% NaCl and
PFA/25% Na,SO4 were first stirred in DI water overnight to dissolve salt, in order to measure the
surface area of only the LIG. The samples were then centrifuged at 3500 rpm, transferred into ethanol
and re-centrifuged. This step was repeated once more to remove all water, to prevent any capillary
forces during drying, in order to limit any drying-induced changes to the surface area. The samples
were then dried under vacuum overnight before conducting the BET analysis. From the BET analysis,

surface areas of 192 m*/g and 209 m?/g were obtained for PFA/10% NaCl and PFA/25% Na,SOs,
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respectively. Following BET analysis, TGA was performed on the LIG powders from PFA/10% NaCl
and PFA/25% Na,SO4 at 5 °C/min under an air environment, to burn off all LIG material, and determine
how much salt remained in each composite, even after soaking in water overnight (Figure B22). The
residual mass at 800 °C was attributed to remaining salt, which was determined to be 2.96% in the case
of PFA/10% NaCl and 12.32% in the case of PFA/25% Na>SOs. BET surface area was also measured
for the salt microparticles directly, which possess extremely low BET surface areas (<5 m?/g). By
assuming that the salts contribute effectively nothing to the BET surface area, we can correct the BET
surface areas of the LIG alone (without remaining salt) from PFA/10% NaCl and PFA/25% Na,SO4 to
be 198 m?/g and 239 m?/g respectively. The BET surface area of LIG from PFA/no salt and PFA/10%
NaCl was determined from the typical BET pressure range, 0.05-0.3 p/p°, but as LIG from PFA/25%
NaSO, exhibited significant microporous behaviour, the BET surface areca of this sample was

determined from a lower pressure range of 0.005-0.05 p/p°.

TEM analysis was conducted on LIG powders directly scraped off of the PFA substrate and on
powders where salt was dissolved out, following the procedure for BET. The samples were prepared
by mixing the powder in 6 mL of high purity ethanol, sonicating for 5 minutes, drop-casting on a carbon
supported TEM grid and air drying. Samples without salt were imaged with a Thermo Fisher
Scientific Spectra Ultra operated at 300 kV, while samples containing salt were imaged with a Thermo
Fisher Scientific Talos 200X operated at 200 kV. HAADF was performed with a spot size less than 1

nm. EDS maps were acquired using Velox from Thermo Fisher Scientific.

X-ray photoelectron spectroscopy (XPS) was carried out on LIG powders scraped off of the PFA
substrate with a Thermal Scientific KAlpha XPS spectrometer, 150 eV, and spectra were fitted using
CasaXPS software.

4.2.5 Electrochemical Characterization

The electrochemical performance of the supercapacitors was evaluated using a Biologic SP-300 or VSP
potentiostat. Cyclic voltammetry (CV) was carried out at 5, 10, 50, 100, 250 and 500 mV/s, with a
voltage window of 0 — 1 V. The specific areal capacitance based on CV measurement was calculated
according to Eq. (4.1), where I, is the average current at the center of the voltage window of CV (i.e.
at 0.5 V), v is the scan rate, and A4 is the active area of both electrodes (~0.98 cm?). This calculation
method was utilized in order to avoid any contribution to the capacitance from faradaic signal at the

edges of the voltage window.
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CCV = V'Ag (41)

Galvanostatic charge and discharge (GCD) curves were obtained at varying current densities
(normalized by a single electrode area), ranging from 0.05 mA/cm? to 4 mA/cm?. Specific areal
capacitances were calculated from the discharge curves in GCD according to Eq. (4.2), where I, is

the applied current and dV /dt is the slope of the discharge curve.

— _fappl
Coep = Gy/ara (4.2)

Long term cycling of the devices was performed at a single electrode current density of 0.5 mA/cm?.

In nearly all previous LIG studies, capacitance has been typically reported areally, as the patterned
area is controlled during fabrication. It is challenging to report the capacitance of LIG-based devices
gravimetrically as the LIG material is synthesized during electrode patterning, and the mass of LIG
formed is unknown. However, we attempted to estimate the gravimetric capacitance of our material by
scraping the LIG off of the PFA surface and weighing it. A large degree of error is associated with this
measurement, and thus this is only a rough estimate of the gravimetric capacitance. For PFA with no
salt, the LIG loading is ~0.7 + 0.3 mg/cm?, which results in a very low gravimetric capacitance of 0.012
F/guic at 5 mV/s. For PFA/25% Na,SOs, the loading of LIG and salt is ~6.1 + 0.6 mg/cm?. Following
dissolution of the salt, using the same procedure used for BET and TEM analyses, 20.1% of the LIG/salt
composite is retained as LIG, leading to an LIG loading of 1.2 mg/cm?. This gives a full device
gravimetric capacitance of 16.0 F/guig at 5 mV/s and 20.0 F/gig at 0.05 mA/cm?. We note that from
our TGA analysis of soaked LIG powders, some residual salt is likely still present (12%), and as such

the actual gravimetric capacitance may be slightly higher.

4.2.6 Thermal Modeling

All assumptions for the physical constants used in the thermal modeling are available in Table B3, and

full details of the thermal modeling equations can be found in Appendix B.
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4.3 Results and Discussion

4.3.1 Characterization of Spray-Dried Salts and PFA/Salt Composites

In Chapter 3, PFA films polymerized using 5 mg/mL of oxalic acid, a typical recipe found in the
literature, were found to not carbonize under any focused laser conditions. Following this work, we
found that PFA carbonization could be facilitated using either laser defocus, shown by Chyan et al. to
be successful in forming LIG from materials that would not otherwise carbonize effectively under the
laser,'!'” or by using higher concentrations of oxalic acid. However, the capacitance of the LIG formed
from pristine PFA under these conditions is extremely low, ~8 pF/cm? on average at 5 mV/s (Figure
B2), making this material unsuitable for the fabrication of high-performance supercapacitors. The
limited electrochemical performance was similar to PFA resin filled with 1 wt% GO, as shown in
Chapter 3. Since GO can also act as an acid catalyst for the polycondensation of furfuryl alcohol into
PFA, the ability to carbonize this system and the one with the higher oxalic acid loading may point
towards carbonization being facilitated by a change in the crosslinked structure (e.g., higher crosslink
density) which one might expect to occur with an increase in the acid catalyst. In any case, the
capacitance is far too low for any practical electrochemical device and significant improvements must

be made if this material system is to be used for anything but a conductive trace.

To introduce salts into the PFA resin, we altered the size distribution of commercially available NaCl
and Na,SO4 by dissolving them in water and spray drying the resulting solutions to obtain micron-sized
particles, as seen in Figure 4.2a) and 4.2b). Spray-dried NaCl particles appear cubic in shape, with an
average size of 6.2 £ 2.5 um (Figure 4.2¢)). Na>SO, particles instead appear mainly spherical in shape,
but apparent holes and pores indicate that they may consist of smaller particles fused together. SEM
images indicate that a significant variety in the Na>SOjs particle shape exists (Figure B3), with the
appearance of some needle-like structures and non-uniform globules. As such, the Na,SO4 particle size
was measured from the spherical particles, and is smaller than NaCl particles, with an average size of
2.4 + 1.3 pm. These results appear consistent with the known crystallization behavior of these salts —
NaCl is known to form only the anhydrous halite salt via evaporation above 0°C, while the
crystallization behavior of Na,SOy is fairly complex, and can result in the formation of hydrates such
as mirabilite (Na;SO4-10H>0) and the heptahydrate (Na>,SO4-7H,0), as well as a number of different
anhydrous phases, including thenardite (Na,SO4 phase V), which is the stable anhydrous phase at room

temperature, and the metastable phase I11.2¢
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Figure 4.2: SEM and EDS analysis of spray-dried salts and PFA/salt composites. SEM images of a) spray dried
Na,SOy4 particles and b) spray dried NaCl particles. c) Histogram of spray-dried Na,SO4 and NaCl particle size.
SEM images of a freeze-fractured cross-section of d) PFA/10% Na>SOs, ¢) PFA/20% Na,SO4, and f) PFA25%
Na;S04. g) Top-down image of PFA/25% Na,SO4 surface. SEM images of a freeze-fractured cross-section of h)
PFA/5% NaCl, and i) PFA/10% NaCl. Insets in d)-i) show EDS maps for Na Ka, demonstrating the distribution
of the salts in the final composites.

Thin films of the resin cast with and without salt were mechanically robust and flexible after
sufficient curing (Figure B4 and discussion in Appendix B). Freeze-fractured cross-sections of PFA
resin prepared with 10%-25% Na,SO4 can be seen in Figure 4.2d)-f), showing that PFA forms a
uniform and non-porous resin, and that salt particles remain as discrete, micron-sized particles,
uniformly dispersed throughout the PFA matrix at all salt loadings. Lower magnification SEM images
at high salt loadings of 25% Na,SO4 indicate that salt particles remain dispersed across the entire PFA
film thickness (Figure BS). For the most part, the salt particles appear to retain their shape. The Na Ka
EDS maps can be seen in the insets of Figure 4.2d)-f), along with complete EDS mapping in Figure
BS and B6, which confirm that the particles are Na,SO4 and that some salt is found around these
particles potentially arising from dissolution in the PFA matrix. For high salt loadings of 25% Na»SOs,
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top-down SEM images and EDS mapping of the surface of this composite (Figure 4.2g)) demonstrate
that, unlike the smooth PFA resin observable in the cross-sectional images, the surface of these films
is highly porous, with channels of Na,SO4 surrounding separate PFA structures that appear akin to PFA
microspheres. Composites prepared with spray-dried NaCl display similar results to Na,SO4 (Figure
4.2h).i) and Figure B7). NaCl particles remain as discrete, micron-sized cubic particles dispersed

throughout the PFA matrix, with some Na Ko and Cl Ka signal seen throughout the PFA.

As seen in Figure 4.3a), FTIR spectra of the PFA/salt composites confirm the complete
polymerization of the PFA resin, via the disappearance of the OH stretching peak present in the FA
monomer at ~3300 cm™!, and the formation of carbonyl (C=0) stretching peaks at ~1715 cm™!, which
can be attributed to the formation of diketones via the breaking of the furan rings during PFA
crosslinking.?*? The spectra of the PFA resins without salt and with 10% NaCl or Na,SOy all appear
identical to one another, indicating that the presence of spray-dried salt particles during the
polymerization does not alter the final PFA chemical structure. An expanded view of the fingerprint
region, with labels, can be seen in Figure B8. However, at high loadings of salt, such as PFA/25%
Na,SOs4, the FTIR spectrum becomes noisier, and the dominant peak present is at ~1100 cm™, which is
attributed to the asymmetric stretching of the SO4* ion in NaxSO4.*® As such, it is challenging to
determine whether the presence of large quantities of salt affect the polymerization process and final
PFA structure, as the salt dominates the FTIR spectrum. We do not observe an SO4* ion peak in the
PFA/10% Na»SO4 spectra, which may be due to some settling of the salt particles during polymerization
and curing at low salt loadings (Figure B9). As the salt particles are coated in the PFA and present at
higher concentrations deeper into the sample, the limited penetration depth (~0.5 — 2 um) of the ATR-
FTIR measurement may not detect any SO4> signal. At high salt loadings, the system behaves more as
a polymer-in-salt system than a salt-in-polymer system, and the jamming of the salt particles prevents

any settling.
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Figure 4.3: Materials characterization of PFA/salt composites and resulting LIG. a) FTIR spectra of FA
monomer and PFA films with varying salt content, including PFA/no salt, PFA/10% NaCl, PFA/10% Na,SOs,
and PFA/25% Na,SOs. b) TGA of PFA/no salt, PFA/10% NaCl and PFA/25% Na,SOs, along with the
derivative TGA curves on the second axis. TGA curves were corrected for the initial salt content in the sample
as discussed in the Experimental Methods section. c) Sheet resistance of LIG from PFA/no salt, PFA/10%
NaCl, PFA/10% Na>SO4, PFA/25% NaSOs, and PI. d) XRD of spray-dried NaCl and Na,SOs, as well as LIG
from PFA/no salt, PFA/10% NaCl and PFA/25% NaSOa.

TGA data for PFA/no salt, PFA/10% NaCl and PFA/25% Na,SO4 can be seen in Figure 4.3b). The
TGA curves for PFA/no salt and PFA/10% NaCl are similar, with carbon yields of 44.1 + 2.5% and
43.0 £ 1.4%, respectively. However, the PFA/25% Na,SO4 sample possesses an increased carbon yield
of 51.8 = 2.0%, 7.7% higher than PFA/no salt, indicating that a high loading of Na>SOs in the PFA
composite may improve carbon yield to a small but significant extent. Moreover, derivative TGA
curves show a peak at ~200 °C for samples with and without salt, which we attribute to the loss of
volatile and low molecular weight species in the resin. This peak is strongest in the PFA/10% NaCl
sample, indicating more volatile species may be present in this composite. At higher temperatures, two

peaks appear for PFA/no salt, at ~370 °C and ~450 °C, which are very similar for PFA/10% NacCl, at
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~370 °C and ~440 °C. However, for PFA/25% Na,SO4, the two main derivative peaks are shifted
slightly to higher temperatures of ~380 °C and ~460 °C. The shifts in the derivative peaks indicate that
this sample possesses improved thermal stability, and that under laser irradiation, this may enable the

formation of a larger quantity of carbon and result in less material ablation.

4.3.2 Characterization of LIG formed from PFA/Salt Composites

Samples were irradiated with a range of different laser powers, and the sheet resistance of the samples
was measured with a four-point probe, as seen in Figure 4.3¢). The carbonization power range is similar
for PFA-based samples and PI, although PFA is ablated at lower laser powers of 6.7 W, while PI still
carbonizes up to 7.3 W. Notably, the sheet resistance of LIG prepared from PFA/no salt is quite
reproducible, with an average of 8.6 + 3.1 )/square across all carbonizing laser powers. This sheet
resistance is also very low and is consistently lower than LIG from PI (26.2 + 16.3 (/square). The sheet
resistances of LIG from salt-containing samples exhibit a larger variation with laser power. The average
sheet resistances increase only slightly with the percentage of salt added, but remain lower than that of
PI. Moreover, the sheet resistance of all samples remains relatively constant across the entire
carbonization range. To determine whether variations in electrical resistance stem from remaining salt
in the LIG, we dissolved away the salt, and re-measured the sheet resistance (Figure B10). While
variation still exists, some of the very high sheet resistance values are significantly lowered. Even with
this surface-coating salt present, LIG from PFA and PFA/salt composites exhibits sheet resistances
similar to or lower than those reported in literature for LIG from PI (15 — 35 Q/square),?* phenolic resin

(44 Q/square),’® and wood (10 Q/square).''®

XRD was conducted on the spray-dried NaCl and Na,SOj salt particles, and also on LIG powder
scraped off of the PFA/salt substrates as shown in Figure 4.3d). The diffractogram for LIG from
PFA/no salt possesses peaks at 20 values of 25.4° and 42.0°, corresponding to the (002) and (100) peaks
of graphitic domains, similar to XRD diffractograms of LIG from P1.** The diffractogram of NaCl
possesses clear peaks for cubic NaCl, and the same peaks are apparent in the LIG powder from
PFA/10% NaCl, indicating that the NaCl structure is preserved and still present in the LIG after laser
irradiation. Full peak assignments are available in Tables B1 and B2. The diffractogram of spray-dried
Na,SO4 is more complex, as Na>SO4 undergoes different polymorphic transitions with temperature, and
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five different Na,SO4 polymorphs have been identified in the literature.”*” Two different polymorphs

of anhydrous Na,SOj are observable via XRD in the spray-dried Na,SO4. One set of peaks corresponds
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to orthorhombic phase V Na,SOys, also known as thenardite, which is the stable Na,SO4 phase at room
temperature. The remaining peaks correspond to anhydrous phase III Na,SOs, which is a metastable
phase of Na,SO4 at room temperature, but has been observed to form as precipitates from solution at
room temperature,”® and when Na>SOy is heated to high temperatures.’”® The diffractogram of LIG
from PFA/25% Na,SO4 possesses some peaks that correspond to Na>SOs4, mostly corresponding to
phase 111, but the peaks are very broad and weak, indicating that the photothermal energy from laser
irradiation may induce some reaction or degradation of the Na,SOs, with only some phase III Na,SO4

remaining afterwards.

To further investigate the LIG material formed, and the effect of different salt loadings and laser
powers, Raman spectroscopy was conducted. As seen for PFA/no salt in Figure 4.4a), variations in the
laser power result in changes in the Raman spectra, and thereby in the carbon material formed. In all
spectra, the G and D peak are visible, at ~1580 cm™ and ~1350 cm™, respectively. The G peak
corresponds to an sp? hybridized, graphitic carbon structure, while the D peak corresponds to aromatic
domains but is enhanced with defects and disorder in the material. However, only at 5.6 — 5.9 W is a
2D peak clearly visible, at ~2700 cm™. The 2D peak arises from second order zone boundary phonons,
and can be used to assess the number of single graphene layers in the material.>*¢*"' Similarly to LIG
from PI, the Ip/I; ratio of LIG from PFA/no salt varies with laser power and an optimal laser power
results in the lowest In/IG ratio®® — in our case, 5.85 W. The decrease in Ip/IG ratio with laser power is
related to the formation of larger graphitic crystalline domains along the a axis, while the subsequent
increase after an optimal laser power may be due to partial oxidation of the LIG in air.** However,
further investigation of the PFA/no salt LIG at 5.85 W indicates significant variation in the Raman
spectra obtained on different areas of the sample, including in the Ip//g ratio (Figure B11). This is an
expected phenomenon with LIG, and has been observed in LIG from PI as well, as the rastering laser
beam induces non-uniform temperatures across each individual laser trace, resulting in differences in

the carbon material formed at the center and edge of each laser trace.?’
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Figure 4.4: Raman spectroscopy analysis of LIG from PFA and PFA/salt composites. Raman spectra of LIG
prepared at varying laser powers from a) PFA/no salt, b) PFA/10% Na,SOy4, and c) PFA/25% Na»S0O4. d)
FWHM of 2D peak and />p//G ratio with laser power for PFA/no salt and PFA/10% Na,SO4. Black and red
shaded areas indicate power ranges that result in either no 2D peak or a very broad and weak 2D peak. The blue
shaded area indicates the optimal power of 5.85 W for the formation of a 2D peak with a minimum FWHM and
maximum l>p/Ig ratio. ¢) Raman spectra at 5.85 W for LIG from PFA/no salt, PFA/5% NaCl, PFA/10% NacCl,
PFA/10% Na»SOs, and PFA/25% Na>SOs.
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Similar behavior is observed for LIG formed from PFA/10% Na>SO4 (Figure 4.4b)), where clear G
and D peaks are observed, but a 2D peak is only present in certain power rangers of 5.7 — 5.9 W and
6.5 — 6.65 W. Raman spectra of LIG formed from PFA/25% Na,SO4 exhibit significant differences
compared to PFA without salt or with lower salt loadings (Figure 4.4¢)). At most laser powers, the D
and G peak do not appear as distinctive peaks, but instead are broad and slightly overlapped, strongly
resembling an amorphous or glassy carbon signal, and is similar both to PFA prepared via high
temperature furnace carbonization, and the signal obtained in previous work from PFA/1% GO.2%
Furthermore, the 2D peak is completely absent at most laser powers. Only at extreme laser powers of
6.65 W, just below the ablation threshold of the composite, is some separation in the G and D peaks
and the appearance of a 2D peak observed, although significant variations in the spectra obtained across
the sample area are again observed (Figure B12). The changes in the carbon structure formed at high
NaSO; loadings may stem from changes in the PFA structure, or in the carbonization process.
PFA/25% Na>SOs resins are drop-cast after shorter polymerization times, due to the increased viscosity
of the resin at high salt loadings, which could alter the PFA structure, but this is challenging to confirm
with FTIR, due to the strong SO4> signal. However, as indicated by the TGA data, the presence of the
salt particles may also alter the carbonization process, resulting in a more amorphous carbon at higher

salt loadings.

The evolution of the 2D peak behavior for PFA/no salt and PFA/10% Na,SO4 is summarized in
Figure 4.4d). While the behaviour of both systems varies significantly with laser power, an optimum
level exists for both PFA/no salt and PFA/10% Na>SO4 samples, from 5.7 W — 5.9 W, that results in
the formation of a 2D peak with minimal FWHM and maximum intensity. This corresponds well with
results reported in the literature, such as LIG from wood,''® Bakelite resin,” and poly(Ph-ddm)'*? which
all exhibit a similar behavior of the />p/Ig ratio and 2D FWHM with laser power. As we observed no
clear trend in sheet resistance with laser power, we selected 5.85 W to use for all further characterization
and electrochemical testing, as it resulted in the lowest 2D FWHM and the highest lp/I ratio for
PFA/no salt samples and is far enough from both the minimum and maximum carbonization power
thresholds to ensure that PFA is fully converted into carbon without risk of significant ablation. In
Figure 4.4¢), the Raman spectra of LIG prepared from various PFA/salt composites at a laser power of
5.85 W are displayed. The 2D peak is clearly visible for LIG from PFA/no salt, PFA/5% NacCl, and
PFA/10% NaSOs, but at higher salt loadings of PFA/10% NaCl and PFA/25% Na,SOa, the peak
broadens or is not visible, and the highest salt loading of Na,SOj is the only sample which exhibits the
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broad, overlapping D and G peaks characteristic of amorphous, glassy carbon. This laser power was
then used to prepare all remaining samples, to enable comparisons between LIG prepared from different

salt composites.

The LIG material formed from varying PFA/salt composites was then imaged via SEM, both from a
top-down surface view, and via freeze-fracturing of cross-sections of the composites. As seen in Figure
4.5a)-c), LIG formed from PFA/no salt is highly fibrous and stringy in nature. The LIG formed is
approximately 50 pm thick and the laser appears to have cut into the PFA resin surface. Little carbon
material is present, indicating that a significant amount of PFA has vaporized instead of carbonized.
Moreover, in the top-down surface view in Figure 4.5a), while pores are present in the LIG, the LIG
surface appears mainly smooth and non-porous, with little available surface area for electrolyte to

access.

Figure 4.5: SEM images of LIG from PFA and PFA/salt composites. SEM images of LIG formed from a-c)
PFA/no salt, d-f), PFA/10% NaCl, g-i) PFA/25% NaS0O,. a), d), and g) are top-down views of LIG, while b),
e), and h) are cross-sections of the LIG formed on the PFA surface, and c), f), and i) are higher resolution cross-
sections of the LIG material formed for each composite.
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As seen in Figure 4.5d)-f), LIG formed from PFA/10% NaCl has a much different morphology than
the LIG from PFA/no salt. The top surface exhibits a spiky, almost branch-like morphology, while the
cross-sections indicate that a less fibrous carbon structure is formed, with what appears to be more
carbon material formed, and smaller pores. EDS mapping of the top surface (Figure B13) and cross-
section (Figure B14) indicate that a mainly carbon-based material is formed, with some oxygen still

present, and NaCl still distributed throughout and on top of the carbon material.

Finally, as seen in Figure 4.5g)-i), LIG prepared from PFA/25% Na,SO4 appears to possess a
morphology unique from the previous two samples, with a less branch-like surface, but still appearing
highly porous, with a high degree of electrolyte-accessible surface area. The LIG morphology is unique,
with some areas appearing like hollow spheres, which may be from PFA that was wrapped around
spherical Na,SOs particles or may stem from structuring of the PFA itself at the film surface into a
spherical morphology, as the SEM images of this composite demonstrated. EDS mapping of the top
surface (Figure B15) and cross-section (Figure B16) of the LIG indicate that a large quantity of
Na,SOy is still present, coating the LIG material. The LIG layer formed from PFA/25% Na;SOs is
thicker than that from PFA/no salt, at ~75 um thick, and notably it appears that significantly more
carbon is formed than without salt, indicating that less material is fully ablated or converted into gaseous
byproducts. This corresponds well with the TGA data which demonstrates that higher carbon yields are
achieved upon the addition of 25% Na,SOs, which is not observed with 10% NaCl. Notably, Ming et
al. found that sodium salts behaved as carbonization catalysts in the hydrothermal carbonization of
glucose, with Na,SO4 performing the best of various sodium salts evaluated, dramatically increasing
the carbon yield and changing the particle morphology.?”> We suspect that Na,SO4 may play a similar
catalytic role in our system, promoting the conversion of PFA into carbon rather than volatile species,
although further analysis of the exact catalytic mechanism is needed. Moreover, we believe that the
increased LIG thickness may be because inclusion of the dispersed salt particles increases the effective
thermal conductivity and diffusivity of the PFA/salt composite, such that when the IR laser irradiates
the sample, the laser power is distributed further across and into the composite, enabling a greater
volume to be carbonized. We modeled the effect of dispersed NaCl and Na,SOj particles on the thermal
properties of PFA composites (full details in Appendix B and Table B3), and as seen in Figure B17,
we observed an increase in the thermal conductivity and thermal diffusivity of the composites, with a

higher increase observed with NaCl than with Na;SO4. From this calculated thermal diffusivity, we
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were able to estimate the thermal penetration depth into a PFA sample and observed an increase upon

the inclusion of salt particles (Figure B18).

HR-TEM analysis demonstrates that LIG from PFA/no salt possesses a wrinkled, few-layer graphene
structure similar to LIG from PI, and a SAED pattern indicative of a polycrystalline graphitic structure,
as seen in Figure 4.6a)-c). The two main rings visible correspond to interplanar distances of 2.15 A
and 1.25 A, which can be attributed to the (100) and (110) planes of graphitic carbon. The HR-TEM
images and SAED patterns for LIG from PFA/10% NaCl and PFA/25% Na>SOs in Figure 4.6d)-f) and
Figure 4.6g)-i) indicate that as the salt loading increases, the material becomes more amorphous and
disordered, with the rings in the SAED patterns becoming more diffuse. However, even in the highly
amorphous LIG from 25% Na,SO., some areas remain with clear few-layer graphene structure. A
lattice spacing of 3.4 A can be measured from the rippled graphene structures in all samples, which
corresponds to the (002) spacing in graphitic crystallites. The graphene sheet number range is estimated
to be ~3-13 sheets, but varies significantly across each sample, making it more suitable to refer to this
as a few or multi-layer graphene. HAADF images and EDS maps of LIG from 10% NaCl and PFA/25%
Na,S0O, in Figure 4.6j)-1) and Figure 4.6m)-0) demonstrate that discrete salt particles remain in the
composite, and that the LIG material wraps around these salt particles, indicating that they behave as a
template for pore formation. Higher magnification EDS mapping of LIG from 10% NaCl and 25%
Na,SO;4 in Figure B19 and B20 shows weak Cl and S signal distributed throughout each LIG material

as well.
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Figure 4.6: HR-TEM, EDS, and SAED analysis of LIG from PFA and PFA/salt composites. HR-TEM images
and SAED patterns of LIG formed from a-c) PFA/no salt, d-f), PFA/10% NaCl, g-i) PFA/25% Na,SOs. For
images d) and g), and all SAED patterns, salts were dissolved out of the LIG material prior to analysis, while
for images e) and h), salts remain in the LIG. j-I) HAADF images and EDS mapping of LIG from PFA/10%
NaCl. m-0) HAADF images and EDS mapping of LIG from PFA/25% Na,SOs. Figures 1) and o) show overlaid
C and Na maps, showing carbon wrapping around salt particles.
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BET surface area analysis of LIG powders further confirms significant differences in the LIG formed
from PFA with and without salt. LIG powder from PFA/no salt possesses a very low BET surface area
of 22.4 m?/g, congruent with its highly fibrous nature as seen in the SEM images. Following dissolution
of residual salt, the LIG powders from PFA/salt composites both exhibited microporous behavior,
which was not observed with PFA/no salt, and possessed substantially higher surface areas of 198 m?/g
and 239 m?%g for PFA/10% NaCl and PFA/25% Na>SOs, respectively. The pore size distributions
indicate that both samples are microporous and mesoporous in nature (Figure B21 and B22). The
samples possess similar cumulative pore volumes, with 10% NaCl’s being slightly higher. As much of
the pore volume for LIG from PFA/25% Na,SO4 consists of micropores, while LIG from PFA/10%
NaCl possesses larger pore sizes, the ion accessible surface area of the two samples is expected to be
similar. The differences in the pore sizes and structure may stem from the different initial sizes of the
spray-dried salt particles. The surface area values are similar to those reported for LIG from PI (~340
m?/g),?* and fall within the range of surface areas reported for other LIG precursors such as Bakelite
(55 m?%/g),” B-doped PI (191 m?/g),’* and poly(Ph-ddm) (883 m?/g).'*? From this data, along with the
TEM images, which demonstrate wrapping of the LIG around embedded salt particles, we believe that
the salt particles act as a template or porogen in the PFA composite, enabling the formation of a higher
surface area carbon material. Salt particles such as LiCl have been utilized in this manner as a hard
template during the hydrothermal carbonization of lignin, to result in a higher surface area carbon
material,>*® and salts such as ZnCl, and Na,COs have been employed in the chemical activation of

carbons at high temperature to boost carbon surface areas.?®®

XPS analysis was then conducted on the LIG powders to further investigate their chemical structures.
The high resolution Cls spectra can be seen in Figure 4.7a). The LIG from PFA/no salt possesses a
narrow Cls peak, made up of C-C, C-O, and C=0 bonds.?***26%274 The complete peak assignments and
fitting parameters for all XPS spectra are listed in Tables B4-B6. However, the Cls peak from samples
with salt is much broader overall, indicative of a higher degree of oxygen-containing functional groups.
This is further confirmed by the decrease in intensity of the C-C peak. The Cls peak for PFA/10%
NacCl is made up of C-C, C-O, and C=0/C-Cl bonds, as with PFA/no salt, but also possesses a small
peak corresponding to carboxylic acids, -COO.2™ Notably, the peak at 286.8 ¢V may correspond to
both C=0 bonds as well as C-Cl bonds, which typically appear at 286.6 eV for chlorinated graphene.?”
The Cls spectrum for PFA/25% Na»SOy is similar to PFA/10% NaCl, with C-C, C-O/C-S, and C=0
peaks, as well as a much larger carboxylic acid peak, -COO. The peak at 285.5 eV may correspond to
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both C-O functional groups as well as C-S bonding, which appear at approximately the same binding
energy.”’® Moreover, it is clear that while both salts result in a higher degree of oxygen-containing
functional groups, the quantity of specific groups formed is different depending on the specific sodium
salt used. This is also clear in the high resolution Ols spectra, as seen in Figure 4.7b). The Ols peak
for PFA/no salt indicates a similar amount of oxygen present as both C-O and C=0 bonds.?”” As the
PFA/no salt Cls spectrum indicated that more carbon is present as C-O than C=0, this is an indication
that more epoxide groups may be present in the LIG than alcohols. The Ols spectrum of PFA/10%
NaCl possesses more C-O than C=0. PFA/25% Na,SOj4 consists mainly of C=0 bonds and very few
C-O bonds, but also possesses a peak for SOs*, from the remaining Na>SO; in the system. The CI12p
peak for the LIG powder from PFA/10% NaCl is shown in Figure 4.7¢). A set of peaks corresponding
to CI" from NaCl is visible. However, most chlorine is actually present as organic chlorine (i.e. covalent
C-Cl bonds, 51.3%),?” indicating that while some NaCl is retained after laser irradiation, some reacts
with the PFA during laser carbonization, to produce Cl-doped LIG. The S2p peak for LIG powder from
PFA/25% Na;SO4 can be seen in Figure 4.7d) and indicates that this is also the case with Na,SOs.
While peaks are visible for SO4*,*”® peaks are also present that indicate covalent C-S bonding

80 indicating that, while

(20.8%).27%?™ Finally, a small peak is present that corresponds to Nax(SOs),,
some Na>SO, remains intact following laser irradiation, some is converted into Na,(SOs3),, and more
still reacts with the PFA during the laser carbonization, to yield S-doped LIG. From the survey spectra
of each powder (Figure B23), the C/O ratio of LIG from PFA/no salt, PFA/10% NaCl and PFA/25%
Na,SO, are 4.78, 2.98, and 1.59, respectively, with the PFA/25% Na>SO4 oxygen content estimated
from the C-O and C=0 peaks in the Ols spectrum, excluding the SO4> peak. We expect that these fairly
low C/O ratios correspond only to the surface composition of the LIG, not the bulk. The C/O ratios
obtained from EDS of the LIG cross-sections for PFA/no salt, PFA/10% NaCl and PFA/25% Na,SO4
are much higher, at 27.52, 17.19, and 2.99 respectively. Notably, the EDS of the PFA/25% Na>SO,
cannot distinguish between the presence of oxygen in the LIG material and oxygen remaining in the

form of Na,SO4, and as such the bulk C/O ratio for the LIG material alone is expected to be much
higher.

104



a) b)
PFA25% Na,SO, /\ c.orcs -0 /~PFAI25% Na,SO,
.coo ©= Na Auger KLL
anugE ™eco SO *
S 5
E PFA/10% NaCl c.0 S c0 PFA/10% NaCl
g c=0/C-Cl >
-*5; g C=0
g g
£ |PFA/No Salt = PFA/No Salt
c-0
c-C C=0
C=0 /\—A‘
294 202 290 288 286 284 282 280 278 540 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)
c) d) o
PFA/10% NaCl PFA/25% NaZSO4
S5 S
L L
2 2
2 =
C C
9 L
£ £
206 204 202 200 198 196 175 170 165 160
Binding Energy (eV) Binding Energy (eV)

Figure 4.7: High resolution XPS spectra of LIG powders from PFA/no salt, PFA/10% NacCl, and PFA/25%
Na»S0;4. a) Cls spectra for all three samples, b) Ols spectra for all 3 samples, ¢) C12p spectrum for PFA/10%
NaCl, and d) S2p spectrum for PFA/25% Na>SOs.

4.3.3 Electrochemical Performance of PFA/Salt-based LIG Supercapacitors

The average areal capacitances of devices prepared from various salt loadings, as determined from CV,
can be seen in Figure 4.8a). While devices prepared from PFA/no salt exhibit very low average areal
capacitances of 8 uF/cm? at 5 mV/s, all devices with > 5% salt achieve capacitances that are two or
three orders of magnitude higher than PFA/no salt. In the case of NaCl, PFA/5% NaCl devices achieve
an average capacitance of 6.5 mF/cm? at 5 mV/s and 0.35 mF/cm? at 500 mV/s, while increasing the
NaCl content to 10% results in a slight decrease in capacitance at low scan rates, to 5.7 mF/cm?, but

higher performance at high scan rates, with 0.64 mF/cm? at 500 mV/s. As little difference was observed
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between the 5% and 10% results, higher NaCl loadings were not explored. In the case of Na>SOs,
average areal capacitance steadily increases with salt loading from 0.99 mF/cm? for PFA/5% Na,SOs,
up to 25.6 mF/cm? at PFA/20% Na>SOs. At loadings above 20% Na»SOs, a slight decrease in average
areal capacitance is observed, with capacitances of 19.7 mF/cm? and 15.2 mF/cm? at 5 mV/s achieved
for PFA/25% Na,SO4 and PFA/30% Na,SQOs, respectively. Complete values of the average areal
capacitance with salt loading at 5 mV/s are listed in Table B7. Moreover, while both NaCl and Na,SO4
result in significant improvements in capacitance, the capacitance improvement more clearly scales
with salt loading in the case of Na>SO4 than NaCl, which appears to result in a performance plateau.
Furthermore, Na,SO4-based samples also exhibit better rate performance than NaCl-based samples,
with PFA/Na,SO4 samples retaining ~22% of their 5 mV/s capacitance when tested at 500 mV/s,
compared to ~8% capacitance retention for PFA/NaCl-based samples. Samples were also tested where
the salt particles were removed prior to polymerization to determine the impact of any dissolved salt
on the capacitive performance. For example, removing the micron-sized NaSQOj particles results in very
poor capacitances of 0.8 uF/cm? at 5 mV/s, with similar results obtained for NaCl (see Figure B24 and

associated discussion).
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Figure 4.8: Electrochemical performance of PFA/salt-based LIG supercapacitors. a) Average areal capacitances
with scan rate, as determined via CV, for PFA with no salt and with varying loadings of NaCl and Na,SO4. b)
Box and whisker plot of areal capacitance for PFA with no salt and varying loadings of NaCl and Na,SO4 at 5
mV/s. Upper and lower bounds of the box represent the upper and lower quartile of the data, center line
represents the median, square symbol represents the mean, and whiskers represent the minimum and maximum
values. Each individual data point is represented with a diamond. ¢) CV curves of PFA/25% Na,SO4 at scan
rates ranging from 5 mV/s to 500 mV/s. d) GCD curves of PFA/25% Na>SOs at current densities ranging from
0.2 mA/cm? to 2 mA/cm?. ) Nyquist plot of EIS data for supercapacitors prepared from LIG from PFA/25%
Na,S0s. f) Long-term cycling of PFA/25% Na,SOsat 0.5 mA/cm?, with inset showing charging and discharging
behavior at 1, 1,000, 2,000, 10,000, and 12,000 cycles.
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While the average areal capacitance is a key performance metric for these supercapacitors, the
repeatability of the performance is also critical. Consequently, we also examined the variation in the
areal capacitance of the supercapacitors with varying salt content, from 2-7 devices prepared for each
salt loading. In Figure 4.8b), the areal capacitance for each salt loading at 5 mV/s is plotted as a box
and whisker plot. The variability is lowest for the high salt loading samples (i.e., 10% NaCl and 25%
NaSO4) which we expect is due to a more homogeneous distribution of salt throughout the composite
due to jamming of the particles and the resulting higher viscosity of the resin during casting. Lower
loadings of 15% and 20% Na,SO4 may not be high enough to reach a threshold for jamming of the
particles, resulting in more variability due to some settling of salt particles during curing. While
individual PFA/20% Na>SOs devices demonstrate the best performance among all devices at low rates,
PFA/25% Na,SO4 devices were selected as the optimal salt loading, as they provided both high areal

capacitance and excellent repeatability.

The performance of the optimized PFA/25% Na,SO4 devices is presented in the CV and GCD data
in Figure 4.8¢c) and Figure 4.8d). The CV curves are mainly rectangular in shape, and do not exhibit
any faradaic or pseudocapacitive peaks, indicating the purely capacitive behavior of the PFA/25%
Na,SO4devices. The average areal capacitances achieved with scan rate for PFA/25% Na,SOsare listed
in Table B8. EIS data (Figure 4.8e)) demonstrates that the ESR for a typical device is relatively low
at ~ 26 Q, and the plot possesses a 45° slope at mid to low frequencies, characteristic of Warburg
behavior and diffusion-limited processes, which is likely due to limited ionic transport through the gel
electrolyte and pores of the LIG. A full discussion of the sources of cell resistance is available in
Appendix B. Moreover, the GCD data demonstrates similar behavior, with fairly triangular charging
and discharging profiles. Some curving of the GCD profiles is observed at low scan rates, which may
be a result of some pseudocapacitive behavior resulting from unconverted PFA or dangling functional
groups. As seen in Figure B25, the average areal capacitances calculated from CV and GCD agree with
one another well, with average areal capacitances from GCD listed in Table B9, achieving 24.7 + 3.8
mF/cm? at 0.05 mA/cm? and 5.5 + 1.0 mF/cm? at 4 mA/cm?. We further estimated the gravimetric
capacitance of PFA/25% Na,SOs devices to be 16.0 F/guic at 5 mV/s and 20.0 F/guig at 0.05 mA/cm?.
While more variability is observed in the PFA/20% Na,SO4 devices, the individual high-performing
devices at this loading exhibit the highest capacitances of all devices in GCD, as seen in Figure B26

and Table B10, with an average areal capacitance of 80.4 mF/cm? at 0.05 mA/cm?. As discussed further
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in Appendix B (Figure B27), removing salt before electrochemical testing resulted in only a slight

improvement to electrode performance.

The long-term cycling of the PEA/25% Na,SOs devices was tested via GCD at 0.5 mA/cm? as seen
in Figure 4.8f). The device initially exhibited a capacitance of 9.5 mF/cm? at 0.5 mA/cm? and displays
stable cycling for 12,000 cycles. The capacitance retention varies slightly with cycling, with an increase
at 2,000 cycles (10.2 mF/cm?, 108.1% capacitance retention), and the lowest capacitance reported at
10,000 cycles (8.8 mF/cm?, 93.2% capacitance retention). After 12,000 cycles, the device exhibits a
capacitance of 9.79 mF/cm?, with a capacitance retention of 103.3%. We expect that the variation in
device capacitance over time stems from a few factors. Firstly, over time, we expect that surface-coating
salt may dissolve into the gel electrolyte, which may lead to slight increases in capacitance, as we
observed in Figure B27. Secondly, the cell architecture is not sealed, but rather open to the
environment, and is therefore susceptible to changes in temperature and humidity in the lab, particularly
over evenings and weekends as lab air flow may vary. Slight increases in the device capacitance with
time may also occur due to further penetration of the electrolyte into the pores of the LIG. We observed
a similar increase in capacitance of devices after resting without cycling (Figure B28), indicating that
this is likely due to changes in the electrolyte rather than any degradation of the device itself. The shape
of the charging and discharging voltage profile can be seen in an inset in Figure 4.8f). While the first
cycle appears slightly shifted from following cycles, this appears to be mainly due to a slightly increased
charging capacitance in the first cycle, which may result from some initial irreversible reaction of
remaining functional groups in the system. This does not appear to have an impact on the initial
discharge capacitance, which then remains relatively constant for all other cycles. Moreover, the shape
of the discharge curves for cycles 1,000, 2,000, 10,000, and 12,000 are nearly identical, indicating the
stable cycling behavior of LIG-based supercapacitors from PFA/25% Na,SOs.

In Figure 4.9, we compare the performance of our PFA/salt-based supercapacitors to other LIG-
based supercapacitors reported in the literature. We included the average areal capacitances of PFA/no
salt and PFA/25% Na,SO4 devices, and also the average performance of the two highest performing
PFA/20% Na,SO4 devices. It can be seen that while PFA/no salt devices exhibit areal capacitances
several orders of magnitude below literature reports, PFA/Na,SO4 devices exhibit areal capacitances

2493.94 and various other LIG

among the highest reported to date, outperforming most PI-based devices,
precursors, such as wood,!'® Bakelite,” and phenolic resin.’® PFA/Na,SO4 devices similarly outperform

uPFA/GO devices prepared in our previous work,*® while also being more easily processable and
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mechanically robust. Moreover, PFA/Na;SO4 devices are prepared using an inexpensive and widely

available CO, laser under ambient conditions, while many other LIG-based devices have required the

95-97 95,118

use of more costly lasers of other wavelengths and inert gas atmospheres during lasing.
Notably, our devices exhibit similar capacitances to devices prepared through much more complex and
less scalable processes, including plasma-treated PI-based LIG®” and PI-based LIG prepared via lasing
in a sealed chamber under O, gas,''? as well as lignin'? and poly(Ph-ddm)'?? devices which are prepared

via use of much higher laser powers (~16-20 W).
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Figure 4.9: Comparison of electrochemical performance of PFA/salt-based supercapacitors with other LIG-
based supercapacitors reported in literature. For all reports, the areal capacitance was normalized by the full two
electrode area of the device, and any literature values that were normalized by a single electrode area or device
area were corrected such that all data could be fairly compared.

As discussed above, the inclusion of micron-sized salt particles into the PFA significantly enhanced
the BET surface area of the resulting LIG due to its templating effect and enhanced the thermal
penetration depth, leading to increased LIG thickness and higher carbon yields. TGA analysis
demonstrated that the carbon yield is higher for the Na,SO4 case, which could be one explanation for
its increased capacitance over the NaCl-templated material despite the two electrode materials having

similar mass specific surface areas measured by gas adsorption. In the Na,SO4 case, simply more high
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surface area material was present after laser irradiation. On the other hand, via XPS we observed CI-
doping for the NaCl case and S-doping for the NaSOj, case. Several studies have shown that the doping

188281282 and S2822% into graphene can improve its capacitance, which is

of heteroatoms such as C
attributed to a change in the quantum capacitance of the LIG. As discussed in section 2.4.2, for
supercapacitors prepared from materials with a low density of states such as graphene,”® the total
capacitance is dependent on both the double layer capacitance and the quantum capacitance, as shown

in Equations 2.23 and 2.24.

In the seminal publication on LIG, Tour’s group demonstrated that defects in the LIG material, such
as pentagon and heptagon pairs, can be more “metallic” in nature, effectively increasing the density of
states in the material near the Fermi level, and increasing the quantum capacitance — thereby increasing
the total capacitance.?* For these reasons, amorphous or glassy carbons may be more suitable than
graphene for use in supercapacitors, as their defects and functional groups have been shown to boost
capacitance.®°>?% Likewise, other DFT studies have shown that doping of graphene with covalently-
bound heteroatoms increases its quantum capacitance.®’* While we expect that both dopants improve
the capacitance of the LIG material, it is possible that S doping may result in a more significant
capacitance boost than Cl. We also observed a more amorphous structure for LIG from Na,SO4 via
SAED, and the combination of these effects may enable the maximum capacitances to be achieved
from Na,SOs-based samples. However, due to the multifunctional nature of the salt particles in the PFA
composites, it is challenging to determine which of these effects is the most critical in boosting
electrochemical performance. Overall, we expect that the salt particles act as multi-faceted additives,
simultaneously improving the thermal properties of the PFA, acting as pore-forming agents and
carbonization aids, and enabling heteroatom doping into the LIG structure, resulting in the remarkable

capacitance increase observed in PFA/salt-based devices over PFA/no salt.

4.4 Conclusion

In summary, we have demonstrated for the first time that LIG-based supercapacitors prepared via
dispersing of sodium salt microparticles throughout a carbon precursor such as PFA can result in a 2-4
order of magnitude increase in the areal capacitance. Supercapacitors prepared from PFA/25% Na;SO4
exhibit extremely high average areal capacitances of 19.7 = 3.0 mF/cm? at 5 mV/s and 24.7 + 3.8
mF/cm? at 0.05 mA/cm?, with individual PFA/20% Na,SO4 devices achieving capacitances as high as

38 mF/cm? at 5 mV/s and 80 mF/cm? at 0.05 mA/cm?, which are among the highest areal capacitances
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reported for pure LIG-based supercapacitors to date. This approach employs inexpensive, abundant,
and non-toxic sodium salts to enable high-performance LIG-based supercapacitors from PFA resin, an
easily processable and biomass-derived polymer. Moreover, the improved capacitance is achieved
without the need for inert atmospheres or surface treatments, while using an inexpensive and widely
available CO; IR laser. In most previous studies thus far, the performance of LIG-based devices has
been dictated mainly by the chemistry of the LIG precursor. Many materials carbonize successfully
under laser irradiation but do not result in high surface area materials. The incorporation of multi-
functional salt particles as dopant precursors, thermally conductive additives, pore-forming agents, and
carbonization aids may enable a new level of control over device performance. While we have only
demonstrated this concept with PFA thus far, the inert nature of the salts used and the ease and
scalability of spray-drying as a manufacturing method demonstrate the widespread applicability of this

approach for improving the porosity and performance of LIG from various precursors.
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Chapter 5:
Evaluating Lithium Nucleation onto Laser-Induced Graphene for
Lithium Metal Anodes

5.1 Introduction

Chapters 3 and 4 of this thesis have focused on the development of PFA as a novel, sustainable and
casily processable precursor for the formation of LIG. Moreover, via the addition of GO and salt
additives, we demonstrated the ability to optimize the surface area, carbon yield, and surface chemistry
of the resulting LIG. While we have thus far focused on the optimization of these properties via the
fabrication of LIG-based supercapacitors, the ultimate goal of this work was the intentional design of

a porous, high surface area, heteroatom-doped LIG as a host material for lithium metal anodes.

As discussed in detail in Chapter 2, the lithium metal anode possesses the lowest standard reduction
potential (-3.04 V vs. SHE) and one of the highest theoretical capacities (3860 mAh/g) of any anode
material, making it an incredibly desirable anode choice.>” However, its formation of an unstable SEI
layer and its effectively infinite volume change during plating and stripping — thereby leading to
breakage of the SEI layer, dendrite formation, and accumulation of a thick SEI layer and inactive,
“dead” lithium — have limited the cycle life of all lithium metal cells. A variety of strategies have been
investigated to improve its performance, including the use of electrolyte additives which can stabilize
the SEL 28137141 the formation of ex situ artificial SEI layers on the lithium or copper current collector

143-156 and the use of porous, conductive materials to act as a host or scaffold to accommodate

surface,
the lithium volume change and lower the effective current densities during plating.!3¥16! While 3D
current collectors and hosts for lithium are a promising route to address the challenges associated with
the lithium anode, little fundamental work has been done to address how to effectively design a lithium

host.

An ideal host material should be electronically conductive, lightweight, possess a high surface area
to lower the effective current density, void space to accommodate lithium deposition, and be lithiophilic
—meaning that lithium will plate on the material easily, with a low overpotential for lithium nucleation.
Yan et al. demonstrated that different metals exhibit different overpotentials for the heterogeneous
nucleation of lithium, with gold possessing an effectively zero overpotential due to the non-zero

solubility of lithium in gold at high lithium content phases.'”® They demonstrated that a lithiophilic
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material such as gold can be used to guide and control the deposition of lithium within a host
structure.!”® However, nearly all host structures studied to date are carbonaceous. Preparation of a
lithiophilic surface from purely carbon-based materials, rather than costly and heavy materials such as
gold, would be desirable. Chen et al. demonstrated computationally that the inclusion of specific
heteroatom dopants and functional groups on the surface of graphene materials can increase the binding
energy between lithium ions and the graphene substrate, particularly functional groups containing
boron and phosphorus, along with certain functional groups containing oxygen, nitrogen, and sulfur.'®
However, few experimental studies have demonstrated the impact of heteroatom doping on the

nucleation of lithium on carbon host materials.

LIG is a promising material for a lithium host, as it is a conductive, high surface area material with
substantial porosity to accommodate lithium plating. Due to the limited loadings achieved by laser
scribing, LIG is more practical as a scaffold material in batteries, rather than a direct active material, as
shown by the wide number of studies that have employed it as the porous carbon scaffold for air
cathodes.”® %! In the only study of its kind to date, Yi et al. prepared a unique LIG architecture to act
as a host for lithium metal by placing PI tape on copper foil and selectively scribing it to form PI pillars
coated with LIG.'® They demonstrated that this material possesses low overpotentials for lithium
nucleation even at extremely high current densities up to 10 mA/cm?, and outperforms conventional
LIG and copper.'®® The authors illustrated from further computational analysis that this is due to the
formation of lithiophilic oxygen and nitrogen-containing functional groups on the LIG, although it
should be noted that some inconsistencies in the lithiophilic nature of specific functional groups exist

between these different computational studies.

In Chapter 4, we demonstrated the formation of high surface area LIG from PFA/salt composites,
and notably, discovered that the LIG could be doped with different heteroatoms depending on the salt
used. The LIG formed from these PFA/salt composites is particularly suited for the fundamental study

of lithium nucleation on different doped graphene materials.

In this chapter, we first investigate if LIG can be prepared from composites of PFA and lithium salts
and as a proof-of-concept measure the capacitance of the resulting LIG materials. Following material
characterization, we identify four model materials for investigation as lithium hosts — LIG from PI, LIG
from PFA, LIG from PFA/25% Na,SO4, and LIG from PFA/10% Li>SO4. We then conduct a lithium

nucleation and plating study by evaluation of the lithium nucleation overpotential at various current
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densities on the different LIG materials, as seen in Figure 5.1. Notably, we also study the effect of pre-
lithiating the LIG materials before lithium nucleation on the resulting plating overpotentials. We
attempt to identify trends in the overpotentials and charge transfer resistances and to deconvolute the
various factors that can influence plating, such as the doping, surface area, and loading. We demonstrate
that LIG from PFA/25% Na,SO4 and PFA/10% Li,SO4 exhibit lower overpotentials and charge transfer
resistances than undoped LIG from pristine PFA. We also study the cycling performance of these cells

and suggest strategies to improve performance.
Heteroatom-doped

Laser Induced
Graphene (LIG) 4

% Lithiophilicity
l Nucleation
Overpotential

Figure 5.1: Scheme for investigation of lithium nucleation on heteroatom-doped LIG.

5.2 Experimental Methods

5.2.1 LIG Synthesis

PFA and PFA/25% Na,SO,; were prepared following the procedure outlined in Chapter 4. Li>SOs
(Sigma-Aldrich, >98.5%) and K,SO. (Sigma-Aldrich, Reagent Plus®, >99.0%) were spray-dried
following the protocol used for NaCl and Na,SO4 in Chapter 4. LisPO4 (Sigma-Aldrich, 338893) and
Li;B4O7 (Sigma-Aldrich, >99.9%) were used directly. PFA/Li,SOs4, PFA/K,SO4, and PFA/Li3PO4 films
were prepared following the same procedure as PFA/NaCl and PFA/Na,SOs, but with polymerization
times of 3-4 hours. All LIG was prepared using a speed of 10 mm/s and two laser passes. A range of
laser powers was investigated for sheet resistance testing, but otherwise, the optimized laser power
from Chapter 4, 5.85 W, was used for all other testing. LIG from PI was prepared from commercial
Kapton film (McMaster-Carr, Electrical-Grade, 0.0050" thick), using 5.85 W, 10 mm/s, and a single

laser pass, as a second started to cut through the film.
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5.2.2 Materials Characterization

Sheet resistances of LIG samples were obtained by laser scribing a rectangle of 6.07 mm x 2.70 mm
and measuring the sheet resistance with a four-point probe measurement (Ossila). All sheet resistance

measurements were performed directly on the PFA or PI substrates after laser scribing.

Raman spectroscopy was conducted on LIG directly on the substrate surface with a Horiba Jobin-
Yvon HR800 Raman system equipped with an Olympus BX 41 microscope with a 50 mW, 532 nm

laser operating at 25% laser power.

Scanning electron microscopy (SEM) to assess the material morphology was carried out on spray-
dried salt particles and on gold-coated cryogenically fractured cross-sections of the PFA/salt
composites, LIG, and LIG after salt dissolution, with a Zeiss Leo 1530 with energy dispersive X-ray
spectroscopy (EDS) operating at an acceleration voltage of 20 kV. Salts were dissolved by soaking the
entire PFA substrate after LIG formation in DI water for 24 hours, followed by rinsing the surface with
DI water and drying under vacuum for 24 hours. Image analysis of the spray-dried salt particle size was

performed with ImageJ software.

X-ray photoelectron spectroscopy (XPS) was conducted with a Thermal Scientific KAlpha XPS
spectrometer, 150 eV, and spectra were fitted using CasaXPS software. For LIG from PI, XPS was
carried out directly on the LIG powder scraped off the PI substrate, while for LIG from PFA/Li,SO4
samples, the salt was dissolved out of the LIG powder first. To do this, the same protocol used to
remove the salt from LIG from PFA/25% Na,SO4 in Chapter 4 was used — samples were stirred in 15
mL of DI water for 24 hours. They were then centrifuged at 3500 rpm, transferred into ethanol and re-
centrifuged. This step was repeated once more to remove all water, to prevent any capillary forces
during drying, in order to limit any drying-induced changes to the surface area. The samples were then
dried under vacuum overnight. As charge compensation was used during XPS measurement, which can
cause shifts in the binding energy, the XPS spectra for Li,SO4 samples were charge-corrected so that

the C-C peak appeared at 284.4 eV.

5.2.3 Electrode Fabrication

Graphite electrodes were prepared by mixing 1.71 g of graphite (MTI Artificial Graphite Powder for
Li-ion battery anode) with 3 mL of 30 mg/mL PVDF (Sigma-Aldrich, Mw ~534,000, powder) in NMP
(Fisher Chemical, Laboratory grade) to prepare a slurry with 600 mg/mL loading and a ratio of 95:5
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graphite:PVDF. Slurries were homogenized for 30 seconds with a CATX120 homogenizer with a T6
shaft at 33,000 rpm. Slurries were then doctor-bladed onto 10 um thick copper foil at a wet-gap of 250
um. LIG-based electrodes were prepared by mixing LIG (following dissolution of any salt using the
procedure above), 30 mg/mL PVDF in NMP binder solution, and NMP to form a slurry with 95:5
LIG:PVDF by mass, and a loading of 400 mg/mL. Slurries were homogenized using the same procedure
as graphite. Films were doctor-bladed using a wet-gap of 100 um. All electrode films were dried
overnight under vacuum at 80 °C. Electrodes were then punched to form discs (15/32” diameter) and
pressed at 1 US ton for 1 minute. Copper electrodes were prepared by punching discs (15/32” diameter)
from copper foil. Gold-coated copper electrodes were prepared by sputtering gold (Polaron Instruments,

E5100) onto copper foil at 20 mA for 5 minutes to form a 75 nm thick layer on the copper foil.

5.2.4 Electrochemical Testing

Capacitance of LIG with varying salts and loadings was tested using a symmetric, interdigitated

design, identical to that used in Chapter 4.

Electrochemical testing of graphite was conducted in a three-electrode split cell (MTI Corp., EQ-
3ESTC), using 700 uL of electrolyte consisting of 1 M LiPF¢ in 1:1 EC:DMC (Sigma-Aldrich, battery
grade). Graphite was used as the working electrode, while 9/16” diameter lithium metal (Sigma-
Aldrich, 0.75 mm thick, 99.9% trace metals basis) was used as the counter electrode and a lithium metal
ring (24 mm OD and 5/8” ID) was used as the reference electrode. The surface layer of the lithium was
removed prior to assembly with a brush and rolling between two metal rollers to provide a clean, bare
lithium surface. Whatman GF/A glass microfiber separators were used, with a 24 mm OD separator
between the working electrode and reference electrode, and a 24 mm OD and 15/32” ID separator ring
between the reference electrode and counter electrode. All cells were assembled in an Ar-filled
glovebox, with <0.1 ppm water and <0.7 ppm oxygen. The graphite working electrode was subjected
to an initial work-in cycle at 0.05C (discharging to 0.005 V and charging to 2 V) and then discharged
to SmV at 0.1C before plating studies were carried out. Plating was carried out at current densities of
100 pA/ecm?, 50 pA/em?, 300 pA/cm?, and 500 nA/cm?, with stripping at 100 pA/cm? until a cut-off
voltage of 35 mV was reached. Following stripping, for 300 and 500 pA/cm? current densities, the
electrodes were first re-lithiated to 5 mV at 100 pA/cm?, followed by plating at the higher current

densities.
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Electrochemical testing of copper, gold-coated copper and LIG-based electrodes was performed in
CR2032 coin cells (MTI Corp.) with a polypropylene separator (MTI Corp.) and 7/16” diameter lithium
metal foil anode. The lithium surface was cleaned using the same procedure as for the graphite cells.
Cells were assembled with 90 pL of electrolyte, consisting of 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, Aldrich Chemistry, 99.95% trace metals basis) and 0.1 M
lithium nitrate (LiNOs, Acros Organics, 99+%) in 1:1 v/v 1,2-dimethoxyethane (DME, Sigma-Aldrich,
anhydrous, 99.5%)/1,3-dioxolane (DOL, Sigma-Aldrich, anhydrous, 99.8%). All cells were assembled
in an Ar-filled glovebox, with <0.1 ppm water and <0.7 ppm oxygen. All cells were rested for 6 hours
before testing. For the lithium nucleation study, LIG samples were tested via two protocols: lithiated
and unlithiated. Lithiated cells were first discharged to 0.005 V and charged to 2 V at 0.1C, followed
by a second discharge at 0.1C to 0.005 V. Lithium was then plated at 100 pA/cm? to a capacity of 1.5
mAh/cm?. Lithium was then stripped to a cut-off voltage of 50 mV, as this was experimentally observed
to be the point at which the stripping plateau began to rapidly increase in voltage, indicating that all
plated lithium had been stripped away and delithiation of the LIG was occurring. Following this, lithium
was plated at a range of current densities in the following random order, to avoid any additive effects
on the overpotential over time: 100 pA/cm?, 50 pA/cm?, 300 pA/cm?, 500 pA/cm?, 100 pA/cm? repeat,
1 mA/cm?, 2 mA/cm?, 5 mA/cm?, 50 pA/cm? repeat. Stripping for all steps was performed at 100
uA/cm? until the 50 mV cut-off. Unlithiated samples were tested similarly, but with no initial discharge,
charge, and discharge cycle. Rather lithium was plated at 100 pA/cm? with no work-in cycle. Plating
was performed at the same current densities, in the same order, with all stripping done at 100 pA/cm?,
but done to a cut-off voltage of 2 V, to fully delithiate the carbon. Long term cycling was conducted
using a LAND CT2001A battery tester, with lithium plating at 1 mA/cm? and 1 mAh/cm?, and lithium
stripping at 1 mA/cm? with a cut-off voltage of 1 V. The electrochemically active surface area (ECSA)
was determined via cyclic voltammetry on Li/LIG half-cell coin cells at 5 mV/s in the non-faradaic
region between 2 and 2.5 V. It is assumed that the Li CE does not contribute to the capacitance and
impacts of doping on the capacitance are ignored here — as such, this can only serve as an estimate. The

double layer capacitance, Cpr, was determined as:
CpL = lavg/V 5.

where i 1S the average current at the midpoint (2.25 V) of the CV curves and v is the scan rate. The

ECSA was calculated as: 284286
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— S
ECSA =2 (5.2)

where m is the mass loading of the LIG and Ci; is the specific capacitance for carbon, which was
assumed to be 20 uF/cm?. Values of 10 — 20 uF/cm? have been reported for carbon, and we used

20 pF/cm? to provide a lower estimate of the surface area,>%285-28

5.3 Results and Discussion

5.3.1 Formation of LIG from PFA/Lithium Salt Composites

In Chapter 4, we demonstrated that introducing spray-dried NaCl and Na,SO4 microparticles into PFA
lead to doping and templating of the resulting LIG formed. While these heteroatom-doped and high
surface area LIG materials could be promising lithium metal host materials, the electrodes previously
prepared still contained significant quantities of residual salt after laser scribing. We previously
hypothesized that this salt could dissolve in the aqueous, gel electrolyte used to prepare LIG-based
supercapacitors. While residual salt could be dissolved out from the LIG in water, it would make more
sense for a lithium anode application to investigate the use of lithium salts in preparing LIG, such that
any remaining salt not removed via dissolution could potentially dissolve in the electrolyte or form part
of the SEI, and contribute to lithium transport. As such, we first investigated expanding our previous
PFA/salt composite work to use lithium-based salts to form LIG. Moreover, since lithium nucleation
has been theoretically shown to be highly dependent on heteroatom-doping, we specifically targeted
lithium salts that could potentially introduce heteroatom dopants that would facilitate low nucleation
overpotentials, such as O, N, S, P, and B. Consequently, we first investigated the preparation of
PFA/salt composites from LiNOs, Li2SOs4, Li3PO4, Li2B4O7, and, for comparison to our previous work
with NaCl and as a negative control, LiCl, as Cl doping is expected to make the material more

lithiophobic and lead to higher lithium nucleation overpotentials.

However, processing of most PFA/lithium salt composites proved challenging. While NaCl and
Na;SO4 were both insoluble in the FA monomer and ethanol solvent, LiCl and LiNO; were soluble.
Thus, they could not remain as solid salt microparticles, which is essential for the templating of the
PFA, and thus the formation of a high surface area LIG material. Moreover, their dissolution led to an
extremely rapid polymerization of the PFA, likely due to the reaction of the salts with the oxalic acid

catalyst, producing lithium oxalate and either nitric or hydrochloric acid, which caused the
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polymerization to occur violently, within a few seconds. As a result, these salts were incompatible with

the PFA synthesis process and could not be used.

Similarly, the use of Li,B4O7 led to the formation of brittle, inhomogeneous films, likely due to some
dissolution and reaction of the salt, as seen in Figure C1. Only two lithium salts could be used to
prepare PFA/salt composites: Li,SO4 and LisPOs. However, the inclusion of LisPO4 also had an impact
on the PFA polymerization. While typical PFA films were cured after drop-casting at 80 °C overnight,
we observed that PFA/Li;PO4 films would not fully cure unless four times the oxalic acid catalyst
concentration was used and extended cure times of 48 hours at 80 °C were employed, likely due to

Li3POy4 acting as a weak base in the system.

SEM images of the different spray-dried salt particles investigated can be seen in Figure C2 and
histograms of the salt size distributions as measured from SEM can be seen in Figure 5.2a). The salt
size distributions for NaCl and Na,SO,4 were previously reported in Chapter 4, but are compared here
to the size of the spray-dried Li,SO4 particles, and for sake of completion of the sulfate salt series,
K>S0s4. LisPO4 could not be spray-dried due to its limited water solubility. However, it could be
purchased as a fine powder, rather than large crystals. While a quantitative size estimate was not
possible due to aggregation of the particles in SEM, we estimate that it is on the same size scale as the
other salts employed, even without spray-drying. Na,SO4 and K>SOj4 possess the same average particle
size — the smallest, at 2.4 um + 1.3 pum and 2.4 pm + 0.5 pm respectively, with Li»SO4 possessing an
average size of 4.7 £ 1.9 pm and NaCl possessing the highest, at 6.2 + 2.5 pm. We expect that this
trend in particle size is due to the different densities of the different salts employed. Na>;SO4 and K>SO4
possess the same density, 2.66 g/cm?, while the densities of Li>SOs and NaCl are 2.22 and 2.16 g/cm?
respectively. As all salts are spray-dried at the same concentration in g/L, the denser salts result in

smaller particles after drying.
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Figure 5.2: Size distribution of salt particles and areal capacitance summary for PFA/salt-based LIG. a) Size
distribution of spray-dried salts, as measured from SEM. b) Summary of areal capacitance at 5 mV/s for LIG
supercapacitors prepared from PFA with various salts and salt loadings.

PFA/salt composites were prepared from Li»SO4, K2SOs, and LisPOs, with varying salt loadings,
ranging from 1 —20%, and were laser scribed using the same optimized parameters described in Chapter
4. While the capacitance of the LIG is not necessarily a parameter indicating a good Li host material,
it is directly related to both the surface area and the doping of the carbon. Furthermore, it can be
determined by a rapid test and can help to identify promising salt loadings for further investigation.
Thus, the capacitance of interdigitated LIG supercapacitors prepared from different salts and loadings
was measured, identically to the testing done in Chapter 4. The areal capacitance at 5 mV/s of all salts
and loadings investigated can be seen in a box and whisker plot in Figure 5.2b), and on a logarithmic
scale in Figure C3. High quality LIG material can be prepared from each of these salts, expanding the
list of salts beyond NaCl and Na,SOs, which were studied in detail in the previous chapter. As observed
for the sodium salts, areal capacitances for low salt loadings are low, and increase with salt loading.
The optimal salt loading for Li,SO4 is 10%, which results in an average areal capacitance of 19.8 + 1.1
mF/cm?, quite similar to that of 25% Na,SO4, beyond which loading the capacitance appears to decrease
or plateau. LIG from PFA/15% K>SOs results in the highest capacitances of all salts tested, of 44 + 10.2
mF/cm?, but with significant variation between samples. Higher loadings of K»SO4 were explored but
led to either short-circuited samples due to widening of the LIG fingers or cutting through the PFA film
during lasing. Though there are many complicating factors that can contribute to the capacitance, such
as heteroatom doping, a relationship exists between the salt particle size and the highest achievable

capacitance of LIG from each salt, indicative of the templating effect of the salt particles. K,SO4 and
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Na,SO4, while possessing some variability between samples, exhibit the highest individual
capacitances, and the smallest particle sizes, while Li>SOs, with a slightly larger particle size, yields
slightly lower capacitance, and NaCl, with even larger particle size, even lower maximum capacitance.
This can be seen in Figure C4. The highest performance for Li;POs films was observed at 15%, with
an areal capacitance of 12 = 9.0 mF/cm?, but again with significant variation observed among samples.
The areal capacitance for optimal salt loadings with scan rate can be seen in Figure C5a),
demonstrating that the inclusion of any salt tested boosts the capacitance of LIG by 2 — 4 orders of
magnitude over LIG from pristine PFA. The performance of the optimal ratios for sulfate salts can be
seen in Figure C5b). This indicates no significant trend in capacitance with the variation of the cation
of the sulfate salt. While K>SO results in the highest capacitance at low scan rates, it also possesses
the worst rate capability, with the lowest performance at high scan rates. The performance of Li,SO4

and Na,SO, are quite similar to one another, with slightly better rate performance observed for Na,SOs.

In selecting LIG materials for further investigation as a host material for a lithium anode, we
eliminated LIG prepared from PFA/Li;PO4 and PFA/K»SO4 as both possessed significant variation in
performance, along with the increased catalyst content and cure times for processing PFA/Li;PO4 and
K>SO4 not being a lithium salt. Consequently, we chose to focus on LIG prepared from PFA/25%
Na,SO4 and PFA/10% Li,SO4. As demonstrated in Chapter 4, LIG from PFA/25% Na;SOs is a high
surface area carbon material with O and S doping, and we expect that LIG from PFA/10% Li,SO4 may
have similar properties. Moreover, capacitance results from both indicate highly repeatable and

consistent performance.

To further investigate the LIG material prepared from PFA/Li>SOs4 composites, cryogenically
fractured cross-sections were examined using SEM and EDS, as seen in Figure 5.3. As seen in the
cross-sections of the PFA/salt composites at 5, 10, and 15% Li>SOs in Figure 5.3a), d), and g), the salt
particles remain as discrete particles, analogous to the Na,SO, system. Similarly, as seen in Figure
5.3b), e), and h), the LIG formed possesses a similar morphology and porous structure, and EDS
mapping indicates that sulfur and oxygen are uniformly present across the surface, indicating the
presence of residual Li,SOj4 after laser irradiation. To determine if this surface salt could be removed,
samples were then imaged after dissolving out the salt in DI water, as seen in Figure 5.3c), f) and i),
and the porous LIG structure is preserved after salt dissolution. Moreover, a significant difference is

observed in the EDS maps, which demonstrate a strong decrease in the signal of both S and O, with the
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dominant signal being C. This indicates that dissolution of the salt is possible without damaging the

LIG structure, and can be done before testing the materials as a lithium host.

a) 5% Li,SO, B). . »LIGETEEEE 2)=LIG After
’ U SRR . '/ Soaking

d) 100/0 LizSO4»

Figure 5.3: SEM and EDS analysis of LIG prepared from PFA/Li,SO4 composites. a-¢) 5% Li2SOs, d-f) 10%
Li,SOq4, g-1) 15% Li,SO4. a), d), and g) show cross-sections of the salt particles dispersed in the PFA resin, b),
¢) and h) show cross-sections of the LIG formed, and c), f), and i) show cross-sections of the LIG formed after
the salt has been dissolved out. The insets in b), e), h), c), f), and i) show EDS mapping, with carbon in red,
sulfur in green, and oxygen in cyan.

LIG material prepared from 5, 10 and 15% Li,SO4 was examined by XPS after dissolution of the
salt. The high resolution Cls, Ols, and S2p spectra can be seen in Figure 5.4a), b), and c¢), with the
survey spectrum in Figure 5.4d). In the high resolution Cl1s spectrum in Figure 5.4a), the typical C-C,
C-0/C-S, C=0, and COO bonds previously observed for LIG from PFA/salt are present. However,
significant differences are observed in these spectra compared to LIG from PFA/25% Na,SOs. In the
Li,SOy4 case, the C-C peak is the dominant peak, and the C=0 and COO peaks are much smaller than
those observed for LIG from PFA/25% Na,SOs. This is consistent with the overall oxygen content
determined from the survey spectra, which is 37.85% for LIG from PFA/25% Na,SOa, but only 15.52%,
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17.52%, and 20.19% for 5, 10 and 15% Li,SOs, respectively — which are not very different than LIG
from pristine PFA (17.31%). The S2p spectra shown in Figure 5.4¢) demonstrate that some residual
sulfate is present in the system, even after salt dissolution, which was also observed in Chapter 4 for
the Na,SOy4 system, via TGA analysis. It is also possible that these sulfate groups are covalently attached
to the LIG, but based on the previous TGA analysis, we have assumed that this is from residual
undissolved surface salt. As in LIG from PFA/Na,SOs, sulfur doping (C-S) is also present in these
samples. However, two previously unobserved S-containing functional groups are also formed —
sulfone groups (CSO.C, 2p3» of 168.0 ¢V) and sulfoxide groups (CSOC, 2ps» of ~165 eV). It is
possible that some small amount of sulfone formation occurs in the case of Na;SQOs-based LIG, and is
obscured by the significant SO4>* peak. However, in the case of Li>SOs, significant sulfone formation
is observed, with a similar sulfone and sulfide content, or even greater sulfone content than sulfides.
Notably, the sulfone and SO4* contents increase with rising Li>SO4 salt loading. The amount of total
sulfur doping increases with salt loading and is 0.64%, 0.69%, and 0.97% for LIG from 5% Li>SOs,
10% Li»SO4, and 15% Li»SO4 respectively, after correcting for residual SO4>. These values are also
consistent with PFA/25% Na,SOs, which exhibited a sulfur doping content of 2.15%. The Ols spectra
in Figure 5.4b) possess the same C-O and C=0 peaks previously observed, but also a CSO,C peak,
which overlaps with the C=0 peak. The sulfoxide O1s peak also likely overlaps here, but few examples
of the Ols peak for sulfoxide groups beyond liquid and gas phase DMSO have been reported.?®’
Moreover, a small sulfate peak would also be expected to overlap here (532.6 €V),*”® but the peak is
likely too small to be visible. The fitting parameters used for all XPS analysis can be found in Tables
C1-C3. Thus, while both Na>SO4 and Li,SOy4 salts result in sulfur doping and similar areal capacitance,

the LIG materials formed are significantly different.
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Figure 5.4: XPS analysis of LIG formed from 5, 10, and 15% Li,SO4. High resolution a) Cls, b) Ols, and c)
S2p spectra, along with d) survey spectra. Note that only the 2ps,» peaks are labelled in ¢), and not the 2pi,»
peaks, for readability.

Further sheet resistance and Raman spectroscopy analysis, seen in Figures C6 and C7, indicated that
little difference is apparent in the conductivity or carbon structure of the LIG material prepared from 5,
10, or 15% Li,SO4. While the XPS results indicate a slight increase in the sulfur content with increasing
salt content, 10% Li»SO4 was selected as the optimal salt loading for investigation of the LIG as a

lithium metal host, as it led to the highest capacitance and the least variation between samples.

5.3.2 Materials Characterization of LIG for Lithium Host

We selected four LIG materials to investigate as potential hosts for lithium: LIG from pristine PFA,

LIG from PI, and due to their observed differences in XPS, both LIG from PFA/25% Na,SO4 and LIG
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from PFA/10% Li,SO4. The full XPS characterization of LIG from PFA and PFA/25% Na»SOs is
discussed in Chapter 4, and the XPS for LIG from PI can be seen in Figure C8, with all peaks tabulated
in Table C4. LIG from PI possesses less oxygen content than PFA-based samples, but possesses similar
functional groups. While significant overlap of the different C-N functional groups (imine, imide,
amine, amide, pyrrole and pyridine groups) occurs in the N1s spectrum, making any deconvolution
challenging, nitrogen doping and C-N bonding are present. The chemical composition of the different

LIG materials is summarized in Table 5.1.

Table 5.1: Chemical composition of different LIG materials, as determined by XPS.

Sample* C (%) O (%) N (%) S (%) Key Functional
Groups

LIG from PFA 82.69 17.31 N/A N/A , C=0

LIG from PI 90.72 6.39 2.89 N/A , C=0, COO,
CON,

LIG from PFA/25% Na»SO4 60.00 37.85 N/A 2.15 , C=0, COO,
C-S

LIG from PFA/10% Li,SO4 81.69 17.52 N/A 0.69 , C=0, COO,
C-S, C-SO-C,
C-SO,-C

*For LIG from PFA/25% Na>SO4 and PFA/10% Li2SO4, chemical composition has been corrected to remove salt, such that
only the composition of the LIG is reported here. The functional groups present in each sample are colour-coded based on
Chen et al.’s computational study, with green indicating lithiophilic groups, red indicating lithiophobic groups, black
indicating functional groups that were not considered in the study, and orange indicating groups that have similar
lithiophilicity to pristine graphene or a range of different values reported, i.e. values for epoxides, alcohols, and ethers all
vary among the C-O group.'®’

The sheet resistance of all LIG materials is reported in Figure 5.5a), before salt dissolution for
PFA/salt samples. The sheet resistances of all PFA-based LIG samples are similar and vary very little
with laser power. The sheet resistance of PI-based LIG is higher than that of all PFA-based samples.
As laser power has very little effect on sheet resistance, the optimized laser power settings used in
Chapter 4 were used for all samples here (5.85 W). Raman spectra of the LIG materials can be seen in
Figure 5.5b). LIG from the pristine polymers, PFA and PI, exhibits a graphene-like spectrum, with
distinct D (~1350 cm™), G (~1580 cm™), and 2D (~2700 cm™) peaks. As discussed thoroughly in
Chapter 4, the spectrum of LIG from PFA/25% Na,SOs is indicative of an amorphous carbon material,
with broad, overlapping D and G peaks, and no 2D peak. The spectrum of LIG from 10% Li,SOy is
very similar to that of 25% Na,SQs, indicating a similarly amorphous structure. It should be noted that
despite this amorphous structure, graphitic domains were still observed in LIG from 25% Na,SO4 in

TEM, which could also be the case with the 10% Li,SO4 sample.
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Figure 5.5: Sheet resistance and Raman spectroscopy of different LIG materials. a) Sheet resistance of LIG
from PFA, PFA/10% Li,SOs4, PFA/25% Na,SOs4, and PI at various laser powers. b) Raman spectra of LIG from
the same precursors at selected laser power of 5.85 W.

5.3.3 Lithium Nucleation on Graphite

To assess the performance of various materials as a lithium metal host, we sought to measure the
overpotential for lithium nucleation at different current densities on the materials of interest. As a proof
of concept, we first studied graphite electrodes, which have been used as lithium-ion anodes for
decades. Initial proof-of-concept testing was performed in a three-electrode split test cell, using a
lithium metal disc as the counter electrode, and lithium metal ring as the reference electrode (Figure
C9). The graphite working electrode was subjected to an initial work-in cycle at 0.05C and then
discharged to 5 mV at 0.1C before plating studies were carried out. This testing procedure and the
voltage profiles for lithium plating on lithiated graphite can be seen in Figure C10a) — ¢). The lithium
plating voltage profiles follow the expected shape, with an initial dip followed by a plateau, indicative
of lithium nucleation and growth. Moreover, testing of three separate cells at different current densities
indicates repeatable results with little variation, and a linear relationship of the overpotential with

current density (Figure C10d)).

While these initial results were promising, we experienced several issues associated with the use of
the three-electrode test cell. Firstly, we frequently observed disconnection between the lithium ring
reference electrode and the cell during assembly, leading to inaccurate or noisy voltage measurements
(Figure C10e)). We also observed frequent short-circuiting of the reference and counter electrodes.

While this is challenging to confirm via voltage alone as both the reference and counter electrodes are
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lithium metal, and thus possess a nearly 0 V potential difference, this can be confirmed via the
appearance of a second dip in the lithium plating voltage profiles at higher current densities (300 and
500 pA/cm?) and capacities of lithium plated. In two-electrode symmetric Li|Li cells, this second dip
stems from changes in the lithium counter electrode potential — the initial plateau during plating is due
to stripping of lithium metal from dendrites formed on the counter electrode surface, and the second
dip occurs after the dendrites have been consumed and once stripping begins to occur from the bulk
counter electrode surface.?®®2% However, this should not occur in a three-electrode setup since the
voltage measured is with respect to the Li reference electrode. Thus, the presence of this second dip is
indicative of the short circuiting of the reference and counter electrodes. Moreover, the high cost of the
three-electrode cell and incompatibility of the sealing o-rings with ether-based electrolytes used for LiS
cells makes it unsuitable for scalable testing. We compared the voltage profiles for lithium nucleation
on graphite in the three-electrode cell and two-electrode coin cells and observed very similar
overpotentials at low current densities (Figure C10f)). At higher current densities, the coin cells
actually exhibited lower overpotentials and IR drops, which could be due to electrolyte evaporation and
sealing issues in the three-electrode cell (Figure C10g)). Consequently, although three-electrode
testing would provide the most accurate overpotential measurements without the influence of the
lithium counter electrode, we performed all remaining testing in a two-electrode coin cell configuration,

due to its scalability, compatibility with electrolyte, and use to date in literature.'*®

5.3.4 Lithium Nucleation on LIG

Initial plating tests were first carried out on two model materials, copper, and gold-coated copper.
Copper is the typical current collector employed for lithium metal anodes, and the benchmark for most
lithium anode performance comparisons. As discussed above, lithium possesses an effectively zero
overpotential for nucleation on gold, due to the formation of lithium-gold alloys and a solid solution of
lithium in gold at high atomic ratios of lithium. As such, these two materials can act as a negative and
positive control for lithium nucleation, with copper as a lithiophobic material that should exhibit high
nucleation overpotentials, and gold as a lithiophilic material that should exhibit low nucleation

overpotentials. All tests were carried out in a DOL/DME-based electrolyte typically used for LiS cells.

The voltage profiles for lithium nucleation and plating on copper are shown in Figure 5.6a). The
voltage profiles follow the expected shape for lithium nucleation and growth: an initial voltage dip,

immediately followed by a plateau, with the initial dip stemming from lithium nucleation, and the
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following voltage plateau corresponding to lithium plating and growth, following nucleation. The

magnitude of the voltage difference between this initial dip and plateau is the overpotential, 1, for

lithium nucleation. With increasing current density (f), the overpotential increases as well. While an

unchanging plateau is observed during lithium plating up to the maximum plating capacity of 1.5

mAh/cm? at most current densities, at some current densities, a second dip in the voltage profile is

observed, which, as discussed with the graphite results, stems from the lithium metal counter electrode,

and occurs from a transition from stripping from surface dendrites to stripping from the lithium bulk.
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Figure 5.6: Voltage profiles for lithium nucleation and plating on different materials. Voltage profiles for
plating on a) copper, b) gold-coated copper, and c) unlithiated LIG from PFA/25% Na,SOj.

However, the lithium plating on gold-coated copper (Figure 5.6b)) does not follow expected

behaviour based on literature. The voltage curves for initial plating at low current densities (100 and
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50 pA/cm?) exhibit the expected behaviour — the formation of Li-Au alloys can be confirmed by the
presence of multiple voltage plateaus below 0.2 V, and the subsequent nucleation overpotential for
these current densities is effectively zero, with no initial dip in the voltage profile observed, but rather
an immediate voltage plateau. The Li-Au alloy voltage plateaus and lack of an overpotential matches
well with the studies performed by Yan et al., which were performed at very low current densities of
10 — 100 pA/cm?.!” However, at higher current densities, large dips and variations are present in the
voltage profiles at higher lithium plating capacities, which was repeatedly observed in multiple cells.
We hypothesize that these variations occur due to some delamination of the gold from the copper
substrate during plating. The gold surface was prepared via sputtering of ~75 nm of gold onto copper
foil, with no intermediate adhesion layer, and the large volume change of the gold during alloying could
result in enough mechanical stress to cause delamination. While we investigated gold-coated copper
here as a positive control of a lithiophilic surface with a low overpotential for lithium nucleation, these
results suggest further challenges associated with gold, beyond its cost, and that simple gold-coating of

copper current collectors is not a solution for a stable lithium metal anode.

Studying the lithium nucleation and plating on LIG is more complex, as LIG materials have been
previously studied as lithium-ion anodes, and can therefore store lithium via adsorption of lithium onto
each side of the graphene sheets, and via binding to the sheet edges. For any carbon anode that can be
lithiated, lithiation and lithium plating are both possible processes — in fact, lithium deposition usually
proceeds by adsorption as the first step. Furthermore, unlike copper and gold films, where lithium can
plate on a flat, effectively 2D surface, LIG electrodes consist of a thick layer of porous electrode
material, held together with binder and immersed in electrolyte. For any electrode beyond a nominal
thickness, mass transport of Li" is a limiting factor that could impact the measured overpotential. We
can confirm that mass transport in the liquid electrolyte is not a limiting condition that will impact the
overpotential, as the diffusion limiting current density for DOL/DME electrolytes is 198 mA/cm? in a
typical coin cell configuration, and the currents investigated here are two to three orders of magnitude
lower.2® However, for materials that can be lithiated, solid state transport of lithium ions in the material
during lithiation can be a limiting step. To ensure that mass transport of lithium ions in the LIG does
not contribute to the overpotential, we studied the nucleation of lithium on LIG electrodes that had been
fully pre-lithiated. However, while these measurements can provide fundamental information on
lithium plating on LIG materials, they do not represent how LIG materials would be used as a lithium

metal host in practice, during which lithium would need to plate on the LIG surface with no pre-
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lithiation step. Consequently, we also tested LIG materials without any pre-lithiation, referred to from
hereon as unlithiated samples. Plots showing the specific charge and discharge steps for both the
lithiated and unlithiated testing protocols can be seen in Figure C11. Few studies, if any, have been

reported on the effect of pre-lithiation on lithium nucleation.

The voltage profile for lithium nucleation and plating on unlithiated LIG from PFA/25% Na,SO4 can
be seen in Figure 5.6¢). The voltage profiles for plating on other LIG materials are presented in Figure
C12. Similarly to copper, the voltage profiles possess the expected shape, with an initial dip from
lithium nucleation followed by a plateau. Again, at several intermediate current densities, a second dip
is observed in the plating profiles, stemming from the counter electrode. At these current densities, the
overpotential was calculated at both the initial plateau and final plateau in the data, to account for any
differences, as labelled in Figure C13. The individual calculated overpotentials for all samples are
plotted in Figure C14, with 2 — 4 cells measured for each sample. It should be noted that for all samples,
significant differences in the overpotential at 100 uA/cm? are observed from the first lithium plating

cycle to the 5™, due to the formation and stabilization of the SEI layer, as seen in Figure C15.

Plots of the variation of the average lithium nucleation overpotential with current density for all LIG
materials can be seen in Figure 5.7. It should be noted that the overpotentials are all negative for the
plating process, but the overpotential magnitude is plotted for simplicity. All LIG materials exhibit
similar overpotentials at low current densities, but significant deviations can be observed at higher
current densities. In all cases, pre-lithiated cells exhibit very repeatable results, with small error bars
across different samples. However, unlithiated PFA and PI samples exhibit significant variation —
particularly PFA samples, which possess extremely large error bars in overpotential at high current
densities. In contrast, PFA/salt samples exhibit little variation among both lithiated and unlithiated cells.
While the variation is lower for PFA/10% Li,SOs cells than PFA/25% Na>SOy cells, it should be noted
that more PFA/25% Na,SOj4 cells were tested, including cells prepared from separate batches of LIG
material, which only exhibited very slight differences in measured overpotential. This is significant, as
the LIG process is known to lead to large variations in material. As discussed in Chapter 4, significant
differences have been observed in Raman spectra of LIG formed at the center and edge of each rastered
trace, due to the thermal gradient formed in the material during lasing.?’> In the previous chapter, we
suggested, via thermal modeling, that the inclusion of salt particles in the PFA could lead to increased

thermal conductivity and diffusivity, which could also lead to a less extreme thermal gradient during
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lasing, and a more uniform LIG material. This could explain the extremely repeatable results achieved

from PFA/Na,SO4 and PFA/Li,SOs, despite the significant variation from pristine PFA.
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Figure 5.7: Average lithium nucleation overpotentials with current density for different LIG materials.
Nucleation overpotentials for a) LIG from PFA, b) LIG from PI, c¢) LIG from PFA/25% Na>SOs, and d) LIG
from PFA/10% Li,SOs.

LIG from PFA, both lithiated and unlithiated, exhibits the highest overpotentials of the LIG materials,
with substantially higher overpotentials than LIG from PI, PFA/25% Na,SO4 and PFA/10% Li,SOs.
This appears to match our initial hypothesis, that the lower surface area and lack of doping with
lithiophilic functional groups leads to higher overpotentials for lithium nucleation. The performance of
LIG from PI, PFA/25% Na,SO4 and PFA/10% Li,SO4 are similar to one another. Notably, for both LIG
from PFA and LIG from PI, despite variation in the unlithiated cell performance, the average
overpotentials for lithiated and unlithiated cells are similar to one another. However, for LIG from
PFA/salt, in both cases, the overpotentials for lithiated cells are higher than that of unlithiated cells at
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high current densities. This is an unexpected result. A fully lithiated carbon material is expected to
provide a more lithiophilic surface for lithium nucleation. Moreover, the fully lithiated structure should
eliminate any increase in the overpotential due to mass transport resistance during solid state Li*
diffusion. One possible explanation is that the lithiated samples are less stable, and that during the
plating study, the longer periods of time spent at lower voltages leads to more accumulation of SEI,
resulting in increased overpotentials at higher current densities, applied in subsequent plating steps.

However, this unexpected result requires further investigation.

The average overpotentials for all lithiated samples are compared with one another and the average
values for copper in Figure 5.8a). The overpotentials measured for copper correspond well with other
literature reports in the same electrolyte.'®® At low current densities (<500 nA/cm?), copper exhibits the
highest overpotentials of all samples. However, at higher current densities, LIG samples perform more
poorly than copper, with LIG from PFA exhibiting the highest overpotentials, and LIG from PI, 25%
Na,SO4, and 10% Li,SO4 exhibiting similar performance. In Figure 5.8b), the performance of the
unlithiated LIG samples is compared. In this case, again, copper exhibits the highest overpotentials at
low current densities, but at higher current densities LIG from PFA/25% Na,SO4 exhibits essentially
equal overpotentials, with LIG from 10% Li,SO4 exhibiting only slightly higher overpotentials. LIG
from PI and LIG from PFA each exhibit much higher overpotentials. This provides some indication
that the introduction of lithiophilic functional groups in LIG from PFA/salt has lowered the lithium
nucleation overpotential in comparison to LIG from pristine PFA. However, it is surprising that the
high surface area LIG materials possess higher overpotentials than copper at high current densities.
Mass transport effects could lead to increased overpotentials at high current densities, which could stem
from the formation of different compositions of SEI on the different LIG surfaces or from increased
consumption of electrolyte in the porous, high surface area LIG electrodes. However, excess electrolyte
was used in all tests. Moreover, we observe relatively linear behaviour of the overpotential with current
density. We do not observe the sharp increase in the overpotential we would expect if approaching the

mass transfer limited current density.
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Figure 5.8: Summary of overpotentials for different materials and extracted kinetic parameters. Comparison of
average overpotentials with current density for copper and a) all lithiated LIG samples and b) all unlithiated LIG
samples. ¢) Comparison of charge transfer resistance (calculated from the slope of the current-overpotential plots)
for lithium nucleation for all samples using linear fit of data. d) Comparison of the intercept of the current density-
overpotential plots, for all samples, using linear fit of data. €) Comparison of exchange current density, jo, for all
samples using fit of data to full Butler-Volmer equation. f) Comparison of transfer coefficient, a, for all samples,
using fit of data to full Butler-Volmer equation. g) Comparison of charge transfer resistance for all samples, as
calculated from both a linear fit of the data and fitting to the full Butler-Volmer equation.
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The relationship between the overpotential for an electrochemical reaction and the current is
described by the current-overpotential equation in the Butler-Volmer model:

i =i, CO(?I) e~ afn _ CR((*)’t)e(l—a)fn (5.3)
C C
) R

where iy is the exchange current (jo is the exchange current density), a is the transfer coefficient, fis a
constant (f= F/RT), Cy(0,t) and Cx(0, t) are the concentrations of the oxidized and reduced species
at the electrode surface, and C;, and Cy are the bulk concentrations of the oxidized and reduced

species. If we assume no mass transfer effects, the equation simplifies to:
i =io[e @M — e(-®In] (5.4)
At small overpotentials, since for small x, e* = 1 + x:

i = —iof1 (5.5)

Equation 5.5 shows that a linear relationship exists between the current or current density and
overpotential when the overpotential is small. This linear relationship can be related to the charge

transfer resistance for the reaction:

T=Rer =1 (5.6)

This linear relationship is typically valid when the current is <10% of the mass transfer limiting
current.’® As discussed previously, this is certainly true for mass transfer in the liquid electrolyte and
for all lithiated cells. While this is harder to prove for unlithiated cells, we do not observe behaviour
indicative of approaching the mass transfer limiting current in the overpotential plots. Rather, for the
most part, the overpotential-current density plots all exhibit relatively linear behaviour. The low
overpotential regime of the Butler-Volmer equation is also expected to no longer be valid for
overpotentials >118 mV, as this typically marks the transition to the Tafel regime.** However, the
magnitude of the nucleation overpotentials in our system is determined by both the electron transfer
kinetics, which conventionally follow Butler-Volmer theory, and the energy barrier required for
nucleation to occur, which is related to the thermodynamic mismatch of lithium and the nucleation
substrate, along with any other contributions from mass transfer or SEI formation. It is extremely
challenging to deconvolute the contributions of these many different processes — reaction, charge

transfer, diffusion, and crystallization'” — on the total measured overpotential. However, the magnitude

of the experimental overpotential is expected to be higher than that of a purely kinetically controlled
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system, and as such the typical overpotential cutoffs (such as 118 mV defining the beginning of the
Tafel regime) may no longer be valid. It is furthermore worth noting that, to the best of our knowledge,
the lithium nucleation overpotentials on a non-lithium surface have not been fit to a kinetic model
before, due to the complexity of the system. Moreover, most fitting of current-overpotential data is
done via voltage sweeping, which results in a much higher number of data points. As we investigated
the lithium plating galvanostatically (in order to be as close in operation to a practical lithium metal
anode as possible), the number of data points is more limited, and any fit to a kinetic model can only
be done roughly. Finally, we note that the form of the Butler-Volmer equation presented here is very

simple, and more rigorous lithium deposition models have been proposed in the literature to date,'7>2%1-

24 such as Monroe and Newman’s 2004 study that accounted for mechanical stress between the
substrate and deposit.?*> While we did not examine fitting of our data to these models, this should be

explored in future work to provide further insight into the nucleation behaviour on these materials.

As such, we first linearly fit the average overpotential-current density data for all samples, using the
low-overpotential Butler-Volmer approximation. For LIG-based samples, we observed the best linear
fits when excluding the highest current density (5000 pA/cm?) data point (i.e., for data from 50 to 2000
nA/cm?). We also excluded the repeat data points at 50 and 100 pA/cm? for all samples, as these led to
poorer fits, and are expected to vary based on SEI accumulation. However, for copper, we observed a
significantly improved linear fit when including the highest current density (5000 pA/cm?) data point
(R? of 0.94 vs. 0.63). Optimized linear fits of all data demonstrated high R* values of 0.89 — 0.99 for
each individual cell. The linear fits of the average overpotentials for all samples can be seen in Figure
C1e.

From the linear fits, we calculated a charge transfer resistance from the slope for all samples
following Equation 5.6. A comparison of the calculated charge transfer resistances from the linear fits
can be seen in Figure 5.8¢). It is clear that unlithiated and lithiated LIG from PFA exhibit the highest
charge transfer resistance among all samples. Rcr for lithiated LIG from PI, LIG from PFA/25%
Na,SO4 and LIG from PFA/10% Li,SO; are all similar to one another, but Rcr clearly decreases for
unlithiated LIG from PFA/25% Na>SO,4 and LIG from PFA/10% Li,SO4. These values are very similar
to that of copper. Notably, they are also only 20-35% that of the Rcr for LIG from PFA/no salt,
indicating that the inclusion of the salt particles into the LIG has dramatically improved the kinetics of

the charge transfer reaction.
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According to Butler-Volmer theory, the intercept of the low overpotential/linear regime of the current
density-overpotential plot should be zero. In Figure 5.8d) we plot the calculated intercept of the
overpotential-current density plot. For many samples, particularly lithiated PFA and PI, this value is
extremely close to zero (-1.3 mV and 0.2 mV respectively). Overpotentials for other LIG materials are
higher, but are all lower than that of copper, which possesses an intercept of 66 mV, indicating a
significant deviation from Butler-Volmer theory. However, this corresponds well with the work of Yan
et al., which demonstrated that copper possesses an extremely high overpotential for lithium nucleation
(~40 mV) even at extremely low current densities of 10 pA/cm?!”® This may be because the
thermodynamic mismatch between the lithiophobic copper surface and lithium is much greater than for
the lithiophilic LIG. The thermodynamic energy barrier of the nucleation process on an unfavourable
substrate may manifest in non-zero intercepts of the current-overpotential plot. Thus the magnitude of
the intercept could provide some insight into the lithiophilicity and substrate-lithium interfacial energy,
while the charge transfer resistance provided insight regarding the kinetics of the system. The results
from the linear fit suggest that the kinetics of the charge transfer reaction on copper may be faster,
potentially due to a more crystalline or conductive surface, but that the lithiophilicity of the LIG
materials is significantly improved compared to copper, based on the intercept data. Moreover,
significant improvements in the kinetics are observed for the doped LIG samples when compared to

LIG from pristine PFA.

We also fit our data to the full Butler-Volmer equation using non-linear least squares regression,
assuming no mass transfer effects, as written in Equation 5.4, resulting in R? values ranging from 0.90
—0.99 for each individual cell. The fits of the average current density-overpotential data can be seen in
Figure C17. It should be noted that in order to fit the model effectively, the cathodic currents are
labelled as positive following the Texas convention, the overpotentials are labelled as negative values,
and the current density and overpotential axes are switched from our previous plots, to follow Butler-
Volmer convention. From these fits, we are able to extract the exchange current density (jo) and transfer
coefficient (), which can be seen in Figures 5.8¢) and f). The findings from the full Butler-Volmer fit
exhibit differences from the previous linear fit. In this case, we observe higher exchange current
densities for all LIG-based samples than copper, indicating improved kinetics for LIG. Moreover,
significant differences are observed in the calculated transfer coefficients. Copper possesses an o value
close to 0.5, which is the expected value for most electrochemical reactions, and indicates a symmetric

energy barrier for reaction. However, most LIG samples possess low o values, with only the best
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performing samples (unlithiated 25% Na,SO4 and 10% Li,SOs4) exhibiting a values close to 0.5. This
would indicate asymmetric reaction energy barriers for most LIG samples, meaning that the
overpotential for lithium nucleation is much higher than the overpotential for lithium stripping. While
we did not investigate the dependence of the stripping overpotential with current density, this
asymmetric behaviour has been commonly observed in other systems, such as lead-acid batteries, which
exhibit increased charge polarization compared to the discharge process.?’® While a values as low as
0.16 have been reported for some systems, such as the reduction of Ce*" to Ce*" on gold,*” such low a
values are rare (with as low as 0.12 observed here for PFA) and such significant differences between
LIG and copper are surprising. It should be noted that the Butler-Volmer equation specifically applies
to elementary reactions. As such, mechanisms that involve a series of elementary steps can result in
observed transfer coefficients for the overall mechanism that differ from 0.5. We also note that a high
standard deviation between unlithiated 10% Li,SO4 samples is observed. It can be seen in Figure C14h)
that the overpotential data for the unlithiated 10% Li>SOs cells is nearly identical except for deviation
in the final, 5000 pA/cm? data point, which leads to significantly different estimates of both jo and a,
and illustrates the dependence of this fit on the limited high current density data, and the need for more
measurements at high current density to improve the fit and estimations from the full Butler-Volmer

equation.

From the exchange current densities calculated from the fit to the full Butler-Volmer equation, we
are able to calculate the charge transfer resistance from the second half of Equation 5.6. We compare
the calculated charge transfer resistances from the two fitting methods in Figure 5.8g). Good agreement
is achieved between the two fitting methods for most LIG samples, particularly for LIG from PI and
PFA/25% Na,SO4. The most significant discrepancies between the two models occur for copper and
for PFA/10% Li,SO4, both of which possess low charge transfer resistances based on the linear fit and
high charge transfer resistances from the fit to the full Butler-Volmer equation. As discussed above, the
deviations in the Li,SOj4 fit stem from differences in the final, highest current density data point, which
is excluded from the linear fit. The data obtained on copper on the other hand exhibits the worst fit to
both the linear and full Butler-Volmer equation, with R? values of 0.91 and 0.92 when averaging the
results for each individual copper sample. This indicates that lithium nucleation on copper possesses

the most significant deviations from Butler-Volmer kinetics and further investigation is needed.

Boyle et al. recently reported a transient voltammetry study of lithium electrodeposition with

ultramicroelectrodes.?”® They observed that the Li* + ¢ = Li reaction kinetics deviate from Butler-
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Volmer kinetics at high overpotentials, and that the lithium electrodeposition more accurately follows
Marcus kinetics. In Marcus theory, the potential energy surface is represented by two parabolas, which
represent the solvent coordinate in the initial and final states of the reaction. This does not change the
form of the current-overpotential equation in Equation 5.4, but does introduce a potential dependence

to a:

_l,e
a=-+_— 5.7

where e is the elementary charge and / is the reorganization energy, which represents the energy needed
to reorganize the solvent due to the differing charge distributions in the initial and final reaction states.
While Marcus and Butler-Volmer kinetics are identical at small overpotentials, the potential
dependence of o in Marcus theory leads to curvature of the Tafel plot at higher overpotentials. We did
not further investigate fitting our data to Marcus theory, particularly as more high current density data
points are needed, but this could explain some deviations in our data from symmetric Butler-Volmer
kinetics. Notably, Boyle et al. do observe symmetric kinetic behaviour, but study the kinetics of the
lithium stripping after lithium nucleation on the ultramicroelectrode surface (i.e. for a symmetric Li|Li
system). The kinetics are studied in the absence of a nucleation energy barrier, which exists in our
system, and it remains unclear if these findings fully apply to the nucleation process on copper and

LIG.

Despite some discrepancies in the extracted parameters for copper and 10% Li>SOs, both fit models
demonstrate that PFA/25% Na,SO4 and PI exhibit lower charge transfer resistances than PFA,
indicating that doping of the LIG facilitates improved electron transfer kinetics. Moreover, both
methods indicate that lithium nucleation follows Butler-Volmer kinetics, at least at low overpotentials,
but that modifications from the theory are needed to fully describe the overpotential-current density
behaviour. Higher thermodynamic nucleation barriers, indicative of lithiophobic materials and high
substrate-lithium interfacial energies, may manifest as deviations in the theory via either a non-zero
intercept in the linear regime or an asymmetric transfer coefficient, though the asymmetry could also
stem from a multi-step reaction mechanism. Improved models that can better decouple these kinetic
and thermodynamic effects can lead to better understanding of the complexities of the nucleation

process.

Whether kinetically or thermodynamically driven, we observe smaller nucleation overpotentials for
LIG from PFA/salt and PI than from pristine PFA, particularly for unlithiated PFA/salt samples. In
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order to confirm that the improved performance of the LIG from PFA/salt stems from the formation of
lithiophilic functional groups, we have plotted the calculated kinetic parameters from both the linear
and full Butler-Volmer fit with other varying properties of the LIG materials and electrodes. As
demonstrated via BET and capacitance in Chapter 4, the inclusion of the salt particles during lasing
leads to the formation of a higher surface area LIG material. However, the BET surface areas of the
LIG materials are not reflective of the actual surface area that is accessible to electrolyte. Pore size
analysis of LIG from PFA/25% Na,SO, indicated that significant micropores were present, which
would not be accessible to electrolyte, and moreover, the fabrication of LIG electrodes via slurry casting
with binder and subsequent electrode pressing is expected to dramatically change the accessible surface
area. Consequently, we estimated the electrode surface areas by conducting cyclic voltammetry on the
electrodes in a non-faradaic region, 2.0-2.5 V, before cycling, as seen in Figure C18. From this, the
electrochemically active surface area (ECSA) was estimated to be 5.0, 9.2, 14.8, and 23.1 m%/g for LIG
from PFA, LIG from PFA/25% Na;SOs, LIG from PFA/10% Li,SO4, and LIG from PI respectively.
We note that the current densities employed in our nucleation study were normalized by the geometric
electrode area, not the ECSA, and thus as the ECSA varies among the LIG samples, the effective current
density also varies for the different samples, which could lead to differences in the nucleation
behaviour. However, current densities are conventionally defined in this manner in lithium plating
studies, and thus were similarly defined in our testing protocol. It is extremely challenging to
deconvolute or control the various changing properties of the LIG, including the surface area.
Moreover, despite the differences in ECSA, and thereby effective current density, we demonstrate
below that the surface area is not strongly correlated with the overpotential measurements across

different LIG samples.

In Figure 5.9a), the charge transfer resistance calculated via a linear fit of the data is plotted along
with the calculated electrode surface area, based on the ECSA and electrode loading for all LIG
samples. A linear fit of all data points provides a very poor R? value of 0.15, which indicates that the
correlation between charge transfer resistance and electrode surface area is not strong. It should be
noted that within each sample type, it appears that the charge transfer resistance is inversely related to
the electrode surface area (for example, for unlithiated PI, increases in surface area lower the charge
transfer resistance). However, due to the limited number of data points for each sample, this is
challenging to measure quantitatively. Nonetheless, we expect that an increase in surface area leads to

lower charge transfer resistance, and this appears to be true within each sample type, when it is the only
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changing variable. However, across the different LIG materials, this is not the case, and the highest
surface area sample does not result in the lowest Rcr, indicating that the chemical differences between
the LIG materials are more critical. Similarly, as seen in Figure 5.9b), while samples were all prepared
within a relatively narrow loading range, no observable trend between the electrode loading and Rcr
(R? of 0.015) is apparent. Likewise, as seen in Figure 5.9¢) and d), no relationship appears to exist
between the intercept of the current density-overpotential plot and the electrode surface area (R of
0.0002) and loading (R? of 0.007). Parameters extracted from fitting the data to the full Butler-Volmer
equation show similar behaviour, as seen in Figure 5.9¢)-h), with no clear relationship between either
the exchange current density or transfer coefficient and electrode surface area (R? of 0.01 and 0.04) and

loading (R? of 0.10 and 0.003).
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Figure 5.9: Plots of calculated kinetic parameters with electrode loading and surface area. Charge transfer

resistance calculated from linear fit with a) electrode surface area and b) electrode loading and intercept of the
current density-overpotential plot calculated from linear fit with c) electrode surface area and d) electrode
loading for LIG samples. Exchange current density calculated from fit to full Butler-Volmer equation with e)
electrode surface area and f) electrode loading and transfer coefficient with g) electrode surface area and h)
electrode loading.

As no clear relationship is observed between the current-overpotential behaviour and the electrode
surface areas and loadings, the most critical factor impacting this behaviour is likely the chemical
composition of the different LIG materials. It is not possible to statistically prove a relationship between
the LIG functional groups and overpotential behaviour, as each LIG material possesses multiple
different functional groups, with varying degrees of lithiophilicity. Moreover, discrepancies exist in the

computational studies published to date as to the lithiophilicity of certain functional groups. While both
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Chen et al. and Yi et al. report high binding and adsorption energies for ketones and carboxylic
acids, 19 discrepancies exist as to whether epoxide groups are lithiophilic or not, and hydroxyl and
ether groups show lithiophobic behaviour. While XPS analysis can provide some insight into whether
C-O or C=0 groups are formed, it is challenging to assess specifically which functional groups are
formed without further characterization, and their low quantity in the LIG structure can make them
challenging to measure through other methods such as FTIR. Nonetheless, qualitative trends can be
drawn from the LIG samples investigated. LIG from PFA only possesses oxygen doping, with C-O and
C=0 groups, with C=0 groups being the only lithiophilic group present, making this the material
containing the least lithiophilic groups. LIG from PI possesses the same groups, with the addition of
lithiophilic carboxylic acid groups, and C-N doping. While discrepancies also exist in the
computational studies regarding nitrogen functional groups, pyridine groups are shown to possess high
binding and adsorption energies for lithium, making them lithiophilic.'*®!® While LIG from PI
possesses several lithiophilic groups and 2.89% N-doping, it possesses the lowest oxygen content of
any of the samples, at only 6.39%, limiting the lithiophilic impact of these groups. LIG from PFA/25%
Na,SO4 possesses similar oxygen containing functional groups as LIG from PI — C-O, C=0, and COO
groups. It also possesses sulfide bonds, which are expected to be lithiophobic in nature. However, it
possesses the highest oxygen content of any sample, by far, at 37.85%, with only 2.15% of the
lithiophobic sulfur doping. This indicates that the lithiophilic oxygen-containing functional groups play
the most critical role here. Notably, from the O1s XPS for this material, significantly more oxygen is
present in C=0 bonds than C-O bonds, indicating that most oxygen is present in a lithiophilic functional
group. Finally, LIG from PFA/10% Li,SO4 possesses C-O and C=0O functional groups, with a very
small quantity of COO groups. It also possesses lithiophobic sulfide groups. However, sulfone groups
are also present, which are lithiophilic, along with sulfoxide groups, which have not been
computationally investigated. The oxygen content for this sample is similar to that of LIG from PFA
(17.52% vs. 17.31% respectively), and the only major difference between these samples is the presence
of the different S-containing functional groups. While the total sulfur content is quite low (0.69%), the
data from PI indicates that the presence of even a small quantity of highly lithiophilic groups can
significantly change the overpotential behaviour, indicating that the presence of the sulfone — and

possibly sulfoxide — groups are the most critical influence on the plating behaviour for this sample.

Lithium half-cells of the different LIG materials and copper were prepared and cycled to test their

long-term cycling performance at a current density of 1 mA/cm? and lithium plating capacity of 1
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mAh/cm?, with a 1 V cutoff during lithium stripping. The coulombic efficiency of the cells can be seen
in Figure 5.10a), which demonstrates that all cells have limited cycling performance. All LIG materials
possess very low initial coulombic efficiencies in the first few cycles as their higher surface area leads
to more initial Li consumption during SEI formation. The LIG cells all reach a maximum coulombic
efficiency around 10 cycles. Notably, despite their very different overpotential performance, LIG from
PFA and LIG from PFA/10% Li,SO4 achieve the highest coulombic efficiencies, similar to copper, at
91 — 93%. However, all LIG samples experience a rapid decrease in coulombic efficiency beyond this
point, particularly LIG from PFA/25% Na,SO4 and PFA/10% Li>SO4. While the coulombic efficiencies
of LIG from PFA and PI both show a substantial drop as well, they begin to increase after ~20 cycles,

surpassing copper.
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Figure 5.10: Cycling of Li half cells. a) Coulombic efficiency and b) irreversible areal capacity with cycle
number. Lithium was plated at 1 mA/cm?, 1 mAh/cm?, and stripped to a 1 V cutoff.

The high surface area of the LIG material can both positively and negatively affect the electrode
performance. While it can lead to lower effective current densities, if the SEI layer formed is not stable
on this high surface area material and is still continuously breaking and reforming, the effectively much
larger SEI layer on LIG will lead to substantially more irreversible capacity loss, which is the difference
between the discharge and charge capacity per cycle. To normalize this behaviour, the irreversible areal
capacity is plotted with cycle number in Figure 5.10b). For the LIG materials, the ECSA was used to
determine the effective actual area of each electrode, based on loading, while the copper surface is
estimated to be relatively flat and planar, and thus the geometric electrode area was used here as an

estimate. For all electrodes, some initial irreversible capacity loss is observed in the first few cycles as
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the SEI layer is established, and then stable cycling is observed for ~10-15 cycles before more
substantial irreversible capacity loss is observed. This occurs for all samples, copper and LIG alike, but
the irreversible capacity loss per area is two orders of magnitude higher for copper, indicating a more
unstable SEI layer is formed on the copper surface. The LIG structure can provide a lithiophilic surface
for lithium deposition, and an open, 3D structure with void space to accommodate the significant
volume change during stripping and plating and which also lowers the effective current density during
lithium plating. All of this leads to a more areally stable SEI layer that experiences less strain than the
SEI on copper — meaning that fewer cracks are formed and less extensive outward SEI growth occurs
per area. However, the much higher total surface area of the LIG surface compared to copper means
that the total sum of SEI growth — and thus irreversible capacity — is still larger on LIG than on copper.
As such the practical cell performance and coulombic efficiency are not improved, and require further
optimization, indicating that the surface area of the lithium host is a parameter that needs to be carefully

tuned in order to optimize performance.

It is interesting to note that the worst coulombic efficiency for the LIG samples is actually observed
for LIG from PFA/25% Na,SO4 and PFA/10% Li,SO4 — the two most lithiophilic samples, which
exhibited the lowest overpotentials for lithium nucleation. While defects can lead to lower carrier
mobility due to scattering of electrons, which can effectively increase local current densities,'*® we did
not observe any substantial increase in the sheet resistance of doped samples, so this factor is not
expected to play a significant role here. One possible explanation for this limited coulombic efficiency
is that defects can also catalyze parasitic reactions that can lead to increased SEI formation and voltage
hysteresis.'®® Another possibility is that this limited performance is related to the specific carbon
structure of the different LIG materials. LIG from PFA/salt is fairly amorphous in nature, while LIG
from PFA and PI exhibited more pristine graphene structures. Because the LIG materials can be
lithiated, the coulombic efficiency of these cells is related not only to the stripping of the lithium metal,
but also the delithiation of the LIG materials. It is known that hard or disordered carbons exhibit limited
coulombic efficiencies and high irreversible capacity as lithium-ion anodes, as it is challenging to fully
delithiate them.?” We expect that this may be the source of the lower coulombic efficiency for LIG
from PFA/25% Na,SO4 and LIG from PFA/10% LiSO4 compared to other LIG samples. This is
supported by evaluating the coulombic efficiency of the various plating and stripping steps in the
lithium nucleation study on lithiated and unlithiated LIG. As seen in Figure C19, significant variation

is observed in the coulombic efficiency of the PFA/25% Na,SO4 samples, some of which we believe is
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due to batch-to-batch variation. However, the lithiated LIG from PFA/10% Li,SO4 samples possess
higher coulombic efficiencies than their unlithiated counterparts, suggesting that the delithiation
process is limiting. This is further supported by the fact that PFA/25% Na,SO4, which possesses the
highest oxygen content and thereby the highest level of doping — and thus, the most disordered structure
— also possesses the worst coulombic efficiency of all samples. This finding indicates that, as with the
LIG surface area, the degree of doping is another parameter that needs to be finely tuned to optimize
plating performance — too high of doping leads to the formation of a much more amorphous structure
that cannot be delithiated easily, while too little leads to a lithiophobic surface. This is a critical finding,
as nearly all studies to date have focused on the lithiophilicity of specific functional groups, but little
emphasis has been placed on the optimal degree of doping. In fact, Yi et al. attempted to investigate
this in their study of lithium plating on LIG, by varying the laser parameters to achieve different In//g
ratios. However, they could not decouple other factors such as the changing LIG surface area, and found
that the variation in each LIG material was too significant to draw any conclusions.'®® Our study is the
first to date to demonstrate that high levels of doping, while resulting in a lithiophilic material, can limit
cycling performance. Thus, lower levels of salt doping could be one strategy to prepare improved hosts
— LIG from PFA/10% Na,SO4 exhibited a much less amorphous and more graphene-like structure via
Raman spectroscopy, but would be expected to possess similar functional groups to LIG from PFA/25%

NaSOq, and could be a promising material for further study.

The LIG structures investigated in this chapter possess an open, 3D current collector-type lithium
host architecture. As discussed above, while this structure can provide void space, lowered effective
current density, and a tailored surface for lithium nucleation, this approach does not mitigate SEI
formation in the way that a fully sealed host structure can. We have demonstrated in this work that
dopants can be controllably introduced into the LIG structure via salt doping, and, as predicted
computationally, these doped LIG materials exhibit lower overpotentials for lithium nucleation, with
the LIG doping being the most critical parameter controlling the overpotential, over the electrode
surface area and loading. Electrodes prepared from this LIG exhibit improved areal irreversible capacity
loss than copper, but very poor overall coulombic efficiencies, indicating that further optimization of
their surface areas and doping is necessary. It is worth mentioning that the only study to date that
evaluated LIG as a lithium metal host used LIG formed from PI tape on copper directly, meaning that
a very low LIG loading was used!®® (typically <0.5 mg/cm?)*, while we studied slurry-cast electrodes

with much higher LIG loadings and electrode densities, which could further limit their performance.
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Moreover, Yi et al. observed significant improvements in anode performance by controlled patterning
of the LIG host in order to fabricate specific 3D architectures,'*® which we did not further investigate
in this study. With these further modifications, LIG is still a promising material as a 3D current
collector. However, even more promisingly, the lithiophilic nature of the doped LIG could be utilized
in a sealed 3D lithium host, with a more lithiophobic structure surrounding it. This type of structure
could prevent substantial SEI formation while leading to guided lithium plating within the host
structure. The work in this chapter demonstrates that tuning of the lithiophilicity of LIG is possible with
doping and that rationally-designed lithium host structures with guided lithium deposition are possible

from purely carbon-based materials.

5.4 Conclusion

In conclusion, in this chapter we studied lithium nucleation and plating on different doped LIG
materials for the first time. We demonstrated that doped, high surface area LIG could be prepared from
composites of PFA and lithium salts, such as LiSOs, for the first time, and that the chemical
composition of the LIG formed varies significantly based on the salt precursor, even within the family
of sulfate salts. We also showed that surface salt could be removed from the PFA structure by
dissolution in water without impacting the LIG structure. We performed the first in-depth study of
lithium nucleation and growth on different, doped LIG materials, accounting for the different chemical
structures, functional groups, surface areas, and loadings of electrodes. We also studied the impact of
pre-lithiating the LIG or not on the lithium nucleation overpotential — one of the first studies on lithiated
vs. unlithiated carbon host materials to date — and demonstrated the unexpected finding that pre-
lithiating LIG from PFA/salt composites leads to an increase in lithium nucleation overpotential,
possibly due to the formation of more SEI. We demonstrated that LIG materials prepared from PFA/salt
possess more lithiophilic functional groups, lower overpotentials for lithium nucleation, and via fitting
the nucleation overpotential to kinetic models for the first time, lower charge transfer resistances than
LIG from pristine PFA for most samples. While LIG materials exhibited less irreversible capacity per
area than copper controls, cell coulombic efficiencies are limited and further optimization of surface
area, doping degree, and SEI formation are needed for practical implementation as a lithium metal host.
Nonetheless, this fundamental study provides key insight into the lithium nucleation behaviour on LIG

which is essential for the future rational design of LIG host materials.
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Chapter 6:
Probing Sulfur Deposition onto Carbon Nanomaterials from

Aqueous, Elemental Sulfur Sols for Lithium-Sulfur Batteries

6.1 Introduction

While Chapter 5 focused on the use of LIG as a potential host material to address some of the challenges
associated with the lithium metal anode, the sulfur cathode also faces several challenges preventing the
commercialization of lithium-sulfur batteries. One of the most significant challenges is the poor
electrical conductivity of sulfur (5 x 10° S/cm) and its discharge product, Li>»S, which necessitates that
the active material be intimately mixed with typically inactive, electrically conductive additives for
rapid electron transport.>®3%-301 Another critical challenge is the dissolution of intermediate
polysulfide species into the ether-based electrolyte during cycling. These polysulfides may “shuttle” to

the anode side of the cell, resulting in capacity fade over time.*%0-3%!

This chapter aims to address one of the primary challenges in preparing sulfur cathodes, which is the
scalable fabrication of an architecture in which sulfur is intimately mixed with a conductive
carbonaceous scaffold. As discussed in Chapter 2, most fabrication methods, including the most widely
used melt imbibition approach, utilize aggregated carbon powders, limiting the accessible surface area
of the material that can be coated with sulfur. Moreover, solution-based approaches investigated thus
far either employ toxic solvents such as CS, or hydrophilic sulfur sols, which are converted into
elemental sulfur in situ, but are much more costly than elemental sulfur and typically result in residual
unreacted precursor that remains on the sulfur surface and may result in side reactions, leading to
capacity loss. Consequently, the development of scalable, aqueous-based, solution-processing for

carbon/sulfur composites is crucial.

Hydrophobic or Weimarn sols, prepared via the rapid dilution of a water-miscible, organic sulfur
solution into large quantities of water, have been relatively unexplored for the preparation of sulfur
cathodes. This process results in submicron particles of amorphous sulfur due to the low solubility of
sulfur in water. These sols are prepared via elemental sulfur directly through simple, scalable, aqueous-
based processing. Previous work from our group demonstrated that trapping hydrophobic sols in
networks of GO and polyethylenimine, followed by a heat treatment to reduce the GO and improve the

sulfur distribution via melting, enables the formation of rGO/S cathodes with energy densities >400
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mAh/g.2'* However, this strategy only involved physically trapping sol particles, with improved sulfur
distribution achieved via subsequent melting steps. Furthermore, the GO in this system was reduced at
low temperatures, resulting in a low C/O ratio and low conductivity. Moreover, few fundamental
studies on these hydrophobic sulfur sol systems and their interaction with carbon nanomaterials have
been reported. These could provide key insights into novel carbon/sulfur composite fabrication

methods.

In Chapters 3, 4, and 5, we investigated the use of LIG as an electrode material for both
supercapacitor electrodes and lithium metal anodes. While LIG-based sulfur cathodes have been
previously demonstrated, most employ conventional melt imbibition processing or employ extremely
toxic solvents, and achieve limited loadings.!%!% While LIG is porous and possesses high surface areas
via BET measurement (Chapter 4), our studies of LIG electrodes in Chapter 5 demonstrated much lower
specific surface areas following typical electrode processing steps of slurry-casting with a binder and
pressing. While rGO powders prepared via thermal reduction of GO possess similar BET surface areas
to LIG, they are expected to possess significantly higher surface areas once they are no longer solid
aggregated powders, but dispersed in solution. Moreover, while the LIG process is ideal for patterning
of novel electrode architectures, yields of bulk LIG (which must be scraped off of the precursor
substrate) remain low for larger scale processing. Consequently, in this final study, thermally reduced

rGO powder was used rather than the LIG investigated in previous chapters.

In this chapter, we study the interaction of hydrophobic sulfur sols with carbon nanomaterial
dispersions for the first time. We demonstrate that when dispersed with carbon-based nanomaterials
such as rGO, hydrophobic sulfur sols dissolve and then deposit sulfur on the carbon surface through an
Ostwald ripening-like mechanism (Figure 6.1), providing a simple, one-step, aqueous-based strategy
to directly coat carbon-based nanomaterials in a de-aggregated and dispersed state. Moreover, we
demonstrate that rGO/S cathodes prepared directly from these composites exhibit capacities as high as
1300 mAh/gsusr (~4.8 mAh/cm?) at 0.1C, outperforming melt-imbibed cells prepared from the same
materials. Cells without added binder or conductive material attain energy densities as high as 468
Wh/kg at 0.1C, demonstrating the promise of this approach for the fabrication of high capacity sulfur

cathodes.
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Figure 6.1: Strategy for solution processing of rGO/S composites via the deposition of sulfur from hydrophobic
sulfur sols.

6.2 Experimental Methods

6.2.1 Materials Synthesis

Graphene oxide (GO) was synthesized according to Marcano et al.’s improved Hummer’s method,’
whereby 3 g of graphite flakes (Asbury) and 18 g of potassium permanganate (EMD Millipore), were
stirred in 360 mL sulfuric acid (98%, Sigma-Aldrich) and 40 mL phosphoric acid (85 wt.% in H>O,
97%, Sigma-Aldrich) for 16 h at 45 °C. Following the reaction, the mixture was cooled to room
temperature and then slowly transferred to a beaker with 400 mL of ice. Then approximately 5 mL of
H,0, (30 wt.% in H,O, Sigma-Aldrich) was added until the mixture changed colour from purple to
golden yellow. The GO was then washed two times with 10% hydrochloric acid solution (ACS Reagent
37 wt.% in H»O, Sigma-Aldrich) followed by four washes with ethanol, with each washing step
followed by centrifugation (Thermo-IEC Centra-CL2) conducted at 3500 rpm for 30 min. The final
precipitate was dispersed in water, to reach a concentration of 1.6 mg/mL. This dispersion was
sonicated for 30 minutes with an ultrasonic probe (BioLogics, Inc., Model 150 V/T Ultrasonic
Homogenizer, 150 W) at 70% power in an ice bath while stirring at 300 rpm. The material was then
spray-dried (Buchi Mini Spray Dryer B-290), using 100% aspirator, 180 °C inlet temperature, 30%
pump, and 667 L/h nitrogen flow. The material was stored under flowing nitrogen until reduction.
Reduced graphene oxide (rGO) was prepared through thermal reduction and expansion. 100 mg of
spray-dried GO was added to a quartz tube, closed on one side, using an aluminum foil funnel. Nitrogen
was gently blown into the tube to ensure that no GO remained on the walls of the tube. The tube was

evacuated, and then flushed with argon (ultra high purity, 99.999%) and evacuated 12 times, finally
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holding the tube under vacuum for 5 minutes. The tube, still under vacuum, was placed in a 1100 °C
tube furnace for 2 minutes, leading to a rapid thermal reduction and expansion of the GO. The tube was
removed from the furnace after 2 minutes, and allowed to cool to room temperature. The tube was
flushed with argon, and then connected to a custom vacuum filtration device, consisting of a plastic
collection vessel with a filter, a long copper tube, and a 3D-printed end matching the diameter of the
quartz tube. This rGO was used for optical microscopy and DLS measurements as it dispersed more
casily due to a lower C/O ratio (~14), making it suitable for sensitive DLS analysis. However, we chose
to use commercially available rGO (Global Graphene Group, Gi-PW-B050 (N002-PDR)) for the
preparation of rGO/S composites for SEM analysis and electrochemical testing, both due to its higher
C/O ratio (~63), and its availability in large quantities for scalable cathode processing. The graphene
has carbon content of >95 wt.%, oxygen content of <2.00 wt.%, hydrogen content of <2.00 wt.%,
nitrogen content of <0.50 wt.%, with a C/O ratio of ~63 and a BET surface area of 449 m?%g. A
comparison of the Raman spectra of these two materials can be seen in Figure D1. rGO/S composites
were prepared following the same procedure as for DLS. Following 2 hours of deposition, the samples

were flocculated with NaCl, vacuum filtered, and dried at 80 °C.

6.2.2 Materials Characterization

The elemental composition of the GO and rGO was assessed via SEM/EDS. Both materials were
pressed into a pellet using a stainless steel die (MTI Corp.), and examined using a Zeiss Leo 1530
scanning electron microscope operating with a 20 kV acceleration voltage. The GO possessed an
average C/O ratio of 1.68 + 0.04, with an elemental atomic composition of carbon: 62.0 + 0.5%, oxygen:
36.8% =+ 0.5%, sulfur: 1.00% = 0.09%, chlorine: 0.12% = 0.01%, potassium: 0.12% + 0.03%. The
synthesized rGO possessed an average C/O ratio of 14.4 +£3.6, with the elemental atomic composition
of carbon: 89.5+ 1.8%, oxygen: 6.5% =+ 1.5%, sulfur: 0.95% =+ 0.04%, chlorine: 0.39% + 0.03%,
potassium: 0.43% + 0.02%, sodium: 0.17% =+ 0.03%, phosphorus: 0.09% =+ 0.01%, and silicon: 2.05%
+ 0.32%, and a BET surface area of 565 m*/g. BET surface area measurements were obtained for
synthesized rGO, commercial rGO and Ketjen black (KB, EC600) using a Micromeritics Gemini VII

2390, with nitrogen as the gaseous adsorbate.

Sulfur sols were prepared via dissolution of sulfur (Alfa Aesar, powder, -325 mesh, 99.5%) in either
THF (Sigma-Aldrich, >99.0%) or DMSO (Fisher BioReagents, >99.7%) at a given concentration.

Dissolution in THF was carried out on a hotplate at 35 °C while dissolution in DMSO was conducted

150



on a hotplate at 85 °C. The dissolution of sulfur occurs in approximately 15-20 minutes. For optical
microscopy studies on HOPG, sulfur sols were immediately crashed (i.e. rapidly added) into either DI
water or solutions of SDS (Fisher BioReagents, Micropellets) in DI water, and 40 pL was drop-cast
onto an HOPG substrate and covered with a glass coverslip. Optical microscope images were obtained
with a Leica DM2700M microscope with a 20x objective lens, as indicated. The bulk solutions
examined by optical microscopy (OM) were prepared by crashing a hot sulfur solution (0.2 M) into a
dispersion of the specific carbon nanomaterial in SDS and water (0.5 mg/mL, 1:10 ratio of solvent to
35 mM SDS/water solution, 45% carbon material to 55% sulfur), following tip sonication (BioLogics,
Inc., Model 150 V/T Ultrasonic Homogenizer, 150 W) at 70% power in an ice bath. A 40 pL aliquot
was taken from the bottom of the vial after each analysis time and pipetted onto a glass coverslip,

covered with a second coverslip, and imaged.

DLS was conducted with a Malvern Zetasizer Nano 90 at a 90° angle, with three measurements
collected for each sample at each time interval, and three separate repeats run for each sample type.
rGO samples (0.5 mg/mL, 1:10 ratio of solvent to 4 mM SDS/water solution) were tip-sonicated for 20
minutes at 70% power in an ice bath, with stirring at 300 rpm before sulfur addition. rGO dispersions
for “rGO Alone” and “rGO/S” samples were prepared identically — the same mass and concentration
of rGO, volume of 4 mM SDS solution, sonication time, and sonication power were used — in order for
an accurate comparison between samples, and so that the effect of the sonication step on rGO sheet
size/morphology is identical. Sample aliquots were taken at each analysis time and diluted 100x in DI
water. Solid powder composites of rGO/S, GO/S, and KB/S were prepared by crashing a hot sulfur
solution (0.2 M) into a dispersion of the specific carbon nanomaterial in SDS and water (0.5 mg/mL,
1:10 ratio of solvent to 4 mM SDS/water solution, 45% carbon material to 55% sulfur), enabling sulfur
deposition in the solution with stirring for 2 hours, flocculation of the material with NaCl, vacuum
filtration, drying of the material at 80 °C, and finally grinding into a fine powder in a mortar and pestle.
SEM imaging and EDS mapping of the rGO/S, GO/S, and KB/S composites were carried out using a
FEI Quanta FEG 250 ESEM under environmental/low vacuum mode to limit sulfur sublimation. Raman
spectroscopy was performed on the rGO materials, sulfur controls, and rGO/S composites with a Horiba
Jobin-Yvon HR800 Raman system equipped with an Olympus BX 41 microscope with a 50 mW,
532 nm laser operating at 25% laser power. A minimum of five Raman scans were performed on
different areas of each sample to obtain a representative measurement. The D and G peaks were fit with

92,231

a Lorentzian and Breit—Wigner—Fano (BWF) function respectively. The Ip/Ig ratio was calculated
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from the fitted peak heights or intensities. TGA analysis was performed using a TA Instruments Q500
at a 5 °C/min ramp rate from 30 °C to 800 °C under nitrogen. TGA analysis of the rGO/S powder
prepared in a ratio of 45% rGO and 55% sulfur demonstrates that the final composite consists of 55.5%

sulfur, indicating that none is lost during the filtration and drying process (Fig. D2).

6.2.3 Electrode Fabrication

80 mg of rGO was dispersed in 160 mL of 4 mM SDS in water via tip sonication at 70% power for 1
hour in an ice bath, with stirring at 250 rpm. 97.8 mg sulfur was dissolved in 16 mL of THF or DMSO
and then was crashed into the rGO dispersion to result in a 45:55 ratio of rGO/S. The mixture was
stirred for 2 hours to enable sulfur deposition on rGO. Following 2 hours, for all samples without PEI,
~3 g of NaCl was added to the solution to flocculate the rGO. For samples with 5% or 10% PEI (Sigma-
Aldrich, average M,, ~25,000 by LS, average M, ~10,000 by GPC, branched), after 2 hours, the solution
pH was adjusted to ~8 using 0.2 mM NaOH, and then 0.790 mL (5%) or 1.693 mL (10%) of 15 mg/mL
PEI solution in water was added to flocculate the rGO, and to yield a ratio of 5% or 10% PEI in the
final cathode. All samples were then vacuum filtered, rinsed three times with DI water to remove
solvent and surfactant, and dried at 80 °C. Removal of the surfactant during this process was further
supported via TGA analysis of the final isolated rGO/S powder in which no mass loss attributed to SDS
was observed. Active material powder was then pulverized in a mortar and pestle to form a fine powder.
Cathodes were then assembled by pressing the dry powder onto an aluminum foil current collector
using a 4" stainless steel pressing die and a force of 25 US tons (~22,680 kg). Cells without binder or
conductive additive were pressed directly. Cells with binder and conductive additive were prepared by
first mixing the active material with PVDF binder (Sigma-Aldrich, Mw ~534,000) and carbon black
(MTI Corp., TIMCAL Graphite and Carbon Super P* Conductive Carbon Black) in a 70:10:20 ratio in
NMP (Fisher Chemical, Laboratory Grade), fully drying the powder at 80 °C, re-pulverizing the
material in a mortar and pestle, and then pressing the cathodes. Cells with PEI were prepared by mixing
the active material/PEI mixture with carbon black in NMP such that the final ratio was either 75:5:20
AM:PEL:CB (5% PEI) or 70:10:20 AM:PEL:CB (10% PEI) fully drying the powder at 80 °C, re-
pulverizing the material in a mortar and pestle, and then pressing the cathodes. The cathodes were
assembled in CR2032 coin cells (MTI Corp.) with a polypropylene separator (MTI Corp.) and lithium
metal foil anode (Xiamen Tmax Battery Equipments Limited), and excess (90 pL) electrolyte,
consisting of 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Aldrich Chemistry, 99.95%

trace metals basis) and 0.1 M lithium nitrate (LiNO;, Acros Organics, 99+%) in 1:1 v/v 1,2-
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dimethoxyethane (DME, Sigma-Aldrich, anhydrous, 99.5%)/1,3-dioxolane (DOL, Sigma-Aldrich,
anhydrous, 99.8%). All cells were assembled in an Ar-filled glovebox, with <0.1 ppm water and <0.7

ppm oxygen.

6.2.4 Electrochemical Characterization

Electrochemical impedance spectroscopy (EIS) was performed on the assembled coin cells at OCV 2
hours after assembly, to enable electrolyte penetration into the cathode. A Biologic SP-300 potentiostat
was used to perform EIS between 200 kHz to 100 mHz using a sinusoidal perturbation of amplitude 10
mV. Coin cells were then cycled using an Arbin BT2000 battery tester (Arbin Instruments) using
constant current charge-discharge testing with potential limits of 1.7 and 2.7 V vs. Li metal to avoid
decomposition of the nitrate salt and oxidation of the Al current collector. Charging currents were
limited to 2.25 mA (1.12 mA/cm?) to prevent dendrite formation and failure of the lithium metal anode.
A value of 55% sulfur was used to calculate C-rate current values and specific capacities for each

sample.
6.3 Results and Discussion

6.3.1 Sulfur Nucleation and Growth on Model Surface

We first studied the interactions between hydrophobic sulfur sols and a model carbonaceous surface,
highly oriented pyrolytic graphite (HOPG). Sols were first prepared, then drop-cast onto the surface of
an HOPG substrate, and finally observed via OM, as shown schematically in Figure 6.2a). Figure
6.2b) shows results obtained with sols prepared from sulfur dissolved in DMSO, rapidly added to
deionized water. When the sulfur solution is added to water, a cloudy, opaque white sol is immediately
formed. After the initiation of the experiment, the HOPG surface is visible, with various lines and
defects. The sol particles are also visible as small, spherical particles that are mobile on the surface of
the HOPG, and move due to Brownian motion during imaging. Initially, these are the only particles
visible on the surface. Then, over time, crystals are observed to grow. After 30 minutes, sol particles
are still clearly visible and mobile on the surface of the HOPG, but additional needle-like crystals have
formed on the surface. Some crystals are situated at visible cracks and defects on the HOPG surface,
while others appear to grow on more uniform, flat areas. After 2 hours, the initial crystals have grown
in size. A quantitative plot of the growth of the lateral size of the crystals labelled “1” and “2” can be
seen in Figure D3. Both crystals exhibit similar growth behaviour, with initial rapid growth which then
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plateaus after 30 minutes. Over time, the crystal color changes as well, due to thin film interference.

An example of this can be seen in Figure D4, demonstrating that the crystal color oscillates over time

as the thickness increases. After 2 hours, sol particles are still present, but notably appear to be absent

in the areas directly surrounding each crystal, as highlighted with white dashed lines.
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Figure 6.2: Optical microscopy study of sulfur crystal growth on HOPG from DMSO-based sols. a) Scheme of
strategy to investigate sol interaction and crystal growth on HOPG substrate as model system. b-d) OM images
of sulfur crystal growth on HOPG substrate using 0.2 M sulfur dissolved in DMSO, a 1:10 ratio of
DMSO/water, and SDS concentrations of b) 0 mM, c¢) 4 mM, and d) 35 mM. Scale bars are 50 um in low
magnification images and 20 pm in high magnification insets. Crystals in insets at 30 min and 120 min are

numbered for identification.
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As seen in Figure 6.2¢) and 6.2d), we then investigated the effect of adding a surfactant into the
aqueous phase. Surfactants are often used to form stable aqueous dispersions of relatively hydrophobic
carbonaceous nanomaterials. Thus, we investigated the use of SDS, as it is known to be a suitable
surfactant for the dispersion of graphene. A concentration of 4 mM SDS was used as this is below the
critical micelle concentration (CMC), but above the critical surface aggregation concentration.’> The
value of 35 mM is chosen to lie above the CMC of SDS in water. In both cases, crystal nucleation and
growth are observed on the surface of the HOPG. In the 4 mM case, mobile sol particles are again
visible initially. After 30 min, a larger number of crystals have formed on the surface compared to the
case without surfactant. After 2 hours, some mobile sol remain, but a large number of crystals with

varying morphology are present.

In the 35 mM SDS case, mobile sol particles are also initially visible, and remain after 30 min.
However, unlike the other two cases, after 2 hours, no sol particles remain. The crystals formed in the
35 mM case all possess the same morphology, appearing flat and hexagonal, suggesting that the
surfactant may adsorb to specific crystal planes and promote specific, ordered crystal growth. The
lateral crystal growth behaviour for both concentrations of SDS follow a similar trend as the sample
without SDS (Fig. D3). When hydrophobic sulfur sols were drop-cast onto glass substrates for
comparison, rather than onto HOPG, no crystal formation was observed, (Fig. D5), suggesting that the
crystal nucleation and growth occurs because of favorable interactions of the sulfur with the sp* carbon

surface.

We hypothesize that the mechanism of nucleation and growth of the sulfur crystals on the surface of
the HOPG follows a mechanism comparable to Ostwald ripening,*® in which the sulfur sols exist as
liquid or amorphous sulfur particles dispersed in the aqueous phase. Small amounts of sulfur dissolve
out of the sol particles and diffuse through the aqueous phase, where they can nucleate on the surface
of the hydrophobic carbon material. This is most evident when examining large crystals in all cases
after 2 hours of growth. In the cases of 0 mM and 4 mM SDS, sol particles are still present, but are
absent in the areas surrounding each crystal. This suggests that crystal growth does not occur via direct
contact or fusion of sol particles with the crystals, but rather that sol particles slowly shrink at the
expense of the growing sulfur crystals. When a surfactant such as SDS is added to the system, it is
suggested that the surfactant particles coat the surface of the sol particles as in an emulsion.?!
Surfactants such as SDS are known to both stabilize hydrophobic sulfur sols and increase the solubility

of sulfur in water.?! Hydrophobic sulfur sols are known to be metastable at room temperature, and will
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eventually precipitate through a homogeneous nucleation process to form crystalline sulfur. The
stability of the sol is greatly improved in surfactant solutions, which delays their precipitation and
crystallization by several days, as the surfactant molecules on the sol surface prevent the aggregation

and fusion of the particles.*!

We observe that higher concentrations of surfactant result in faster crystal growth and removal of sol
particles, as evidenced by the complete clearing of the sol after 2 hours in 35 mM SDS, while sol
particles remain when using 4 mM SDS or no surfactant. As the addition of surfactants minimizes
mechanisms based on particle fusion, but leads to increased solubility of sulfur in the aqueous phase,
the observation of increased crystal growth at higher SDS concentration supports our conjecture of an
Ostwald ripening-like growth mechanism. We hypothesize that the mechanism of the sulfur deposition
onto carbon stems from a favourable hydrophobic-hydrophobic interaction between sulfur and carbon:
Fan et al. demonstrated through DFT calculations that an Sg molecule has a stronger adsorption energy
with a carbon nanotube (CNT) than with other Sg molecules, suggesting that sp?>-hybridized carbons
offer low energy sites for heterogeneous nucleation of sulfur.*** This finding was then used to develop
a strategy to recrystallize sulfur from concentrated solutions in acetone onto CNTs. This demonstration
of an interaction between sulfur and carbon that results in heterogeneous nucleation on CNTs provides
further supporting evidence of the heterogeneous nucleation process we observe from sulfur sols on
HOPG. Furthermore, studies of the wetting behaviour of molten sulfur on a range of different carbon
materials, including glassy carbon, and microcrystalline and nanocrystalline graphites, all demonstrate
that sulfur wets carbon surfaces very well.** All samples exhibit contact angles of approximately 50°,
despite the interaction between the two being determined by weak van der Waals forces, providing
further support of interfacial interactions between sulfur and carbon surfaces that could result in

heterogeneous nucleation of sulfur on carbon.?%

OM studies using THF as the solvent for sulfur demonstrate similar results, as seen in Figure 6.3.
Without surfactant, crystals of a variety of different morphologies are observed (Fig. 6.3a)), while the
addition of surfactant (Fig. 6.3b),c)) mainly results in crystals with a flat morphology, although, unlike
the DMSO case, not all are hexagonal in shape. Rather, many exist as large aggregates of crystals of
varying morphology. Again, we observe that at higher concentrations of SDS, the growth process is
faster, with larger sulfur crystals formed more rapidly, and, likewise, sol particles depleted more
quickly. Interestingly, the crystal nucleation and growth appears to be faster in THF, particularly with

4 mM and 35 mM SDS. In the 35 mM case, large aggregates of crystals over 100 um in lateral size are
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visible after only 10 minutes of growth. We hypothesize that this is at least partly due to the higher
room temperature solubility of sulfur in THF than DMSO. The observations are also in agreement with
our suggestion that the growth process is an Ostwald ripening-like process, as it is accelerated by raising
the solubility of sulfur.

0 min 10 min _ 120 m

&
5

in

0 mM
SDS

4 mM
SDS

35 mM
SDS

Figure 6.3: Optical microscopy study of sulfur crystal growth on HOPG from THF-based sols. OM images of
sulfur crystal growth on HOPG substrate using 0.2 M sulfur dissolved in THF, a 1:10 ratio of THF/water, and
SDS concentrations of a) 0 mM, b) 4 mM, and c) 35 mM. Scale bars are 100 pm.

The effect of higher sulfur concentrations, which correspond to higher sulfur/carbon ratios, was also
studied. At increased concentrations of 0.37 M (11.8 mg/mL), which is the approximate saturation point
for sulfur in THF, a larger number of sol particles are initially visible on the HOPG surface, for samples
prepared from both DMSO (Fig. D6) and THF (Fig. D7). In the case of THF, this leads to the growth
of large crystals of >100 um length within 5 minutes, while the growth process in DMSO is much
slower, resulting in much smaller crystals. The sol particles are fully depleted after 2.5 hours for THF,

but sol particles are still present after 4.5 hours with DMSO. However, in both cases, the crystallization
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process still occurs. Furthermore, in the DMSO case, the increased number of sol particles clearly
shows the localized depletion of sol particles in areas surrounding the growing crystals. We also
examined a much higher sulfur concentration of 1.25 M (40 mg/mL) in DMSO, which approaches the
saturation point of sulfur in this solvent (Fig. D8). A very high number of sol particles are observed in
this case, and after 2 hours, only a few flat crystals are observed. Instead, a third type of bipyramidal
particle is observed in large numbers on the HOPG surface. After 5 hours and 15 minutes, more of the
sol has cleared, and three types of particles are visible on the surface: (i) flat crystals similar to those
observed previously, (ii) bipyramidal crystals that had not been previously observed, and (iii) other
settled particles that appear to be aggregates of particles smaller than the resolution limit of the optical

microscope.

We assume that both the bipyramidal crystals as well as the other observed particles result from
homogeneous nucleation processes, which at high sulfur concentrations or sulfur/carbon ratios may
become more favorable than heterogeneous nucleation on carbon. Bipyramidal sulfur crystals have
been previously observed during the homogeneous nucleation of sulfur crystals from hydrophilic sulfur
sols by Fu et al. in the presence of a surfactant.’*® To confirm this, sulfur sols prepared from the same
high sulfur concentration (1.25 M) in DMSO were drop-cast onto glass (Fig. D9). After five hours, no
flat crystals like those formed on HOPG are observed, but the other two particle types — bipyramidal
crystals and other small settled aggregates — are visible, suggesting that these originate from

homogeneous nucleation in concentrated sol dispersions.

Finally, we briefly examined the role different surfactants have on the growth process. While we first
focused on the use of SDS, an anionic surfactant, due to its known qualities for dispersing graphene,
we also examined the growth of sulfur on HOPG with Triton X-100, a non-ionic surfactant, and CTAB,
a cationic surfactant (Fig. D10). In all cases, crystal growth was still observed, though the crystal
morphologies differed with different surfactants, suggesting that the surfactants may bind to different
crystal planes, and promote the growth of different morphologies. However, as crystal morphology is
not critical for final rGO/S cathode performance (morphology will change during electrochemical
cycling), the mere fact of observing crystal growth in a variety of surfactants indicates the universality

of this method for coating sp*-hybridized carbon with sulfur.
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6.3.2 Sulfur Coating on rGO and Other Nanocarbons

The OM studies on HOPG demonstrated that the deposition of sulfur from hydrophobic sulfur sols onto
the surface of sp*-hybridized carbon. However, this HOPG model system represents a much higher
ratio of sulfur to available surface area of carbon than is present in a sulfur cathode. Thus, we next
conducted OM on dispersions of different carbon-based materials after adding sulfur sols. Specifically,
we examined aliquots from dispersions of rGO, GO, and a control with no carbonaceous nanomaterial
after 1, 2, and 3 days. Images of the bulk solution behaviour over time can be seen in Fig. D11. As seen
in Figure 6.4a) and d), after 3 days, the control sample contains sulfur crystals formed from the
homogeneous nucleation of the metastable sulfur sol. The sample with GO (Figure 6.4b) and e))
contains a large number of sulfur crystals, with morphologies ranging from flat hexagonal crystals
similar to those observed on HOPG to bipyramidal crystals, indicating that GO sheets may act as a site
for heterogeneous nucleation, but the observed flat hexagonal crystals do not remain bound to the
surface of the GO. Instead, they precipitate and collect at the bottom of the vial. In the case of rGO
(Figure 6.4¢) and f)), aggregates of rGO are visible, but no sediment of sulfur crystals is observed. This
suggests that instead of nucleating homogeneously, the sulfur preferentially forms nuclei on the
dispersed rGO and coats it rapidly. Results for THF-based sols (Fig. D12 and D13) confirm the findings
obtained with DMSO, with sulfur crystals observed for both control and GO samples, and no crystals
observed for rGO.

159



a)Control: 0 min 3 days = = b) GO: 0 min 3 days - ¢) rGO: 0 min
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Figure 6.4: Optical microscopy of bulk carbon nanomaterial dispersions and sulfur sols over time. Images of
bulk solutions immediately after and 3 days after the formation of hydrophobic sulfur sols using 35 mM SDS,
0.2 M sulfur, and a 1:10 ratio of DMSO/water for a) control sample with no carbon material, b) GO, and c)
rGO. The ratio of carbon nanomaterial to sulfur was 45% to 55% to mimic a conventional sulfur cathode. OM
images of settled material from bulk solutions 3 days after sol formation for d) control sample with no carbon
material, ¢) GO, and f) rGO.

We also used dynamic light scattering (DLS) to follow changes in particle size and count rate with
time, immediately after forming a sulfur sol. The derived count rate in DLS is directly related to both
the number density of particles and the size of the particles, and thus can provide information on the
behaviour of the sulfur sol over time. Particularly, if the particle size is constant, the count rate can be
directly related to the number density of particles.’’” We first studied sulfur sols alone, without rGO. A
surfactant concentration of 4 mM SDS was used for all further studies, as this provides enough
surfactant to stabilize dispersions of rGO, but a low enough concentration to easily wash out and remove
the SDS later on, simplifying cathode processing. As seen in Figure 6.5a), sulfur sols prepared from
THF and DMSO possess initial count rates of 1970 kcps + 117 keps and 1775 keps £ 108 keps which
increases until 1 hour later, at which point it decreases. Figure 6.5b) demonstrates that THF-based sols
possess an initial particle diameter of 180 nm + 14.9 nm, which reach a size of 266 nm = 11.5 nm after
2 hours, while DMSO-based sols possess an initial size of 164 nm + 5.7 nm, which grows to a size of
247 £ 1.9 nm. As the sol particles continuously increase in size, the initial increase in count rate can be

attributed to the particle growth, while the decrease after 1 hour can be attributed to the decreasing
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number of particles as smaller particles are depleted and eventually fully dissolved in the Ostwald
ripening-like growth. Particle sizes are similar to, but slightly larger than, sizes reported for

hydrophobic sulfur sols prepared from methanol/water.>%®
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Figure 6.5: DLS analysis of carbon nanomaterial dispersions and sulfur sols over time. a) Average derived
count rate data and b) average particle diameter for sulfur sols alone (THF/S/Alone, DMSO/S/Alone), rGO
alone, and mixtures of rGO/sulfur sols (rGO/THE/S, rGO/DMSO/S). Error bars represent the standard deviation
across three separate repeats for each sample and time.

DLS measurements of a dispersion of rGO in 4 mM SDS in water demonstrate a near-constant count
rate of approximately 450 kcps over the course of two hours, and a near-constant particle size of
approximately 350 nm. These results indicate that a sonicated dispersion of rGO in 4 mM SDS is stable
over the course of 2 hours, with little to no aggregation. We then analyzed the behaviour of samples in
which the sulfur sol was rapidly added into a dispersion of rGO in 4 mM SDS over time. For both
DMSO and THF-based samples, initial count rates were very similar to that of the sulfur sols alone, at
1459 keps £ 164 keps and 1404 keps + 32 keps, respectively. Over the course of 2 hours, both DMSO
and THF-based samples exhibit decreases in their count rates, with both eventually meeting the count
rate of the dispersion of rGO alone, with values of 610 kcps £ 199 kcps and 429 keps + 28 keps,
respectively. Notably, the THF-based samples experience this decrease in count rate much earlier in
time, meeting the “rGO-alone” count rate within 80-100 minutes, while the DMSO-based samples take
the full 2 hours or slightly longer. Both samples possess an initial average hydrodynamic diameter in
between that of the sulfur sols and rGO sheets, with DMSO-based samples and THF-based samples

possessing an initial average hydrodynamic diameter of 254 nm + 5 nm and 271 nm + 6 nm,
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respectively. Over the course of 2 hours, the THF-based samples exhibit increases in average
hydrodynamic diameter, with the final average value matching that of the rGO alone (357 nm =+ 49 nm),
while DMSO-based samples exhibit increases in average hydrodynamic diameter, but the final average
value remains less than that of rGO alone, at 290 nm + 3 nm. The polydispersity index (PDI) of all
samples can be seen in Figure D14, demonstrating a similar trend as the particle size, in which the sols
alone possess low PDI values of ~0.1, and the rGO alone possesses a higher PDI of ~0.45. rGO/S
samples possess initial PDI values between these two, with an increase in the PDI over the course of

the 2 hour experiment.

We also used DLS to examine the effect of temperature on the behaviour of the dispersions, and
found that for DMSO-based sols, samples consisting of rGO/S and rGO alone at 50 °C exhibited similar
behaviour (Figure D15). The rGO/S sample at 50 °C displayed a slightly faster drop in count rate than
the room temperature sample, but within the error of each measurement. The sulfur sol alone at 50 °C
had a similar initial hydrodynamic diameter of 165.8 nm + 2.2 nm, but exhibited an increased growth
rate, and after one hour, large homogeneously nucleated crystals were visible in the sample, leading to
an effective count rate of ~0, and a PDI of 0.9, making the sample no longer suitable for DLS analysis.
This behaviour corresponds well with that of methanol-based Weimarn sols, which demonstrated
increased particle growth rates with increasing temperature, owing to increased solubility of sulfur in

the aqueous phase and an Ostwald ripening growth mechanism.?%

These results lead us to conclude that in samples with both sulfur sols and dispersed rGO sheets, the
sulfur sol immediately forms upon addition of the dissolved sulfur into the aqueous surfactant solution,
resulting in the high initial count rate. Over time, sulfur dissolves out of the sols, into the aqueous phase,
and deposits on the surface of the rGO, depleting the sol particles. As the smaller sol particles dissolve
and the sulfur coats the rGO, this leads to an increase in the average hydrodynamic diameter determined
for the sol/dispersion mixture, and a decrease in the count rate (as the sol particles disappear).
Furthermore, this process is faster in THF, where the solubility of sulfur is higher, resulting in complete
consumption of the sol particles within 80-100 minutes. The process is slower in DMSO, and the
smaller final average hydrodynamic diameter of the dispersion indicates that some small sol particles
may remain after 2 hours. While it is possible that the results could also indicate the trapping of the sol
particles within aggregates of the rGO, rather than deposition of the sol, the fact that the count rate of
the rGO/S samples meets the rGO alone data indicates that this is unlikely. Furthermore, the formation

of large aggregates would be expected to lead to increases in the count rate or decreased stability of the
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rGO dispersion, which is not observed. While the initial count rates for the rGO/S samples are expected
to be higher than sulfur sols alone, we expect that this discrepancy is a result of some initial deposition
of sol particles onto the rGO during the approximately 30 seconds between the formation of the sol and

the start of the measurement, during which the sample is diluted and added to the cuvette.

The nucleation and growth of sulfur on the rGO surface is further confirmed via SEM imaging and
energy dispersive X-ray spectroscopy (EDS) mapping of rGO/S composites prepared via this approach.
Powders were imaged under low vacuum conditions to mitigate any evaporation of sulfur during
imaging. The sublimation of sulfur was found to be quite rapid under high vacuum conditions, as seen
in Figure D16, where sulfur crystals with lateral sizes of a few to tens of microns were nearly completed
removed after 3 minutes of imaging, preventing any analysis of the sulfur composites under
conventional high vacuum SEM or TEM. As seen in high magnification images and sulfur EDS maps
of rGO/S prepared from DMSO-based sols in Figure 6.6a)-d), sulfur is uniformly distributed on the
surface of the rGO. Versions of these images obtained with a backscattered electron detector (BSE) can
be seen in Figure D17 and further low and high magnification images of the rGO/S active material can
be seen in Figure D18. In most of the SEM images in Figure 6.6 and Figures D17 and D18, some
larger sulfur aggregates are present, indicated by both bright spots in the SEM images and S EDS maps.
One of these sulfur aggregates, approximately 1.6 pum in size, is marked in Figure 6.6a). These
aggregates might have formed during the fusion and agglomeration of remaining sol particles during
filtration and drying steps, or due to trapping and agglomeration of some sol particles in rGO
aggregates. As seen in the EDS map in Figure 6.6b), while the sulfur aggregate exhibits the strongest
sulfur signal, the remaining rGO sheets surrounding it also contain sulfur. Furthermore, even areas of
the rGO/S composite with few to no sulfur aggregates visible still exhibit a uniform sulfur signal, as
seen in Figure 6.6¢) and d), indicating that, while some sulfur aggregates are present, our proposed
mechanism, in which sulfur dissolves out of sol particles to uniformly coat the surface of the rGO
sheets, also occurs. Moreover, while the sulfur EDS signal in areas without large sulfur aggregates is
lower, this corresponds well with a thin coating of sulfur on the rGO sheets. Lower magnification
images of the rGO/S composite (Figure 6.6e) and f)) illustrate similar behaviour across the composite
as a whole, with some sulfur aggregates present, but also the uniform distribution of sulfur across the
rGO material on a large scale. While it could be suggested that the uniform sulfur signal in EDS
mapping stems from sulfur particles that are buried under rGO sheets, the penetration depth of EDS is

309

typically only a few microns into the sample,””” and the sulfur aggregates observed are typically a few
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microns in size. With BSE imaging, the sulfur particles, which possess a higher atomic number than
carbon, are highly visible, making it unlikely that any aggregates could present an EDS signal without
being visible in the BSE images. Furthermore, these large particles would result in clusters of bright
signal in the EDS, rather than a uniform sulfur signal. As such, the EDS mapping provides strong
evidence that sulfur is present in a uniformly distributed thin coating on the rGO surface. Furthermore,
consistent with our optical microscopy studies, no large crystals of sulfur are observed, suggesting that
undesirable homogenous nucleation of sulfur is suppressed, and that nearly all sulfur is instead
deposited on the rGO surface or present as remaining sulfur aggregates. SEM images and EDS mapping
of THF-based composites demonstrates similar results (Fig. D19). Raman analysis of rGO/S
composites do not exhibit any of the characteristic peaks found for elemental sulfur (153, 217, and 473
cm ™ 1),31% but rather only the D and G peaks of the rGO material, indicating that the sulfur in the

composite is uniformly distributed, and largely amorphous in nature (Fig. D20).

S aggregate

Figure 6.6: SEM and EDS analysis of rGO/S composite. a) SEM image of morphology of rGO/S composite
prepared from DMSO-based sol with a sulfur aggregate and b) corresponding S EDS map. ¢) SEM image of
rGO/S in area with no sulfur aggregates and d) corresponding S EDS map. e) Lower magnification SEM image
of the rGO/S composite and f) corresponding S EDS map.

To better understand this mechanism, we prepared composites of sulfur with other carbon-based

materials, Ketjen black (KB) and GO in the same way. As seen in Figure 6.7a), b), and ¢), SEM images
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and EDS maps of KB samples demonstrate that some areas of the carbon particles are uniformly coated
with sulfur, while other areas are covered in bipyramidal sulfur crystals, which appear to be wrapped
with KB particles. GO/S composites (Figure 6.7d), e), and f)) show large numbers of bipyramidal
sulfur crystals, consistent with the optical microscopy studies with bulk GO solutions. As discussed
ecarlier, we suggest that these bipyramidal crystals are formed from the homogeneous nucleation of
sulfur in surfactant solutions. However, in the SEM images, it is clear that the sulfur crystals are
wrapped in GO sheets, with the sheets clearly visible in the secondary electron (SE) image (Figure
6.7e)), and the sharp bipyramidal crystals clear in the backscattered (BSE) electron image (Figure
6.7f)), in which the GO sheets are less visible due to their lighter atomic mass. Further SE and BSE
images demonstrating this are presented in Figure D21. Thus, we conclude that in the case of GO,
sulfur either nucleates homogeneously in solution, or the GO sheets may act as nucleation sites, but in
stark contrast to rGO, sulfur does not coat the surface of the GO sheet. This is consistent with previous
work from our group that used mixtures of GO and hydrophobic sulfur sols to prepare sulfur cathodes,
in which no deposition of the sulfur onto the GO was observed.?'* We hypothesize that this is because
the many oxygen-containing functional groups in GO result in weaker interactions with sulfur than
between carbon and sulfur, making the deposition process unfavourable. The presence of large
bipyramidal crystals with KB and GO samples highlights that the mechanism for the rGO/S composite,
in which no bipyramidal crystals are observed, is different, and does not merely involve wrapping of

homogeneously nucleated sulfur.
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Figure 6.7: SEM and EDS analysis of KB/S and GO/S composites. SEM images of sulfur deposited on a)-c)
KB and d)-f) GO. a) Low magnification SEM image of sulfur deposited on KB. b), ¢) Higher magnification
SEM images of sulfur deposited on two different areas of KB, demonstrating both uniform coating of KB
particles (b) and the formation of a large number of homogeneously nucleated bipyramidal crystals (c). d) Low
magnification SEM image of sulfur deposited on GO. e), f) Higher magnification SEM images of sulfur
deposited on GO using a secondary electron detector (e) and backscattered electron detector (f), demonstrating
that only bipyramidal crystals are present in the sample, which are wrapped in GO sheets. Insets are EDS maps
of sulfur distribution for each image, showing uniform sulfur signal across each high magnification image.

In the case of KB, sulfur does nucleate and grow, but some homogeneous nucleation occurs, unlike
the situation with rGO. We suggest that this stems from differences in the structure of the two carbon
materials. While KB exhibits a high nitrogen-accessible surface area via BET measurement (1379 m?/g)
vs rGO (449 m?/g for commercial rGO or 565 m?/g for in-house synthesized rGO), higher surface areas
of up to 1850 m*/g have been reported for rGO after deaggregation in dispersion via methylene blue
adsorption.’!! Furthermore, the surface area of KB particles stems largely from internal pores that might
be blocked upon initial sulfur deposition. Thus, the presence of homogeneous nucleation in KB samples
may stem from differences in the accessible surface area in dispersion. Additionally, both the higher
degree of sp*-hybridized graphene-like (i.e., carbon atoms in hexagonal arrangement) surface and
sheet-like morphology of rGO may play a role in promoting sulfur crystallization over the more
amorphous, spherically-shaped KB. Nonetheless, while some homogeneous nucleation is observed in

KB/S composites, the deposition of the sulfur onto the KB surface from the hydrophobic sulfur sol still
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occurs, indicating the possible generalization of this approach to prepare carbon/sulfur composites from

a variety of carbon materials, such as carbon nanotubes, nanofibers, or glassy/amorphous carbons.

6.3.3 Fabrication and Testing of Li-S Battery Cathode

Following the sulfur deposition, flocculation, filtration, and drying of the rGO/S composites, the
powders were directly used to prepare cathodes for electrochemical characterization. Figure 6.8a)
shows the voltage profiles for charge and discharge of a full cell with a rGO/S cathode. The cell
achieves capacities as high as 1242 mAh/gausur (~4.8 mAh/cm?) for the first cycle and 1211 mAh/ggufur
for the second cycle at 0.1C, 1112 mAh/gunrat 0.2C, 1024 mAh/gsunrat 0.4C, 736 mAh/ggunrat 0.8C,
543 mAh/gsunr at 1C (6.5 mA/cm?), and 74 mAh/gaun: at 2C. The first cycle coulombic efficiency is
93%. In Figure 6.8b), the electrochemical performance was compared to a cathode prepared through a
traditional melt imbibition approach (labelled rGO/S/MI), in which rGO and sulfur were mixed
together, combined in an autoclave under argon, and heated to 160 °C for 12 hours. At all C rates, the
discharge capacity of the rGO/DMSO/S cells is higher than the rGO/S/MI cells, particularly at higher
C rates, despite the fact that the sulfur loading of the rGO/DMSO/S cell is higher than the rGO/S/MI
cell, with loadings of 3.90 mg/cm? and 3.42 mg/cm? respectively. At 0.8C and 1C, the rtGO/DMSO/S
cell exhibits a discharge capacity of 635 mAh/gsusr and 472 mAh/gsus,r higher than the rGO/S/MI cell

at the same C rate.
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Figure 6.8: Electrochemical characterization of rGO/S cathodes. a) Charge and discharge profiles of lithium-
sulfur coin cell with 45% rGO, 55% sulfur cathode with no added binder or conductive material, with a sulfur
loading of 3.90 mg/cm? at varying C rates. b) Discharge capacity and coulombic efficiency with cycling of
rGO/S/MI (sulfur loading of 3.42 mg/cm?) and rGO/DMSO/S (sulfur loading of 3.90 mg/cm?). ¢) Discharge
capacity and coulombic efficiency with cycling of two different rGO/DMSO/S cells with loadings of 3.90
mg/cm? and two rGO/DMSO/S cells with added PVDF binder and carbon black, with loadings of 3.70 mg/cm?
and 3.67 mg/cm?. d) Ragone plot of projected practical energy density vs. power density for cells prepared via
heterogeneous nucleation method from THF-based sols (with and without binder/carbon black) and DMSO-
based sols (with and without binder/carbon black) and cells prepared via conventional melt imbibition
approach.

We also investigated the addition of a binder and further conductive additive into the sulfur cathode,
as is traditionally done in sulfur cathode fabrication. We prepared cells using the same rGO/DMSO/S
active material, with added PVDF binder and carbon black (CB), in a 70:10:20 ratio. The performance
of two of these cells, with sulfur loadings of 3.70 mg/cm? and 3.67 mg/cm? is shown in Figure 6.8c),

and is compared to two different rGO/DMSO/S cells with no added binder or carbon black, both with
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sulfur loadings of 3.90 mg/cm?. Cells with binder and CB possess similar or slightly higher initial
capacities of 1219 mAh/ggusr to 1300 mAh/gsugrat 0.1C (~4.8 mAh/cm?), and higher capacities of 894
mAh/gauur to 1094 mAh/gusr at higher rates of 1C (~6.1 mA/cm?). These results demonstrate the
promise of this approach, as well as the repeatability, with multiple cells of different sulfur loadings

exhibiting high discharge capacities at a range of C rates.

rGO/THEF/S cells exhibit similar initial discharge capacities at low C rates (Fig. D22), but lower
capacities at higher discharge rates of 1C and 2C. This result may seem counterintuitive, as the
nucleation and growth process in THF occurs more quickly, consuming more of the sol particles.
However, the rapidity of the nucleation and growth process may lead to the formation of larger or
thicker sulfur crystals, as observed via OM images, while the slower DMSO process may result in more
uniform or thinner coatings. In the case of THF, the larger sulfur particles likely have a detrimental
effect on Li ion and electron transport in the cathode. This is supported by EIS analysis (Fig. D23), in
which THF-based samples exhibit increased charge transfer resistances, and significant variability

among different samples.

Cells were also prepared from the KB/S (45% KB, 55% S, THF-based sol) composite material (Fig.
D24) with no added binder or conductive additive, and exhibit initial discharge capacities of 1056
mAh/gausr at 0.1C for a cell with a sulfur loading of 3.51 mg/cm?, indicating the possible generalization
of this strategy for the preparation of sulfur cathodes from a variety of carbon materials. However,
KB/S cells prepared from this approach demonstrate lower capacities than KB/S cells prepared via melt
imbibition. This is congruent with the SEM images, which indicate that, while some sulfur is nucleated
and coats the KB surface, a large number of homogeneously nucleated bipyramidal sulfur crystals are
also present. This suggests that the sulfur does not coat the full surface area of the KB material due to
blockage of the internal pore structure, and thus this method is more suitable for materials such as rGO

or CNTs, where the high specific surface area is fully accessible for sulfur deposition.

Long term cycling of rGO/DMSO/S cells with and without binder at 0.5C can be seen in Figure
D25, along with melt-imbibed rGO/S cells for comparison. All cells demonstrate very limited cycle
life, with significant capacity fading, and loss of nearly all capacity within 100 cycles. This is to be
expected, since this work has focused on the scalable fabrication of rGO/S composites with nano-scaled
sulfur coatings, and we did not address polysulfide shuttling leading to active material loss on the

cathode side or SEI growth and degradation of lithium on the anode side. While optimization of the
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long term cycle life of these cells is beyond the scope of this work, we demonstrate that the addition of
a polysulfide retention agent in the cathode, polyethylenimine (PEI), leads to a dramatic improvement
in capacity retention within the first 100 cycles, with cells containing 10% PEI exhibiting 82.2%
capacity retention after 100 cycles. Cycle life testing was not continued beyond this point. Studies have
previously shown that PEI interacts with any residual functional groups on rGO and crosslinks the
sheets, while additionally interacting with polysulfides via its amine groups, limiting polysulfide
diffusion out of the cathode.?!* While this is still an unoptimized system, it demonstrates that with the
inclusion of polysulfide-retention additives in the cathode, this system has the potential to demonstrate
both high initial capacities and good long term cycle life. It should further be noted that we did not
address the challenges of the lithium anode in this system, which is also critical for long term cycle life.

Several studies have demonstrated that optimization of the lithium anode, whether via SEI design,3'?

146,148 t 313
b

use of a protective layer, or use of a three-dimensional lithium hos results in significant

improvement in lithium-sulfur cycle life, making this critical for future work.

The projected practical energy density (£) of all cells, considering all inactive cell components, was
also calculated using a correction factor approach suggested by Pope et al.’ and detailed in Appendix
D. We performed the energy density calculation under three different scenarios to demonstrate the
effect of different assumptions on the calculated values — 1) assuming 5% stoichiometric excess of
lithium, 2) assuming excess lithium with a commercially available foil with constant thickness of 125
um, and 3) again assuming a 125 pm lithium foil and taking into account the use of excess electrolyte,
which is necessary in practical cells both to wet all cell components and to compensate for the formation
and growth of the SEI layer on the unoptimized lithium anode. Using the first calculation method,
cathodes without any added binder or carbon black achieve energy densities as high as 530 — 540 Wh/kg
at 0.1C (Tables D1-D8), representing the absolute maximum energy density achievable with these
cathodes when paired with a perfect lithium anode. In the second calculation method, assuming excess

129214 3 more practical estimate of the energy

lithium via a commercially available lithium metal foil,>
density is obtained (Tables D9-D14). Cells without binder or carbon black are capable of achieving
practical energy densities as high as 468 Wh/kg at 0.1C, and 250 Wh/kg at 1C. The practical energy
densities for two different rGO/DMSO/S cells prepared with PVDF binder and CB were also calculated
and are tabulated in Table D14. These cells exhibit energy densities of as high as 405 Wh/kg at 0.1C,
but slightly improved energy densities of as high as 302 Wh/kg at 1C. It should further be noted that

no additives are present in these cells to address polysulfide dissolution or shuttling, and as such, some
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capacity fade may occur during rate testing and cycling, meaning that higher capacities and energy

densities may be possible with these additions.

Finally, in the third calculation method, we also calculated the energy density of our cells when
taking into account the large excess of electrolyte used in our testing (90 uL per cell). When considering
this excess electrolyte, the energy density of the full cells without binder or carbon black drops by over
50% to 217 Wh/kg at 0.1C (Tables D15-D20), demonstrating the detrimental effect of excess
electrolyte on energy density. A summary of the energy densities calculated using all three methods is
presented in Tables D21 and D22. While excess electrolyte is necessary to wet all cell components, it
is also critical in order to compensate for the degradation and failure of the lithium anode during
cycling. While optimization of the anode was not the focus of this chapter, other studies have
demonstrated that protection and stabilization of the anode enables the use of much leaner electrolyte
conditions, highlighting the importance of anode optimization in future work.’'*>!¢ These studies
demonstrate that lean electrolyte conditions are possible with further anode optimization, but the use
of extremely thin lithium foils remains technically challenging. Thus, for comparison of the
performance of the sulfur cathodes prepared in this work, we have used energy densities calculated
using the second calculation method, taking into account excess lithium but not excess electrolyte, to

provide a realistic estimate of the cathode performance when paired with an optimized lithium anode.

To fully compare the electrochemical results from the different approaches, a Ragone plot was
prepared using the practical energy density and power density for each synthesis method (using the
second calculation method) and can be seen in Figure 6.8d). The DMSO-based cells with no added
binder or carbon black demonstrate the highest energy densities at all rates, but THF-based cells with
no added binder or carbon black achieve similar values at low rates (0.1 and 0.2C). DMSO-based cells
with binder and carbon black demonstrate slightly lower energy densities at low rates, but improved
performance at high rates (1C). Notably, when comparing cells with no added binder or carbon black,
both THF and DMSO-based cells prepared from the heterogeneous nucleation method outperform
conventional melt-imbibed cells in terms of both energy density and power density at all rates,
indicating that the heterogeneous nucleation approach enables excellent sulfur distribution in a simple,

scalable, inexpensive, and room-temperature solution-based approach.
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6.4 Conclusion

Via optical microscopy, SEM, and DLS studies, we have thoroughly investigated the interaction of
carbonaceous materials with hydrophobic sulfur sols, which have been broadly overlooked in
comparison to their hydrophilic counterparts for the fabrication of high performance sulfur cathodes.
In both model studies on highly ordered pyrolytic graphite and on various dispersed carbonaceous
nanomaterials, we find that hydrophobic sulfur sols form and sulfur is redistributed via an Ostwald
ripening type mechanism to uniformly coat the surface of the carbon material. Our approach works
with multiple surfactants, organic solvents and different carbon materials, such as rGO and KB,
indicating the universality of this method for the fabrication of sulfur/carbon composites. Moreover,
we use solution-based processing to enable coating of a higher accessible surface area of dispersed
carbon materials when compared to their aggregated solid powders used in most other fabrication
routes, all under room-temperature conditions. Solution-based processing can introduce challenges in
that the solvent used in the process exists as waste following electrode fabrication, and all current
approaches that use elemental sulfur rather than hydrophilic sulfur sols to prepare carbon/sulfur
composites employ large volumes of toxic organic solvents. However, the solvent in this process is
~90% water, making it a greener alternative while still coating the full accessible surface area of rGO
in solution. Furthermore, it can be completed in a simple 2 hour process, compared to lengthy (>12
hour) high temperature melt imbibition approaches, and uses inexpensive, widely available elemental
sulfur, unlike processes based on hydrophilic sulfur sols which typically require the use of precursors.
Our synthesis and processing yields cathodes with capacities as high as 1300 mAh/gufr (~4.8
mAh/cm?) at 0.1C and discharge capacities that are a factor of 7 times higher than melt imbibed cells
at 0.8C and 1C. Furthermore, cells without any added binder or conductive material demonstrate
impressive energy densities of 468 Wh/kg at 0.1C, and 250 Wh/kg at 1C, without any added polysulfide
trapping agents. As such, we believe the deposition of hydrophobic sulfur sols onto carbon-based
materials is a promising route for rapid, scalable processing of sulfur cathodes, providing a key step

towards the commercialization of Li-S technology.

172



Chapter 7:

Conclusions and Future Work

7.1 Conclusion

In this thesis, four distinct projects focusing on the development and fabrication of graphene-based
electrodes for electrochemical energy storage devices, including both supercapacitors and next-
generation batteries, were presented. In each study, we developed devices with increased capacitance
or capacity or contributed to furthering the fundamental understanding of key processes for these

devices, such as lithium nucleation.

In Chapter 3, we investigated the use of PFA as a sustainable, biomass-derived resin for the formation
of LIG for the first time. We demonstrated that pristine PFA could not easily be carbonized via laser
irradiation, but highly conductive traces of LIG could be formed via the introduction of 1% GO as a
carbonization aid. We also demonstrated the formation of composites of PFA microspheres and GO
and their subsequent conversion into LIG. We showed that the PFA microspheres are converted into
LIG and act as spacers between the laser-reduced graphene sheets, resulting in supercapacitors that
exhibited a capacitance of 16.0 mF/cm? at 0.05 mA/cm?. These devices outperform nearly all reported
Pl-based LIG and GO-based LRG to date, while demonstrating a stable cycle life, with 97.4%

capacitance retention after 10,000 cycles.

In Chapter 4, we investigated the addition of inexpensive, abundant sodium salt microparticles, NaCl
and Na,SO, into PFA resin precursors, and demonstrated that LIG formed from these composites
possesses BET surface areas that are an order of magnitude larger than LIG from pristine PFA, as the
salt particles act as a template for pore formation. Furthermore, LIG formed from PFA/salt composites
is simultaneously doped with heteroatoms from the salt of choice — forming Cl-doped LIG from NaCl
and S-doped LIG from Na,SOs, which can contribute to increasing the quantum capacitance of the LIG.
We further demonstrated via thermal modeling that the inclusion of salt particles may lead to increased
laser penetration depths and thicker layers of LIG, and that salt particles may also act as carbonization
aids, improving the carbon yield during lasing. After fully investigating the mechanism behind the
changes in the LIG properties with the inclusion of salt, we demonstrated that the multifunctional nature
of the salt additives results in capacitances that are 2-4 orders of magnitude higher than that of LIG

from pristine PFA, with capacitances of ~25 mF/cm? at 0.05 mA/cm? for PFA/25% Na,SO4, and with
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some individual PFA/20% Na>SO. devices exhibiting capacitances as high as 80 mF/cm? at 0.05
mA/cm?. These devices outperform nearly all LIG-based supercapacitors to date. Moreover, due to the
wide array of materials that carbonize under laser irradiation but do not result in high surface area, high
capacitance LIG, and the abundant and inert nature of the salts employed, this is potentially a simple,

scalable approach to improve the performance of LIG from a range of materials.

In Chapter 5, we investigated the use of LIG as a porous, conductive host material for lithium metal
anodes. Expanding upon the LIG material developed and characterized in Chapter 4, we demonstrated
a further array of salts that can be used to prepare high capacitance LIG, including lithium salts such as
Li,SOs, and further showed that residual salt could be removed from these electrode materials via
dissolution without damaging the LIG structure. We performed a lithium nucleation study on LIG
electrodes prepared from PI, PFA, PFA/25% Na,SOs, and PFA/10% Li,SO4, which each possessed
different chemical structures and functional groups, and further investigated the effect of pre-lithiating
each LIG structure before lithium plating or not. We related the overpotential-current density behaviour
for lithium nucleation to Butler-Volmer kinetics for the first time, and were able to extract charge
transfer resistances, exchange current densities, and transfer coefficients via two different fitting
methods. We demonstrated that the nucleation process follows Butler-Volmer kinetics, but with high
thermodynamic nucleation barriers potentially manifesting as modifications to the theory via either
non-zero intercepts or asymmetric (o # 0.5) behaviour. We demonstrated that unlithiated LIG from
PFA/salt composites exhibited the lowest overpotentials for lithium nucleation — particularly at high
current densities — and, for the most part, lower charge transfer resistances than LIG from pristine PFA.
We evaluated this behaviour in comparison to other parameters such as electrode surface area and
loading to confirm that the presence of lithiophilic functional groups is the most critical determining
factor in the overpotential behaviour. We studied the cycling behaviour of the different LIG materials,
and observed that the more lithiophilic LIG from PFA/salt composites surprisingly resulted in lower
coulombic efficiencies, which we hypothesized is due to both increased parasitic reactions on the doped
LIG and the more amorphous LIG structure, which is not easily delithiated, thus determining that the
optimization of the degree of doping is a key, and thus far overlooked, parameter for lithium host

design.

Finally, in Chapter 6, we investigated the heterogeneous nucleation of hydrophobic sulfur sols —
which had been thus far widely unexplored for the fabrication of sulfur cathodes — on carbonaceous

and graphene-based materials. Via detailed optical microscopy and DLS studies, we demonstrated that
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hydrophobic sulfur sols prepared in an aqueous, room-temperature process, deposit on the surface of

graphene-based materials in dispersion via an Ostwald ripening mechanism, coating them with a thin,

uniform layer of elemental sulfur. This process does not require lengthy, high temperature melting steps

or toxic solvents typically utilized to dissolve sulfur, and occurs in dispersion, enabling the full use of

the graphene surface area. Moreover, this is the first study to date to employ hydrophobic, aqueous-

based sulfur sols to prepare graphene/sulfur composites directly, without the need for any subsequent

reduction or melting steps. Sulfur cathodes prepared from this process exhibit high capacities of 1300

mAbh/gaur (~4.8 mAh/cm?) at 0.1C, and discharge capacities 7 times higher than melt imbibed cells at
0.8C and 1C. They also possess energy densities of 468 Wh/kg at 0.1C, and 250 Wh/kg at 1C.

The key contributions of this work are as follows:

Demonstration of PFA as a novel, easily processable, biomass-derived LIG precursor and

development of high-capacitance LIG supercapacitors from composites of PFA and GO.

Development of high-capacitance LIG supercapacitors from PFA resin/salt composites that
exhibit a capacitance 2-4 orders of magnitude that of LIG from pristine PFA, via
multifunctional salt additives which simultaneously template the LIG to achieve high surface
area, dope the LIG with heteroatoms, and increase the thermal diffusivity and carbon yield

during lasing.

Improved understanding of the preparation of lithiophilic lithium host materials via the study
of lithium nucleation on doped LIG materials and identifying the degree of doping as a thus

far unknown but critical parameter for host design.

Increased fundamental understanding of hydrophobic sulfur sols and their subsequent
nucleation on different carbon nanomaterials, and the development of a scalable, aqueous-
based process to prepare high energy density graphene-based sulfur cathodes from

hydrophobic sulfur sols.
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7.2 Future Work
7.2.1 LIG Supercapacitors

7.2.1.1 Increasing the Energy Density of LIG Supercapacitors

Implementation of Smaller Salt Particles for Increased Capacitance

In Chapter 4, we demonstrated that the inclusion of microparticles of sodium salts in the PFA prior to
lasing resulted in a templating effect, boosting the surface area and capacitance of the resulting LIG.
The salt particles used were micron-sized in scale, as this is the size recoverable via spray-drying.
However, we expect that using even smaller salt particles would further increase the surface area and
capacitance of the resulting LIG. Sodium chloride nanoparticles have recently been synthesized using
a microemulsion reaction for cancer therapeutics.’!” If scalable quantities of salt nanoparticles can be
prepared in this method, this could be one strategy to further boost the capacitance, and thereby the
energy density, of LIG from PFA/salt composites.

Transition to Electrolytes with Wider Voltage Window

The focus of Chapters 3 and 4 was on improving the areal capacitance of LIG-based electrodes, and as
such, all testing was performed with the most commonly employed electrolyte for LIG supercapacitors
— a gel-based electrolyte consisting of PVA and H3;PO4. While this gel-based system is most practical
for LIG devices as it is flexible and does not require the leakproof packaging that a liquid electrolyte
would, its aqueous nature limits its potential window to ~1.2 V. While we did not directly calculate the
energy density of our devices in this work, the square dependence of the energy density on voltage
indicates that this limited voltage window of the electrolyte is a critical factor for improving the energy
density. Thus, a focus on developing gel-based electrolyte from organic (~2.7 V) or ionic liquid-based
(3.5 — 4 V) systems with increased voltage windows is critical for the future of LIG-based

supercapacitors.
Densifying LIG

One of the remaining challenges limiting the energy density of LIG-based supercapacitors is the
relatively low loading of LIG formed after irradiation. The loading of nearly all LIG is <1 mg/cm?, with
many reports of <0.5 mg/cm?. These low loadings and the low density (<0.06 g/cm?®) of LIG limit both

the areal and volumetric capacitances, but also F, and thus the achievable energy density of LIG-based
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supercapacitors. Kim et al. demonstrated that one way to overcome this is by applying a second coating
of LIG precursor onto the formed LIG, and laser scribing a second time, to form a densified LIG.>'®
This strategy has only been demonstrated with P, but this should be investigated with our PFA system

to enable further increases in areal and volumetric capacitance and energy density.
Pseudocapacitive Materials

While the focus of this thesis was on employing LIG directly as an EDLC-type supercapacitor, further
improvements to the energy density are possible by incorporating pseudocapacitive materials, such as
transition metal oxides. These materials can provide higher capacitance and fill some of the void space
in the LIG, leading to higher loadings and increasing energy density. While a number of different
pseudocapacitive materials have been implemented into LIG,*'*32! including high loadings (10
mg/cm?) of ZnP nanosheets, which enabled extremely high areal capacitances of 4.9 F/cm?,*! all work
thus far used GO or PI-based LIG. The higher conductivity of PFA-based LIG, as demonstrated via our

sheet resistance results, indicates that it may be a more promising scaffold for pseudocapacitive

materials and enable higher power densities than PI-based LIG/pseudocapacitive composites.

7.2.1.2 Improving Flexibility

In Chapter 3, we demonstrated the formation of LIG supercapacitors from uPFA/GO composites, which
possessed limited mechanical properties — only relatively thin films could be prepared without cracking
and the films were fairly brittle. Transitioning to the use of PFA resin in Chapter 4 enabled the formation
of thicker and more mechanically robust films. However, the addition of large quantities of salt (i.e.
25% Na,S0O4) made the films more brittle. In order to improve the flexibility of the LIG devices, a few
different strategies can be employed. Firstly, since the flexibility of PFA depends on cure time, shorter
cure times could be investigated to form LIG on a more flexible PFA substrate. Moreover, the salt
templating and doping approach is potentially generalizable to a range of different polymers and
precursors that can be carbonized but do not result in high performance LIG. This strategy should be

investigated with more elastomeric precursors, or composites of PFA with elastomeric precursors.

7.2.1.3 Combination of LIG Method with Other Advanced Manufacturing Methods

The thickness of LIG-based electrodes that can be fabricated is currently limited as the LIG thickness
is ultimately controlled by the penetration depth of the laser into the substrate, which is typically 25 —
350 um. Moreover, thicknesses beyond ~50 pum are rare, and typically limited to the formation of LIG
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fibers, which exhibit much lower conductivities than typical LIG.**> One strategy to overcome the
electrode thickness limitations of the LIG method is to combine it with other advanced manufacturing
techniques, such as additive manufacturing. Luong et al. demonstrated that LIG electrodes of mm —cm
thickness could be prepared via laminated objected manufacturing of multiple layers of LIG, and fiber
lasers could be used to selectively mill these 3D structures for further architectural control.’?* While
this work is an initial proof-of-concept, and automation of this process is needed for further scalability,
this is one step towards increased LIG thicknesses and complete 3D electrode design. Another strategy
to implement further control over the LIG process and improve scalability is the use of multiple laser
heads to pattern simultaneously — a concept that has been implemented via the use of multiple print

heads in additive manufacturing.3243%

7.2.1.4 Increasing the Throughput of the LIG Method

While the LIG process is uniquely suited for the patterning of novel electrode architectures, the laser-
based method has some key limitations. Firstly, as discussed several times throughout this thesis, the
LIG material formed is non-uniform due to the thermal gradient during lasing and so the properties of
the LIG formed at the center of the laser trace can be very different than those of the LIG at the edge.
Secondly, since each rastered laser trace is ~100 um thick, long processing times would be required to
prepare large electrode areas using the laser speeds employed in this work (i.e. 10 mm/s). One strategy
to overcome both of these issues is to modify the laser optics to produce a line beam instead,>2® which
can convert larger areas of precursor at once and result in more uniform graphenization. While this
approach cannot be used to pattern high-resolution structures, it may be more suitable for the scalable

production of bulk LIG material.
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7.2.2 Lithium-Sulfur Batteries

7.2.2.1 Improving the Cycle Life of LIG Lithium Hosts

Investigation of Intermediate Salt Loadings for Preparation of LIG Lithium Host

The nucleation study carried out in Chapter 5 demonstrated that doping of LIG with lithiophilic
functional groups enables lower overpotentials and charge transfer resistances for lithium nucleation,
which are critical for the design of a lithiophilic lithium host. However, it also demonstrated that high
levels of doping, while increasing lithiophilicity, can also limit the coulombic efficiency and cycle life
due to side reactions and the formation of more amorphous carbons that are not easily delithiated. This
highlighted that a key factor governing the design of lithium host structures is the degree of doping,
which has been thus far overlooked. As we investigated the highest capacitance LIG from PFA/Na,SO4
and PFA/Li;SOs, we naturally studied the most highly doped materials. However, examining the
lithium nucleation on LIG from lower salt content (for example, PFA/10% Na,SO4), which would yield
a less amorphous carbon and a lower degree of doping, is one strategy to fabricate a LIG host that is

still lithiophilic but also possesses longer cycle life.
Investigation of Other LIG Doping Strategies

In our lithium nucleation study, we examined doped LIG prepared from PFA/salt composites. While
these LIG materials possessed several lithiophilic functional groups, the dopants that resulted in the
most lithiophilic materials in theoretical studies to date are boron and phosphorus. We found that B-
and P-containing lithium salts were either incompatible with PFA processing or extended the
processing and cure times significantly, and so B- and P-doped LIG could not be assessed. However,
strategies have been developed to prepare B- and P-doped LIG from PI, via the incorporation of H;BOs
or H3POy into PI precursors, for high-performance supercapacitors.’**?’ These are promising materials
for further study as lithium hosts. We performed initial experiments on the preparation of B-doped LIG
from PI, but faced significant challenges with film processing and cracking, which must be overcome

in order to prepare these materials for further study.
Investigation of Impact of Different LIG Architectures for Lithium Host

Our nucleation study was conducted on LIG materials that were scraped off of the substrate, slurry-cast
with binder onto copper, and finally pressed to prepare electrodes with comparable loadings and surface

areas, in order to deconvolute the effects of different parameters on the overpotential results. However,
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Yi et al. demonstrated that the LIG architecture plays a role in the plating overpotential, as the unique
design of LIG-coated PI pillars on a copper substrate exhibited lower overpotentials and significantly
improved cycle life over a conventional LIG film prepared from the same materials.'®® One of the
unique advantages of the LIG approach is the ability to pattern novel electrode architectures. Further
investigation into the design of 3D LIG architectures for lithium deposition is necessary to optimize

SEI formation and void space for lithium deposition for future LIG-based lithium anodes.
Development of Bilayer Host Architecture

Our findings in Chapter 5 demonstrated the ability to tune the lithiophilicity and thus lithium nucleation
overpotential of different LIG materials via doping. However, the cycle life of the LIG materials was
limited. One strategy to overcome this could be through the development of a bilayer host, with a
lithiophilic layer just above the current collector and a lithiophobic layer on top. Bilayer structures such
as these have been previously demonstrated and enable selective lithium deposition deeper within the
host structure, preventing plating from being limited to the top surface of the porous host material.!”’
This could be achieved via the same method discussed above for densifying the LIG, by preparing LIG
from PFA/salt, and then casting a second layer of pure PFA and lasing this layer, to form a lithiophobic-

lithiophilic bilayer structure which could enable improved performance.
Development of Sealed Host Architecture

As discussed in Chapter 5, while the LIG materials developed in this work are lithiophilic in nature and
result in a more areally stable SEI layer (with less irreversible capacity per area), the open nature of the
LIG structure still results in significant SEI formation and the volume change during cycling still leads
to breakage of the SEI layer. One of the only possibilities to mitigate this is to develop host structures
that are sealed from the electrolyte. Developing these host materials is extremely challenging — they
need to be leakproof to prevent liquid electrolyte from entering them and causing SEI formation and
must be electronically conductive but simultaneously must facilitate lithium nucleation within the host,
not on the surface. This requires the inside of the host to be lithiophilic, while the outside should be
lithiophobic and enable rapid lithium diffusion into the internal structure. Studies such as ours in
Chapter 5 can assist in making progress towards this design by identifying how to design lithiophilic
and lithiophobic materials for this purpose, but further studies on how to fabricate these structures and

fundamental studies on lithium diffusivity through outer host materials are needed.
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7.2.2.2 Improving the Capacity and Cycle Life of Graphene/Sulfur Cathodes

Investigation of Higher Sulfur Content Cathodes

In Chapter 6, we demonstrated the formation of rGO/S cathodes, with a relatively high sulfur loading
of 3.9 mg/cm? and a ratio of 45:55 of rGO:S. While high energy densities were achieved without the
addition of binder or other conductive materials (468 Wh/kg at 0.1C), we did not investigate higher
ratios of sulfur to rGO, which would enable a push to higher energy densities. Furthermore, for samples
with added binder and conductive additive, this lowers the sulfur content to only 38.5% of the cathode.
Moreover, inclusion of any further additives to suppress polysulfide shuttling will reduce sulfur content
in the cathode, thus requiring a push to even higher sulfur content. Increasing the sulfur content leads
to decreased electrical conductivity and lower capacities, and requires further optimization and

engineering of the rGO/S composite formation.
Investigation of the Use of Exfoliated Graphite

In our development of graphene/sulfur composites for sulfur cathodes, we employed thermally reduced
rGO, which was available in large quantities and was highly reduced, with a very high C/O ratio for
thermally reduced rGO of 63, a carbon content of >95 wt.%, oxygen content of <2.00 wt.%, hydrogen
content of <2.00 wt.%, nitrogen content of <0.50 wt.%. Throughout our study, we observed that the
nucleation of sulfur onto carbon nanomaterials from hydrophobic sulfur sols is dependent on the
hydrophobic interactions between the sulfur and graphene, and that sulfur is more likely to deposit on
a pure carbon surface than one with oxygen-containing functional groups. For example, it will not
deposit at all on GO. While the thermally reduced rGO used in this work has a high C/O ratio, any
increase in this C/O ratio could be expected to enable the deposition of sulfur from hydrophobic sulfur
sols to occur more rapidly and uniformly, with no remaining sol particles or aggregates. Moreover,
graphene with increased conductivity could also facilitate the fabrication of higher sulfur content and
loading cathodes with improved performance. Likewise, the current capacity of the sulfur cathodes at
high rates is limited (74 mAh/gsusr at 2C), so increases in the conductivity of the carbon host could
further improve this as well. One strategy to investigate would be the direct exfoliation of graphite,
without the intermediate formation of graphene oxide. While most exfoliation strategies still introduce
some degree of defects, including oxygen-containing defects, and the scalability of these methods
requires improvement, the quality of the graphene prepared from these methods is typically more

pristine, and may possess lower oxygen content.*?®
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Investigation of Further Materials to Prevent Polysulfide Shuttling

The focus of Chapter 6 was the improved fabrication of rGO/S composites for sulfur cathodes. We did
not focus in this work on the other main challenge facing sulfur cathodes — the dissolution of
intermediate polysulfide species which can move out of the cathode and irreversibly deposit on the
lithium anode, limiting the cycle life. We did demonstrate that without addressing polysulfide shuttling,
the cycle life of the rGO/S cathodes is limited, and that by adding PEI into the sulfur cathode, which
can bind to polysulfides via polar interactions and prevent them from leaving the cathode, the cycle life
is significantly improved. However, polysulfide shuttling remains a significant challenge that has not
been fully solved. Improved binders that can trap polysulfides in the sulfur cathode are needed. One
relatively unexplored method of trapping polysulfides is via ionic interactions, which are typically
much stronger than polar interactions or hydrogen bonding. The use of cationic polymeric binders in
the sulfur cathode has been investigated,****3° but their limited commercial availability has prevented
widespread study. Wang et al. demonstrated that cationic quaternary ammonium groups could be
formed on PEI via a one-step reaction, and that these groups have polysulfide binding energies twice
that of unmodified PEL**! Consequently, modification of binders with cationic groups is one promising

direction to further address polysulfide shuttling.

7.2.2.3 Investigation of Full LiS Cell Performance

Most literature on lithium-sulfur batteries to date has focused on improving the performance of either
the lithium anode or sulfur cathode alone. Indeed, in this thesis we focused separately on the lithium
anode in Chapter 5 and sulfur cathode in Chapter 6. However, future work must also study the
performance of full LiS cells. This is particularly critical when using a host material for lithium metal,
as either this host or the sulfur cathode must be pre-lithiated before full cell assembly. Preliminary
unpublished work in our group demonstrated that the rGO/S cathodes prepared in Chapter 6 can be
lithiated to form Li»S via reaction with n-butyllithium. However, further study is required in order to

prepare full cells with either Li,S cathodes or pre-lithiated host anodes.

7.2.2.4 Application of Doped LIG into Other Next-Generation Batteries

Finally, while we have focused in this thesis on the application of graphene-based electrodes into
supercapacitors and lithium-sulfur batteries, this work has potential applications beyond these devices

and chemistries. Notably, in our LIG work, we demonstrate a strategy to prepare high surface area,
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heteroatom-doped LIG from sustainable precursors. LIG has particularly been studied as a conductive,
porous scaffold for air cathodes. It has almost always been implemented with specific transition metal
oxide catalysts for the ORR/OER reactions,”'*! except for one study that demonstrated that LIG that
had been oxidized via O, plasma is also a suitable catalyst for air cathodes.”® Our salt-induced doping
provides a potentially simpler and more widely tunable approach to introduce dopants into LIG, and
demonstrated improved kinetics over LIG from pristine PFA in Chapter 5. Thus, the salt-induced
templating and doping of LIG studied here may also be a key strategy for the development of electrodes

for other next-generation batteries, such as metal-air batteries.
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Appendix A:

Supplementary Information for Chapter 3

Figure A1: Illustration of microsupercapacitor electrode design. The full device is composed of 28 fingers, 14
on each electrode, with each finger being 1.5 cm in length and 350 pm in width with 450 pm of space between
each other. The electrolyte is applied to a 1 cm wide region in the center, giving an active area of both
electrodes of approximately 0.98 cm?.

Figure A2: Scheme of microsupercapacitor fabrication and assembly procedure. PFA/GO composites are drop
cast onto a PET substrate. Following drying/solidification of the polymer, the film is laser scribed to obtain the
interdigitated electrode design. The gel-based PVA/H3PO;, electrolyte is then applied on the surface of the
device, and a 24 hour rest period ensures wetting and penetration of the electrolyte into the pores of the
material. The device is then assembled with titanium foil current collectors in a custom PMMA cell.
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Figure A3: Optical microscopy images of the effect of laser power on PFA films spincoated on glass. All were
scribed at 1 mm/s with a single laser pass. Yellow areas in a) and b) correspond to unconverted PFA, while
brown areas correspond to the decomposition product. The yellow areas in ¢) correspond to bare glass substrate
with PFA material ablated, along with cracks evident tin the substrate. The brown lines again correspond to
decomposition product. In d), the black line marks the edge of the laser scribed material, with un-scribed PFA
on the right side, and fully ablated PFA on the left.
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Figure A4: Optical microscopy images of the effect of multiple laser passes on PFA and PFA/1% GO films
spincoated on glass. Laser scribing was performed at 4.5 W and 1 mm/s. Multiple laser passes of the PFA films
with no GO result in disconnected black lines, with most material ablated, and no conductivity. The yellow
areas for PFA/1 pass correspond to unconverted PFA, while the yellow areas for PFA/10 passes correspond to
bare glass substrate where PFA has been ablated, as evidenced by the cracks in the glass substrate. Laser
irradiation of films with 1% GO results in formation of a black, conductive product, for both 1 laser pass and 10
laser passes.
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Figure AS: Optical microscopy images of the effect of laser defocusing on pure PFA films spin coated on glass.
All films were scribed at 1 mm/s with a single laser pass. Brown areas in all films correspond to a
decomposition product of PFA. Yellow areas at powers of 4.00 W and 4.50 W correspond to unconverted PFA,
while yellow areas above 4.65 W correspond to bare glass substrate, where PFA has been ablated, as evidenced
by the cracks in the glass substrate. Increasing the defocusing and the laser power enables a defocus of 1.7 mm
and a laser power of 4.65 W to result in a black film. However, the film possesses poor conductivity, with most
material ablated.
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Figure A6: Cyclic voltammetry of supercapacitors prepared from PFA films laser scribed at 4.5 W, 10 mm/s,
and a defocus of 1.7 mm with varying scan rates. The maximum currents achieved are in the nA range at 500
mV/s, and are too low and noisy to accurately calculate a specific capacitance. These electrochemical results
indicate that there are no laser settings that enable the carbonization of PFA into a conductive material suitable
for application as an electrode material for supercapacitors.
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Figure A7: Atomic force microscopy (AFM) characterization of spincoated GO on mica substrate. a) AFM
image of spincoated GO. b) Distribution of measured lateral GO sheet sizes. c) Distribution of measured GO

sheet thicknesses. The GO sheets have an average thickness of 1.1 nm + 0.3 nm, indicating that they have been
exfoliated into monolayers in solution, and possess lateral flake sizes ranging from sub-100 nm to 1.4 micron.
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Figure A8: Optical microscopy images of the effect of laser power on PFA/0.1% GO films spincoated on glass.
All were scribed at 1 mm/s with a single laser pass. At powers above 4.5 W, the film is ablated. The brown lines

correspond to an insulating PFA decomposition product, while the yellow areas correspond to either
unconverted or ablated PFA.
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Figure A9: PFA/0.5% GO, and PFA/1% GO drop cast on cellulose substrates, and the effect of laser irradiation
at powers ranging from 4.6 W to 5.1 W at different speeds of 30 mm/s and 15 mm/s. In the case of PFA/0.5%
GO, the film is either degraded to form an insulating product at low powers, or fully ablated at higher powers.
Under no laser conditions is a conductive film formed on the PFA/0.5% GO sample. At 1 wt.% GO, a
conductive black product is formed upon laser irradiation, without ablation of the film for powers ranging from
4.8 W to 5.1 W for both speeds of 15 mm/s and 30 mm/s.

4.00 W

Figure A10: Optical microscopy images of the effect of laser power on PFA/1% GO films spincoated on glass.
All were scribed at 1 mm/s with a single laser pass. As seen in b) and c), laser irradiation results in the
formation of black, conductive material at 4.50 W and 4.65 W. As seen in d), black material is still present for
increased powers such as 4.75 W, but most material appears ablated. At lower powers, such as 4.00 W in a),
black circles are present in optical microscope images of the films, but are disconnected and do not result in a
conductive network. At even lower powers, there is no observable change in the morphology or colour of the
films, indicating that the laser power is too low to induce any carbonization or degradation of the PFA/GO
composite. In a), the yellow areas correspond to unconverted PFA, while in d), the yellow areas correspond to
bare glass substrate where PFA has been ablated, as evidenced by the cracks in the substrate.
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Figure A11: EDS mapping of cryogenically-fractured cross-section of laser-scribed PFA/1% GO. SEM images
indicate that the material has a fibrous morphology. EDS mapping indicates that both carbon and oxygen are
present in the material, and that it consists of 96.8 at.% carbon and 3.2 at.% oxygen, confirming the conversion
of the polymer into a carbonized structure.

Figure A12: SEM images of chars formed from burning samples of PFA a), b) with no GO, and c), d) with 1%
GO.
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TGA Analysis of Thermal Conductivity of PFA Composites with and without GO:

In order to investigate any thermal effects of GO on PFA, TGA was performed on PFA/0% GO and
PFA/1% GO powders at varying heating rates. Shifts in the profile of the TGA curve are expected at
different heating rates, with curves shifting to higher temperatures at higher heating rates.>>**! This
effect results partly from the kinetics of the decomposition, and partly from thermal lag, which is
attributed to heat transfer limitations.?>%2%! The magnitude of thermal lag has been related to the thermal
diffusivity of the measured material, which is, in turn, directly related to the thermal conductivity of
the material >33 Thus, it is expected that smaller shifts in the TGA curves should be observed for
materials with higher thermal diffusivity, and larger changes should be observed for materials with
lower thermal diffusivity. The TGA curves for PFA/0% GO and PFA/1% GO at scan rates of 5 °C/min,
10 °C/min, and 20 °C/min are shown in Fig. A11 a) and c) below. There is a significant difference in
the TGA profile and carbon yield of samples with and without GO. Samples with GO have a distinct
plateau from approximately 200 °C to 300 °C which is absent in the samples without GO at all scan
rates. This plateau is the most distinct difference in the TGA profiles, indicating increased thermal
stability of the PFA/1% GO composite in this temperature range, and resulting in an increased carbon

yield.

The derivative TGA curves for PFA with 0% GO and 1% GO are presented in Fig. A11 b) and d). In
both cases, two major peaks are present, with maxima in the ranges of 130 — 170 °C and 350 — 420 °C.
In the case of 1% GO, only these two peaks are present, while the 0% PFA sample possesses multiple
broad shoulders. We have extracted key thermal parameters from this analysis and tabulated them in

Table A1l.

To assess differences in thermal diffusivity, shifts in the 7max value with scan rate should be analyzed.
However, in both the 0% and 1% GO cases, there is some shift in the shape of the ~400 °C degradation
peak, leading to erroneous shifts in the Tmax value. As such, we instead compared the shift of the ~150
°C degradation peak, which retained a constant shape and relative intensity for all samples. The Tmax
values for this peak, labelled Timax, 150°c, are listed in Table A1. The percentage change of the Timax values
compared to the value at 5 °C/min are also tabulated, and the values are similar for samples with and
without GO, indicating that there is not a significant difference in the thermal diffusivity, and, assuming
a similar heat capacity and density of the two materials, that there is no significant difference in the

thermal conductivity of the two samples in this temperature range. However, it should be noted that the
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derivative curves for samples with GO retain a more consistent peak shape, while samples without GO

display significant differences in the heights and shapes of peaks in the 250 — 500 °C range.
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Figure A13: a) TGA and b) derivative weight curve for PFA/0% GO. ¢) TGA and d) derivative weight curve
for PFA/1% GO.

Table Al: Summary of thermal parameters extracted from TGA of PFA/0% GO and PFA/1% GO at varying
heating rates.

Scan rate (°C/min)|  Timax, 150°C Percentage Change from Char Residue/ Carbon Yield

(°O) 5 °C/min (%) (%)

0% 20 167.5 16.9 39.3
GO 10 152.0 6.1 41.2
5 143.3 0.0 41.5

1% 20 162.2 15.4 44.7
GO 10 152.5 8.5 43.6
5 140.5 0.0 43.1
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Figure A14: Cyclic voltammetry of laser-scribed PFA/1% GO supercapacitors at varying scan rates. The
devices display the pseudo-rectangular shape expected. Despite the high conductivity of the laser-scribed
PFA/1% GO, supercapacitors prepared from this material exhibit a specific capacitance of only 34 uF/cm? at

5mV/s.
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Figure A15: Characterization of PFA microspheres prepared from the emulsion polymerization of PFA. The
histogram shows the diameter of the microspheres as measured via SEM. The microspheres range in size from

approximately 280 nm to 1.5 um and possess an average diameter of 670 nm.
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Figure A16: Thermogravimetric analysis (TGA) of PFA microspheres and PFA/GO composites. a) TGA
curves of PFA resin and PFA microspheres. b) TGA curves of PFA microspheres and uPFA/GO 2:3 composite.
The carbon yields of the uPFA, PFA resin, and puPFA/GO 2:3 are 39.2%, 39.3%, and 36.9% respectively. TGA
was performed at 20 °C/min under nitrogen environment, to best approximate the rapid heating of the laser
scribing process.
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Figure A17: Electrochemical performance of uPFA/GO composites of varying uPFA/GO ratios, drop cast onto
PET substrates at lower loadings of ~1.15 mg/cm?. a) Cyclic voltammetry at 5 mV/s. b) Cyclic voltammetry at
100 mV/s. At all scan rates tested, the uPFA/GO 2:3 ratio had the highest specific capacitance and was
therefore selected for further characterization and optimization.
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Figure A18: Cross-sectional SEM images of laser-scribed pPFA/GO 2:3. a) Cross-sectional SEM images of
laser-scribed pPFA/GO 2:3 showing hollow or broken carbonized PFA microspheres. b) Lower magnification
cross-sectional SEM images of laser-scribed pPFA/GO 2:3 indicates larger separated flakes of material likely
due to rapid gas evolution during photothermal heating.

Figure A19: EDS mapping of cross-section of uPFA/GO 2:3 prior to laser scribing. The SEM image shows the
structure of the composite, with layers of GO sheets and PFA microspheres well dispersed with each other. EDS
mapping indicates that the composite consists of 18.7 at.% oxygen and 81.3 at.% carbon, with both randomly
distributed over the whole composite.

Figure A20: EDS mapping of cross-section of laser-scribed uPFA/GO 2:3. The SEM image shows the structure
of the laser-scribed composite, with layers of rGO sheets and carbonized PFA microspheres still present. EDS
mapping indicates that the composite consists of 0.9 at.% oxygen and 99.1 at.% carbon following laser
irradiation. Both the carbon and oxygen contents are randomly distributed across the whole composite. Thus,
both the GO sheets and PFA microspheres are carbonized upon laser-irradiation.
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Figure A21: X-ray photoelectron spectroscopy of laser-scribed PI and pnPFA/GO 2:3. a) High resolution Cls
XPS spectrum for LIG from PI. b) High resolution O1s XPS spectrum for LIG from PI. ¢) High resolution Cls
XPS spectrum for LIG from pPFA/GO 2:3. d) High resolution Ols XPS spectrum for LIG from nPFA/GO 2:3.
e) XPS survey spectra of LIG from PI and LIG from pPFA/GO 2:3. From the survey spectrum, the C/O ratio of
LIG from Pl is 16.9, while the C/O ratio of LIG from uPFA/GO 2:3 is 11.2. The high resolution C 1s spectra
for both LIG from PI and from pPFA/GO 2:3 are very similar, with a strong C-C peak at 284.6 eV, and weaker
C=0 and C-OH/C-O-C peaks. There are differences in the O 1s spectra for the two materials. Both possess C-O
and C=0 peaks, but the ratio of the two is different, with a stronger C-O peak and weaker C=0 peak for the
WPFA/GO 2:3 material. This corresponds well with the chemical structure of the polymers, where PFA has

fewer carbonyl groups than PI.
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Figure A22: Sheet resistance of laser-scribed pPFA/GO 2:3 with laser power. The pPFA/GO 2:3 material
carbonizes at lower laser powers than PFA/1% GO (4.65 to 4.85 W compared to 4.8 to 5.1 W). The sheet
resistances (25 — 440 Q/sq) are in the same range as LIG from PFA/1% GO and from PI. Taking into account
the thinner LIG layer of this material (20 pm # 10 pm), this results in a conductivity of 20 S/cm £ 15 S/cm.

Raman Characterization of Varying Ratios of uPFA/GO:

It is challenging to experimentally assess the structure of the carbonized PFA within the composite, as
it is not easily isolated from the surrounding rGO. One of the only possible experimental methods to
assess the differences in these two carbon materials is Raman spectroscopy. Still, the Raman spectra of
the uPFA/GO 2:3 material appear similar to a pure rGO spectrum. In order to elucidate any differences
between this material and rGO, we have performed extensive Raman spectroscopy analysis of LIG
prepared from different ratios of pPFA and GO. We firstly prepared carbonized uPFA through
pyrolysis at 700 °C, and prepared LIG from pure GO films. We then prepared films with varying ratios
of uPFA and GO (3:2, 1:1, and 2:3), laser scribed all films with the same conditions, and measured
Raman spectra on different samples and different areas of the LIG formed. An example of each
spectrum is presented in a), though it should be noted that there are significant variations among spectra
depending on the area of the sample measured, and thus each spectrum represented is only a single
example. The variations in the Raman spectra for each sample are expected and have been previously
reported for LIG from PI1,** as, due to the Gaussian-like distribution of heat from the laser, the LIG
material formed at the center of a scribed line will be different than the material at the edge. The results
of the analysis of varying uPFA and GO ratios are shown in b)-f). Various parameters were assessed,

including the Ip/I¢ ratio, I¢/I>p ratio, and the FWHM of the D, G, and 2D peaks. In order to assess if
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changes in these parameters stemmed from a physical mixture of glassy carbon (carbonized pPFA) and
rGO, representative full spectra from LIG from GO and thermally carbonized pPFA were added in a
linear combination matching the various PFA/GO ratios. The theoretically calculated linear
combination spectra were then fit and each parameter was then extracted. For further theoretical
comparison, the weighted average of each individual parameter (not full spectrum) was also calculated,

ie.:
Ip/I; value for PFA/GO 3:2 = (0.6 X Ip/I; value for PFA) + (0.4 X Ip/I; value for GO)

Each of the calculated theoretical values were compared to experimental values obtained from three to
eight spectra from each sample type. Deviations from the theoretical values indicate that the LIG

material is different than a purely physical mixture of glassy carbon and graphene.

In terms of the /p/I; ratio, the calculated theoretical values are higher than the experimental values,
especially for the 1:1 and 2:3 ratios, for which the theoretical values are outside of the standard
deviation of the samples. This indicates that there are fewer defects in the carbon material formed than
predicted by a physical mixture of glassy carbon and graphene. The results for the /¢/I:p ratio further
support the formation of a different material, with significantly lower I¢/I>p ratios than theoretical
obtained for all pPFA/GO ratios. Similarly to the /p/l¢ ratios, while the I¢/Ip ratios decrease with
increasing GO content, the values for all ratios are similar to that of pure rGO. The decreased /¢/I:p
ratios indicate the formation of a few-layer graphene structure. Notably, the 2:3 ratio, which was the
optimal ratio utilized in our manuscript, possesses a lower average Ip/l¢ ratio and I¢/I>p ratio than LIG

prepared from pure GO.

We also examined the effect of the ratio of uPFA/GO on the FWHM of each peak. While the effects
are more subtle than the /p/Ig and I¢/[>p ratios, there are still observable differences. The FWHM of all
three peaks is highest for the thermally carbonized PFA, most notably for the D and 2D peaks, for
which its FHWM is more than twice that of rGO. Again, for all peaks, there are some PFA/GO ratios
that result in lower FWHMs than those predicted theoretically. Interestingly, there is not a clear trend
in the FWHM of each peak with increasing GO content, but this could be partially attributed to the

large standard deviation in each of these parameters.
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Figure A23: Raman spectroscopy analysis of LIG prepared from mixtures of pPFA and GO in varying ratios.
a) Examples of spectra for LIG prepared from varying ratios of uPFA and GO, as well as for pure uPFA
pyrolyzed at 700 °C and LIG from pure GO. b) Ip/I¢ ratio, ¢) I/I>p ratio, d) FWHM of D peak, ¢) FWHM of G
peak, and f) FWHM of 2D peak for experimental spectra, and theoretical values from linear combinations of the
spectra as well as weighted averages.
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Figure A24: Theoretical Raman spectra prepared via linear combinations of pyrolyzed uPFA and LIG from
GO.
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Figure A25: Electrochemical performance of uPFA/GO 2:3 after 11 days. a) Cyclic voltammetry of the
LPFA/GO 2:3 supercapacitor at varying scan rates. b) Galvanostatic charging and discharging of the uPFA/GO
2:3 supercapacitor at varying current densities. ¢) Specific areal capacitances of the pPFA/GO 2:3
supercapacitor from both cyclic voltammetry and galvanostatic charging and discharging with varying scan
rates. The capacitance increases to 14.5 mF/cm? at 5 mV/s. The increased capacitance is suspected to arise from
increased electrolyte wetting over time.
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Figure A26: Electrochemical performance of PI-based and GO-based LIG supercapacitors. GO-based devices
were prepared by drop casting a GO dispersion onto PET substrates, while commercial PI films were utilized.
Both were scribed under various laser conditions, and the parameters resulting in the lowest sheet resistance
were used to prepare devices. a) Cyclic voltammetry of PI LIG supercapacitor at varying scan rates. The device
achieves a specific capacitance of 9.2 mF/cm? at 5 mV/s. b) Cyclic voltammetry of GO LIG supercapacitor at
varying scan rates. The device achieves a specific capacitance of 0.97 mF/cm? at 5 mV/s.
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Figure A27: Electrochemical Impedance Spectroscopy (EIS): Nyquist plot of LIG supercapacitors prepared
from uPFA/GO 2:3, PI, and GO. Curves for the uPFA/GO and PI-based devices are similar; however the slope
of the uPFA/GO material in the low-frequency regime is higher than that of the PI-based device, indicating the
stronger capacitive behaviour of the pPFA/GO-based device. It should be noted that the relatively high ESR in
these devices is likely due to the interdigitated electrode design, which possesses longer pathways for both
electronic and ionic transport. A full discussion of the sources of resistance in these interdigitated devices can

be found in Appendix B.
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Appendix B:

Supplementary Information for Chapter 4

e

g PFA polymerization

8 Overnight Selective irradiation
and drop casting curing of interdigitated
onto PET design
d)
4 Electrolyte |
Ti current
collectors

Figure B1: a) Scheme of fabrication of PFA-based LIG supercapacitor. b) Electrode design used to laser scribe
PFA-based supercapacitors. ¢) Photo of laser-scribed PFA film, prior to coating with electrolyte. d) Schematic
of supercapacitor testing cell. ) Photo of supercapacitor testing cell.
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Figure B2: Cyclic voltammetry (CV) curves demonstrating electrochemical performance of supercapacitor
prepared from LIG from PFA/no salt. The CV curves indicate that irreversible faradaic reactions occur with
LIG-based electrodes formed from pristine PFA at around ~1 V, which may be a result of residual,
uncarbonized polymer and functional groups with poor electrochemical stability.

Figure B3: a) and b) SEM images of spray-dried Na,SOj4 particles, demonstrating the variation in the different
particle sizes and shapes recovered after spray-drying.
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Mechanical Properties of PFA and PFA/Salt Films:

Following salt addition, we investigated the mechanical properties of the films. As PFA is a
thermosetting resin, this depends strongly on the curing time and temperature. We cured films overnight
at 80 °C in order to ensure complete polymerization and cross-linking was obtained. Moreover, in order
to ensure that we could form the thickest layer of LIG possible without ablating the PFA films, we cast
400-600 um thick films. These relatively thick films are not highly flexible. However, as seen in Figure
B4, thinner fully cured PFA films are highly flexible and can be bent around a 1.5 cm cylinder without
cracking. Introduction of salt microparticles into the PFA makes the film more brittle, and at high salt
loadings the high viscosity of the mixture makes it challenging to cast thin films, but ~350 um thick
films of PFA/25% Na,SO; are still flexible and can be bent around a 2.8 cm diameter cylinder without

cracking.

A

Figure B4: Flexibility of PFA and PFA/salt films. a) — d) Flexibility of ~160 pm thick PFA film without salt. a)
Film bent by hand, b) film bent around 2.8 cm diameter cylinder, c¢) film bent around 1.5 cm diameter cylinder,
and d) film bent around 1.5 cm diameter cylinder with LIG electrode pattern scribed on surface. No crack
formation was observed. e) — g) Flexibility of ~350 pm thick PFA/25% Na,SOs film. e) Film scribed with LIG
electrode pattern and bent by hand, f) film bent around 2.8 cm diameter cylinder without any crack formation,
g) film bent around 1.5 cm diameter cylinder causes film to crack.
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Figure B5: SEM images and EDS mapping of PFA/25% Na,SO4 composite. a,b) SEM images of freeze-
fractured cross-sections of PFA/25% Na>SO4 composite. ¢) EDS mapping of Na, S, O, and C of b), and d) SEM
image in b) with EDS mapping overlay to demonstrate the distribution of the different elements. e, f) Top-down
SEM images of PFA/25% Na,SO4 composite surface. g) EDS mapping of Na, S, O and C of f), and h) SEM
image in f) with EDS mapping overlay to demonstrate the distribution of the different elements.
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Figure B6: EDS mapping of PFA/10% Na>SO4 cross-section.

Figure B7: EDS mapping of PFA/10% NaCl cross-section.
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Figure B8: Expanded and labelled fingerprint region of FTIR of FA and PFA composites with and without salt.
PFA without salt, with 10% NaCl and with 10% Na,SOs all possess peaks at 1150 cm™-1215 em™!, and 1015
cm! from the asymmetric and symmetric stretching of =C-O-C groups belonging to 2-substituted furan rings,
~1560 cm! from the stretching mode of conjugated C=C bonds or ring vibrations, 795 cm™! from 2,5-
disubstituted furan rings, and 740 cm™ from monosubstituted furan heterocycles. 232233

Figure B9: SEM image of cross-section of LIG from PFA/10% Na>SO4, demonstrating that more salt particles
are present deeper in the film, indicating some settling of particles during curing. Note that the disconnection of
the LIG from the PFA substrate is likely due to the fracturing of the cross-section in liquid nitrogen.
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Figure B10: Sheet resistance of LIG from PFA/25% Na,SO, before and after soaking sample in water
overnight to dissolve salt coating the LIG surface.

Table B1: XRD Peak Assignment for Spray-dried NaCl

20 (°) Peak Assignment
27.6 (111
31.8 (200)
45.7 (220)
56.8 (222)
66.5 (400)
75.4 (420)
84.2 (422)
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Table B2: XRD Peak Assignment for Spray-dried Na;SO4

Wavenumber (cm™)

20 (©) Peak Assignment
19.0 (111) Phase V
28.0 (131) Phase V
29.0 (040) Phase V
32.1 (311) Phase V
33.8 (022) Phase V
38.6 (222) Phase V
48.8 (351) Phase V
54.6 (062) Phase V
22.6 (111) Phase 111
23.6 (120) Phase 111
25.5 (200) Phase 111
31.8 (211) Phase 111
34.0 (031) Phase 111
37.8 (022) Phase 111
46.2 (222) Phase 111
48.3 (240) Phase 111
52.5 (331) Phase 111
58.1 (033) Phase 111
59.0 (242) Phase 111
64.0 (431) Phase 111
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Figure B11: Raman spectra of different areas of LIG from PFA/no salt irradiated at 5.85 W.
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Figure B12: Raman spectra of different areas of LIG from PFA/25% Na,SOy irradiated at 6.65 W.

Figure B13: EDS mapping of LIG from PFA/10% NaCl, top down.
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Figure B15: EDS mapping of LIG from PFA/25% Na;SOs, top down.
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Figure B16: EDS mapping of LIG from PFA/25% Na,SOs, cross-section.

Thermal Modeling Details:

A complete description of thermal diffusion through the PFA/salt composite is extremely complicated.
However, in order to estimate the thermal penetration depth and the resulting carbonization zone during
the laser irradiation, the composite can be regarded as a homogeneous material with an effective thermal
conductivity and the thermal diffusion is interpreted as a quantity averaged over a volume that is large
with respect to the scale of the heterogeneity but small with respect to the overall dimensions of the
heat conduction system. For unconsolidated inclusion of particles (salts) in a continuous solid phase
(PFA resin), effective thermal conductivity and diffusivity of the PFA/salt composites are estimated as
a function of salt loading using thermo-physical properties of the individual constituents of the
composite.’3> Assuming a constant heat flux, the relative thermal penetration depth, &7, as the laser

beam scans the composite can be estimated by

8y =+at (B.1)
where « is the effective thermal diffusivity of the composite and t is the exposure time of the composite

to the laser beam which is equal to
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t= 7 (B.2)

Here d and U are the laser beam diameter and scanning speed, respectively. The laser beam diameter
is assumed to be 100 um, and scanning speeds of 5 mm/s to 40 mm/s were considered for the

calculation.

The effective thermal conductivity and diffusivity of the PFA-salt composites are estimated through

the following correlations:

ket _ (1-@)+Bo(kq/ko)
ko (1-9)+Be (B.3)
in which
1 k -1
B=33i1+(2-1)g (B.4)

where k; and k are thermal conductivities of salt and PFA resin, respectively, ke is the effective
thermal conductivity of the PFA/salt composite, and ¢ is the volume fraction of the salt in the

composite. The g; are shape factors for the salt in the PFA resin which for the unconsolidated solid

particles are as follows: g = g, = % and g3 = %’

The density and specific heat of the PFA/salt composites are calculated through mixing rule as

follows:

Pett = P19 + (1 — @)po (B.5)
Ceff = €19 + (1 = @)co (B.6)
where subscripts 1 and 2 represent salt and PFA resin, respectively. The effective thermal diffusivity

of the PFA/salt composite is

= Kett (B.7)

PeffCeff

The LIG process is highly dynamic, meaning that the thermal and optical properties of the material
rapidly evolve as soon as carbonization begins, and the thermal properties of several of our materials
are not widely reported, and as such, this model serves as only a rough estimate of the thermal properties

of the composites before carbonization begins.
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Table B3: Assumptions Used for Modeling of Thermal Properties of PFA/Salt Composites

Parameter Value
Film thickness, L 350 um
Laser beam diameter, D 100 um
Minimum laser rastering velocity, U, 5 mm/s
Maximum laser rastering velocity, U 40 mm/s
Density of PFA, ppr4 (kg/m?) 1300 33
Density of NaCl, pyac; (kg/m®) 2170 33
Density of NaxSOs, pygesos (kg/m?) 2700 334
Thermal conductivity of PFA, kpp, (W/m-K) 0.15 333335
Thermal conductivity of NaCl, ky,c (W/m-K) 6.53%
Thermal conductivity of NasSOu, kygosos (W/m-K) | 0.6 (Na;SO410H0),%7 1.6 (CaSO4-4H,0)338
Heat capacity of PFA, Cp prs (J/kg'K) 1500 3%
Heat capacity of NaCl, Cp yoc; (J/kg'K) 864 3%
Heat capacity of Na;SOu, Cp yazsos (kg K) 899 339

Notes on Modeling Parameters:

The thermal modeling serves as a rough, qualitative estimate of the effects of introducing salt particles
into the PFA on the composite thermal properties. While accurate thermal data is available for some
materials, such as NaCl, many of the other parameters are estimates. The density, thermal conductivity,
and heat capacity of PFA have not been reported to the best of our knowledge, and as such, we used
model values from Bakelite, a phenol-formaldehyde resin with similar properties. Similarly, only some
thermal values are available for Na,SO4. The density and heat capacity of anhydrous Na;SO4 (an
average of phase III and phase V) have been reported and used here. However, the thermal conductivity
has not been reported for anhydrous Na;SOj4 to the best of our knowledge. As this is a key parameter
in the model, we have included different estimates and plotted the variation. The thermal conductivity
of Na,SO4-10H,0 is 0.6 W/m-K. We expect that the decahydrate form of Na,SO4 will have different
thermal properties than the anhydrous form. Many inorganic minerals possess thermal conductivities
>1 W/m-K*?# (including NaCl at 6.5 W/m-K) — as such we also ran a model using an estimated thermal
conductivity of 1.6 W/m-K based on gypsum (CaSO4'4H,0), which, while still a hydrate, is a less
hydrated sulfate salt.
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Figure B17: Modeling of a) density, b) heat capacity, c) thermal conductivity, and d) thermal diffusivity of
PFA/salt composites with salt loading for NaCl and Na,SO4. Note that two different thermal conductivities were
used for pure Na,SO;4 (0.6 W/m-K and 1.6 W/m-K) as discussed with Table B3.
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Figure B18: Modeling of estimated heat penetration depth (az)"’? for PFA/salt composites with laser rastering
speed, for 10% NaCl and 25% Na»>SOs. The experimental laser speed used in this work, 10 mm/s, is marked
with a dotted line. Note that two different thermal conductivities were used for pure Na,SO4 (0.6 W/m-K and
1.6 W/m-K) as discussed with Table B3. We observe that at laser speeds of 10 mm/s, for PFA/no salt the
estimated penetration depth is approximately 28 pm. The addition of 10% NaCl or 25% Na,SOs into the PFA
increases the penetration depth to ~32 um and ~29-31 um, respectively. Experimentally, the LIG thickness is
greater than the estimated heat penetration depth, which we expect is a result of other mechanisms including the
expansion of the LIG as gases escape during rapid carbonization, and due to potential differences in the IR
absorptivity or transmissivity of the composites with the addition of salt particles, which we did not consider in
this model.
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Figure B19: TEM EDS mapping of LIG from PFA/10% NaCl at higher magnification.

200

Figure B20: TEM EDS mapping of LIG from PFA/25% Na,SO; at higher magnification.
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Figure B21: a,c) Full nitrogen adsorption and desorption isotherms and b,d) DFT pore size distributions for a,b)
LIG from PFA/10% NaCl and c,d) PFA/25% Na,SO4. Both samples are both microporous and mesoporous.
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Figure B22: TGA analysis of LIG from PFA/10% NaCl and PFA/15% Na,SOj after soaking in water to
remove residual salt and after performing BET analysis. TGA was performed at 5 °C/min under air, to burn
away all carbon and determine the amount of remaining salt in the samples.

Table B4: XPS Fitting Parameters for LIG from PFA/no salt

Peak Deconvoluted Peaks Position (eV) FWHM % Area

Cls C-C 284.4 0.94 34.5
C-0 285.1 1.75 44.0
C=0 286.2 3.27 21.5

Ols C-0 533.9 1.52 38.6
C=0 532.5 1.96 61.4

Table BS: XPS Fitting Parameters for LIG from PFA/10% NaCl

Peak Deconvoluted Peaks Position (eV) FWHM % Area
Cls C-C 284.8 1.13 7.7
C-0 285.6 1.88 42.5
C=0/C-Cl 286.8 2.90 46.7
-COO 289.5 1.89 3.1
Ols C-0 533.9 2.93 87.5
C=0 5323 1.90 12.5
Cl2p CI 2psp» 199.1 1.35 32.4
Cl 2pis 200.7 1.35 16.2
C-Cl 2psn 200.6 1.90 34.2
C-Cl 2p1p 202.2 1.90 17.1
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Table B6: XPS Fitting Parameters for LIG from PFA/25% Na,SO4

Peak Deconvoluted Peaks Position (eV) FWHM % Area
Cls C-C 284.6 1.03 7.8
C-0/C-S 285.5 1.46 31.5
C=0 286.2 2.90 44.0
-COO 289.6 1.83 16.7
Ols C-0 533.9 1.05 2.5
C=0 532.5 1.75 67.8
S04+ 531.6 1.48 29.8
S2p SO4* 2p3p 169.1 1.83 50.5
SO4* 2pii2 170.2 1.83 25.3
C-S 2p3p2 163.5 2.89 13.9
C-S 2p12 164.7 2.89 6.9
Nay(S0s)» 166.9 0.86 3.5
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Figure B23: XPS survey spectra of LIG from PFA/no salt, PFA/10% NaCl, and PFA/25% Na;SOs.

Table B7: Average Areal Capacitance of LIG Devices from PFA with Varying Salt Loadings at 5 mV/s

Salt Loading Areal Capacitance (mF/cm?)
No Salt 0.008

5% NaCl 6.5

10% NaCl 5.7

5% NaSO4 0.99

10% Nast4 1.7

15% Nast4 8.4

20% NaSO4 25.6

25% Nast4 19.7

30% NaSO4 15.2
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Effect of Salt Particle Size and Dissolved Salt on Capacitance

In order to determine if the capacitance boost occurs as a result of the dispersed salt particles or from
dissolved salt in the system, the performance of PFA/10% Na,SO4 devices prepared as discussed with
spray-dried salt particles was compared to the performance of devices which were prepared by first
stirring the FA, EtOH, and spray-dried Na,SOys after tip sonication for 24 hours in order to dissolve any
salt, and then centrifuged to remove all solid salt particles. The polymerization was then carried out via
addition of the oxalic acid catalyst after centrifugation. The centrifuged samples exhibited extremely
low areal capacitances of 0.8 uF/cm? at 5 mV/s and 0.5 uF/cm? at 100 mV/s, even lower than PFA/no
salt films, indicating that if any Na,SO4 dissolves throughout the polymerization, it does not result in a
boost in the final device capacitance. The performance of PFA/10% Na,SOs devices prepared with 2
um spray-dried Na,SOs particles was also compared to devices prepared with non-spray-dried salt
particles, with an average particle size of 373 um, to determine the effect of the size of the salt particles
on the capacitance. PFA/10% Na,SO4 samples with non-spray-dried particles also exhibit a much lower
capacitance than with spray-dried particles, achieving 0.21 mF/cm? at 5 mV/s and 0.08 mF/cm? at 100
mV/s, compared to an average of 1.7 mF/cm? at 5 mV/s and 0.62 mF/cm? at 100 mV/s for spray-dried
particles. Notably, similar results are achieved for centrifuged samples and non-spray-dried samples
with NaCl. These results indicate that only small, well-dispersed solid salt particles can enable a

significant boost in capacitance.
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Figure B24: CV curves at 100 mV/s of LIG supercapacitors from a) PFA/10% Na,SO4 (spray-dried, 2 pm
particles), PFA/10% Na;SO;4 Centrifuged, and PFA/10% Na>SOs4 (non-spray-dried, 373 pum particles) and b)
PFA/5% NaCl (spray dried, 6 pm particles), 5% NaCl Centrifuged, and 5% NaCl (not spray dried, 274 pm
particles).
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Table B8: Average Areal Capacitance of PFA/25% Na,SO4 LIG Devices with Scan Rate

Scan Rate (mV/s) Average Areal Capacitance (mF/cm?)
5 19.7£3.0

10 147+2.0

50 10.9+£3.7

100 7.6£2.1

250 59+£238

500 43423

Sources of Cell Resistance:

There is a slight tilt to the CV curves from PFA/salt devices, which stems from several sources of
resistance in our devices. Unlike a typical sandwich configuration supercapacitor, the interdigitated
electrode design possesses longer pathways for both electronic transport (resistance along each 1.5 cm
long finger is ~360 Q based on sheet resistance) and ionic conduction (~450 um between each finger,
compared to ~25 um thick separators in conventional cells). We note that while the resistance along a
single finger is ~360 Q, because 14 fingers are in parallel on each electrode, the total resistance is only
~26 Q. Because there are two electrodes effectively in series in the full device, the total resistance from
the LIG should be ~51 Q. However, our experimental ESR is only ~26 Q, which is likely due to the
scribed fingers being slightly wider than 350 um and the fact that the bus bars overlap significantly
with the fingers, shortening the overall length of each finger substantially. We observe an IR drop of
~55-60 mV in GCD cycling at 2 mA/cm? (1 mA), which would give a similar but slightly higher device
resistance of ~55-60 Q, which may be due to variation as the device cycles. Furthermore, all testing is
done with a PVA gel-based electrolyte, which has achieved ionic conductivities of 0.002 — 12 mS/cm
in literature,**® while typical aqueous electrolytes such as 1 M H,SO. possesses conductivities >100
mS/cm.3*! However, gel-based electrolytes are the most common choice for LIG-based devices with
novel architectures to prevent electrolyte leakage. This interdigitated electrode design demonstrates the
capabilities of the LIG approach to prepare next generation device architectures, but further
optimization is required to achieve cell resistances comparable to liquid electrolyte sandwich

configurations.
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Figure B25: Average areal capacitance for LIG supercapacitors from PFA/25% Na,SO4 with scan rate from
both CV and GCD data.

Table B9: Average Areal Capacitance of PFA/25% Na,SO4 LIG Devices with Current Density

Current Density (mA/cm?) Average Areal Capacitance (mF/cm?)
0.05 24.7+3.8
0.1 19.2+29
0.2 17.3+1.5
0.3 14.6+1.1
0.5 13.2+0.7
1 9.6+0.3
2 7.0+0.8
4 55+1.0
a) — b) -
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Figure B26: a) GCD curves for high-performing PFA/20% Na,SO4 device. b) Average areal capacitance for
two high-performing PFA/20% Na,SO4 devices with scan rate from both CV and GCD data.
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Table B10: Average Areal Capacitance of PFA/20% Na»,SO4 LIG Devices with Current Density

Current Density (mA/cm?) Average Areal Capacitance (mF/cm?)
0.05 80.4
0.1 65.2
0.2 53.2
0.3 46.3
0.5 39.3
1 27.0
2 18.2
4 11.8

Effect of Residual Salt in LIG on Supercapacitor Performance:

We further investigated the effect of the residual surface-coating salt in the LIG on the capacitance of
the LIG-based supercapacitors by soaking devices in water overnight to dissolve out the salt, and then
testing their performance, as seen in Figure B27. We observed a slight boost in performance after salt
dissolution, to 27.6 mF/cm? at 5 mV/s. We also tested the effect of salt dissolution on a second electrode
design, where the electrode fingers are spaced further apart (~750 um), leading to higher expected cell
resistances. In this case, we observe a slight decrease in capacitance at low scan rates, but a much more
dramatic increase at high scan rates (0.35 mF/cm? to 3.0 mF/cm? at 500 mV/s), indicating that salt

dissolution could be a strategy to further improve device performance to some degree.
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Figure B27: Effect of surface-coating salt on PFA/salt supercapacitors. For “Salt Dissolved” devices, samples
were soaked in DI water overnight to dissolve out residual salt in the LIG, and then tested as supercapacitors.
Device performance increases slightly for PFA/25% Na,SO4 devices soaked in water overnight. For devices
prepared with a spread out electrode design, devices were prepared with 18 fingers total, each measuring 350
pm thick, with ~750 pm space between the fingers. For devices with spread out electrode design, a slight
decrease in performance is seen with salt dissolution at low scan rates, but a significant increase in capacitance
is achieved at high scan rates.
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Figure B28: Variation in capacitance for PFA/25% Na,SO4 devices with time resting (not cycling). GCD
curves at 0.5 mA/cm? demonstrate an increase in capacitance observed after samples were rested for 1.5

months.
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Appendix C:

Supplementary Information for Chapter 5

sprayzd

o

Figure C2: SEM images of spray-dried salt particles. a) Spray-dried Li,SO4, b) spray-dried K»,SOy4, ¢) non-
spray-dried Li,SOj4, d) non-spray-dried K»SOy, €) spin-coated LisPO4 and f) higher magnification image of spin-
coated LizPO4. LisPO4 was not spray dried due to limited water solubility, but to attempt to estimate the particle
size, the commercial powder was dispersed in ethanol at 5 wt.% and spin coated on silicon. However,
significant particle aggregation prevented quantitative particle size analysis.
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Figure C3: Areal capacitance of LIG supercapacitors from various salt loadings at 5 mV/s, plotted on a
logarithmic axis.
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Figure C4: Average areal capacitance at 5 mV/s for optimal salt loading with salt particle size. The optimal salt
loadings, resulting in the highest average capacitance, are 15% K»SO4, 10% Li2SO4, 20-25% Na,SOy4, and 5-
10% NaCl. Two different loadings are included for Na;SO4 and NaCl, as the maximum areal capacitance
resulted in higher standard deviation between samples (5% NaCl, 20% Na,SOy), while the second highest areal
capacitance exhibited much lower variation between samples.
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Figure CS: a) Areal capacitance of LIG from PFA with various salts, at optimal loading, with scan rate. b)
Areal capacitance of LIG from PFA with sulfate salts, at optimal loading, with scan rate. Both 20% and 25%
Na,SO; are included as 20% Na,SO4 has a higher average capacitance, but also more sample variability.

Table C1: XPS Fitting Parameters for LIG from PFA/5% Li,SO4

Peak Deconvoluted Peaks | Position (eV) FWHM % Area
Cls C-C 284.34 1.38 42.67
C-0/C-S 285.65 1.67 44.91
C=0 287.18 1.98 10.77
CO0O 289.66 3.00 1.65
Ols C=0/C-S0,-C 531.64 2.13 34.05
C-0 533.62 2.05 65.95
S2p C-S 2p3n 163.42 1.28 26.14
C-S 2pin 164.58 1.28 13.36
C-S0O-C 2psp 165.11 1.81 22.72
C-SO-C 2pip2 166.27 1.81 11.61
C-SO,-C 2p32 167.99 2.00 10.33
C-SO2-C 2p12 169.15 2.00 5.28
SO 2p3n 169.60 2.00 6.99
SO42' 2p1/2 170.76 2.00 3.57
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Table C2: XPS Fitting Parameters for LIG from PFA/10% Li,SO4

Peak Deconvoluted Peaks | Position (eV) FWHM % Area
Cls C-C 284.38 1.56 51.19
C-0/C-S 285.65 1.77 35.74
C=0 287.12 243 10.68
COO 289.70 3.00 2.39
Ols C=0/C-S0,-C 531.71 2.28 51.94
C-0 533.63 1.81 48.06
S2p C-S 2p3p 163.41 1.28 27.32
C-S 2p1n 164.57 1.28 13.96
C-SO-C 2psp 164.95 2.00 14.80
C-SO-C 2pip 166.11 2.00 7.56
C-SO»-C 2p3p 168.08 1.45 15.75
C-SO,-C 2pi 169.24 1.45 8.05
SO4* 2p3» 169.60 2.00 8.31
SO4* 2pi1n 170.76 2.00 4.25

Table C3: XPS Fitting Parameters for LIG from PFA/15% Li,SO4

Peak Deconvoluted Peaks | Position (eV) FWHM % Area
Cls C-C 284.39 1.46 42.45
C-0/C-S 285.65 1.84 31.70
C=0 287.16 2.59 18.82
COO 289.70 3.00 7.03
Ols C=0/C-S0,-C 531.88 2.20 65.74
C-0 533.67 2.03 34.26
S2p C-S 2p3p 163.47 1.26 15.69
C-S 2p1n 164.63 1.26 8.02
C-SO-C 2psp 164.99 2.00 13.76
C-SO-C 2pipn 166.15 2.00 7.03
C-SO»-C 2p3p 167.85 1.56 17.27
C-SO,-C 2pi 169.01 1.56 8.83
SO4* 2p3n 169.60 2.00 19.46
SO4* 2pin 170.76 2.00 9.94
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Figure C6: Sheet resistance of LIG from PFA/no salt, PFA/10%Na;SO4, PFA/5% Li,SO4, PFA/10% Li2SO4,
and PFA/15% Li,SO4 with laser power, before salt dissolution.
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Figure C7: Raman spectra of LIG from PFA/5% Li>,SO4, PFA/10% Li,SO4, and PFA/15% Li,SO4 at 5.85 W,
before salt dissolution.
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Figure C8: XPS of LIG from PI. a) Cls spectrum, b) O1s spectrum, and ¢) N1s spectrum. The N1s spectrum

was not deconvoluted due to the significant overlap of several functional groups in the same binding energy
range.

Table C4: XPS Fitting Parameters for LIG from PI

Peak Deconvoluted Position (eV) FWHM % Area
Peaks

Cls C-C 284.6 0.89 35.4
C-0 285.3 1.74 50.0
Cc=0 286.8 1.05 4.2
O=C-N 287.6 2.59 4.9
0=C-0 289.9 3.00 5.5

Ols C-0 533.8 1.90 493
Cc=0 532.2 1.87 50.7
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Figure C9: Three-electrode split test cell setup.
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Figure C10: Three-electrode lithium nucleation on graphite. a) Pre-lithiation process before plating. b) Voltage
profiles for lithium nucleation on graphite at different current densities up to 0.5 mAh/cm?. ¢) Full voltage
profiles for lithium nucleation and plating at different current densities, showing second dip in voltage profile at
high current densities, indicating shorting of reference and counter electrodes in 3 electrode set up. d) Linear fit
of average overpotentials for lithium nucleation with current density. e) Example of noisy plating curves
observed with 3 electrode setup, likely due to poor reference electrode contact. Comparison of voltage profiles
for lithium nucleation on graphite for coin cell and 3 electrode setups at f) 50 and 100 pA/cm? and g) 300 and
500 pA/cm?.
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Figure C12: Voltage profiles for lithium plating on a) lithiated LIG from PFA, b) unlithiated LIG from PFA, ¢)
lithiated LIG from PI, d) unlithiated LIG from PI, ¢) lithiated LIG from PFA/25% Na,SOs, f) unlithiated LIG
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Figure C14: Summary of overpotentials calculated with current density for a) lithiated LIG from PFA, b)
unlithiated LIG from PFA, c) lithiated LIG from PI, d) unlithiated LIG from PI, e) lithiated LIG from PFA/25%
NayS0ys, f) unlithiated LIG from PFA/25% NaSOs, g) lithiated LIG from PFA/10% Li,SOs, h) unlithiated LIG
from PFA/10% Li,SOy4, and i) copper.
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Figure C15: Variation in 100 pA/cm? voltage profile for 1% plating and 5" plating.
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Figure C16: Linear fit to current density-overpotential data, using low overpotential assumption of Butler-

Volmer equation.
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Figure C17: Fit of overpotential-current density data to full Butler-Volmer equation without mass transfer

effects.
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Figure C18: CV curves for different LIG materials, used to determine the ECSA.
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Figure C19: Average coulombic efficiency for a) lithiated and b) unlithiated samples in plating study. Plating
at each cycle was performed at different current densities, but stripping was performed at 100 nA/cm?.
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Appendix D:
Supplementary Information for Chapter 6

—— Synthesized rGO
Commercial rGO

Intensity (a.u.)

1000 1500 2000

Wavenumber (cm™)

Figure D1: Raman spectra of synthesized rGO from high temperature reduction of GO (black) and commercial
rGO (red). The G peak at ~1580 cm! stems from the graphitic sp? structure, while the D peak at ~1350 cm! is
associated with defects and disorder in the material. The Ip/IG ratio of the commercial rGO is higher than
synthesized rGO at 1.54 £ 0.14 vs 0.75 + 0.05, indicating that the structure is more disordered. The Ip/IG ratio of
rGO prepared from thermal reduction of GO follows a nonmonotonic relationship with temperature, and is
known to remain fairly constant at reduction temperatures below 1100 °C and drop significantly at higher
reduction temperatures as functional groups and defects are removed with annealing.®?

a) b) 110
1004 rGO/S from DMSO 1004 —MIrGO/S
;\;\ 90 ;‘\,; 90+
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Figure D2: a) TGA of rGO/S active material prepared from 4 mM SDS and DMSO. Active material consists of
45% rGO and 55% sulfur. TGA analysis indicates that 55.5% sulfur is present in the sample. b) TGA of rGO/S
active material prepared from melt imbibition of 45% rGO and 55% sulfur. 4 repeats of the same sample
indicate that the sample is highly inhomogeneous, with an average sulfur concentration of 55.8%.
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Figure D3: Lateral crystal size over time for crystals seen in Figure 6.2, grown on HOPG substrate using 0.2 M

sulfur dissolved in DMSO, a 1:10 ratio of DMSO/water, and SDS concentrations of 0 mM, 4 mM, and 35 mM.
The numbers correspond to the number of each crystal as labelled in Figure 6.2 in Chapter 6.
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Figure D4: OM images of sulfur crystal growth from hydrophobic sulfur sol from 1:20 THF to water, 35 mM
SDS in water and saturated sulfur in THF, where the color of one crystal is tracked over time in RGB,
demonstrating the oscillations in color over time as the crystal grows in thickness. After ~2 min, the RGB
values are approximately: 71% (R), 46% (G), 54% (B), which is a pink color. Using a standard color chart for
thin film color with thickness for oxide,**? and converting the scale using the average index of refraction of
sulfur (n = 1.99),> it can be determined that the crystal is ~200 nm thick after 2 min of growth. After 60 min of
growth, the crystal is a yellow-green color, and it can be determined that the crystal is ~400 nm thick.
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0 min 2 hours , _ 1 day

Figure D5: Control sample where sulfur sol prepared from 0.2 M sulfur, 35 mM SDS in water and ratio of 1:10
DMSO/water was drop cast onto glass substrate. Unlike on HOPG, no crystal growth is observed, even after 1
day.

0 min 1.5 hours 3.5 hours

Figure D6: OM images of sulfur crystal growth from hydrophobic sulfur sol from 1:10 DMSO to water, 35
mM SDS in water and 11.8 mg/mL (0.37 M) sulfur in DMSO.
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35 min | 2 hours

Figure D7: OM images of sulfur crystal growth from hydrophobic sulfur sol from 1:10 THF to water, 35 mM
SDS in water and 11.8 mg/mL (0.37 M) sulfur in THF.

0 min 2 hours 5 hours, 15 min

Figure D8: OM images of sulfur crystal growth from hydrophobic sulfur sol from 1:10 DMSO to water, 35
mM SDS in water and 40 mg/mL (1.25 M) sulfur in DMSO.
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Figure D9: OM images of sulfur crystals from hydrophobic sulfur sol from 1:10 DMSO to water, 35 mM SDS
in water and 40 mg/mL (1.25 M) sulfur in DMSO on glass (control) after 5 hours. Bipyramidal crystals are
circled.

Figure D10: Optical microscopy of sulfur sol growth on HOPG from 1:10 DMSO/water, 0.2 M sulfur, using 35
mM a) Triton X-100 and b) CTAB.
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Figure D11: Photos of bulk samples over time to observe settling of sol prepared from 35 mM SDS and a 1:10
ratio of DMSO/water for a) control with no carbon material, b) GO, and c) rGO. In the control case, the cloudy
sol is still present after 3 days, although some homogeneously nucleated crystals are observed at the bottom of
the beaker in the OM images. The sol is observed to mostly clear 15 days after formation. In the case of GO, the
sol clears within 2-3 days, and homogeneously nucleated crystals are observed at the bottom of the vial as seen
in the OM images. The GO remains dispersed. In the case of the rGO, the settling of homogenously nucleated
crystals is not observed. The clearing of the sol in the solution is not visible due to the opaque nature of the rGO
dispersion, which remains intact after one week.

a) Control

Figure D12: Optical microscopy of settled material three days after the formation of hydrophobic sulfur sol
using 35 mM SDS, 0.2 M sulfur, and a 1:10 ratio of THF/water for a) control sample with no carbon material,
b) GO, and c) rGO. The ratio of carbon nanomaterial to sulfur was 45% to 55% to mimic a conventional sulfur
cathode.
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Figure D13: Photos of bulk samples over time to observe settling of sol prepared from 35 mM SDS and a 1:10
ratio of THF/water for a) control with no carbon material, b) GO, and c) rGO. In the control case, the sol clears
fully within 3 days, resulting in purely homogenously nucleated sulfur crystals collected at the bottom of the
beaker. In the case of GO, the sol also clears within 2-3 days, and homogeneously nucleated crystals are
observed at the bottom of the vial as seen in the OM images. The GO remains dispersed. In the case of the rGO,
the settling of homogenously nucleated crystals is not observed. The clearing of the sol in the solution is not
visible due to the opaque nature of the rGO dispersion, which remains intact after one week.
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Figure D14: Average polydispersity index (PDI) of different sulfur sol samples over time during DLS
measurements. All samples possess PDI values below 0.7, indicating that they are suitable for DLS analysis.
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Figure D15: DLS study at increased temperature of 50 °C. a) Average derived count rate of rGO alone, and
DMSO-based rGO/S and S alone at 50 °C, compared to DMSO-based rGO/S at room temperature. The 50 °C
sample demonstrates similar behaviour to the room temperature sample, with a slightly more rapid decrease in
count rate, but within the error bars of the room temperature measurement. The sulfur sol alone at 50 °C
precipitates quickly out of solution, leading to the drop in count rate. b) Average hydrodynamic diameter of
rGO alone, rGO/S, and S alone at 50 °C. rGO/S and rGO alone maintain similar sizes across the 2 hours, while
the sulfur sol particles grow rapidly in size, followed by precipitation in the solution after approximately 1 hour.
¢) Photo of the vial containing the sulfur sol sample after the 2 hour experiment, with solid sulfur crystals
settled at the bottom of the vial.

Figure D16: Rapid sublimation of sulfur under high vacuum conditions imaged in an environmental SEM
immediately after switching from 1 torr water to 107 torr. The time interval between the two pictures is
approximately 3 minutes.
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S aggregate

Figure D17: BSE SEM images and EDS maps of rGO/S composite from DMSO-based sol. a) SEM image of
morphology of rGO/S composite prepared from DMSO-based sol with a sulfur aggregate and b) corresponding
S EDS map. ¢) SEM image of rGO/S in area with no sulfur aggregates and d) corresponding S EDS map. e)
Lower magnification SEM image of the rGO/S composite and f) corresponding S EDS map.

40 pm,, 20 pm / m

Figure D18: Further SEM images of DMSO-based rGO/S active material composite. a), ¢), €) SEM images of
rGO/S composite using secondary electron detector. b), d), f) Corresponding SEM images using backscattered
electron detector. In e), subset is an EDS map of sulfur distribution.
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Figure D19: SEM imaging and EDS mapping of sulfur in rGO/THF/S composites. a) SEM image of
morphology of tGO/S composite prepared from THF-based sol and b) corresponding S EDS map. ¢) Lower
magnification SEM image of the rGO/S composite and d) corresponding S EDS map.
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Figure D20: Raman analysis of tGO/S active material prepared from 4 mM SDS and a ratio of 45% rGO and

55% sulfur. No characteristic peaks for sulfur are observed in multiple scans of different areas of the active
material powder prepared from sols using THF and DMSO as the organic solvent.
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Figure D21: SEM images of GO/S composite. a), ¢), and ¢) Secondary electron images of GO/S composite, and
b), d), and f) corresponding backscattered electron images.
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Figure D22: Electrochemical performance of rtGO/THF/S cells. a) Discharge capacity for cells with 45% rGO,
55% sulfur, and with no added binder or conductive additives. b) Discharge capacity for cells with 10% binder
and 20% carbon black.
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Figure D23: EIS of rGO/S cathodes prepared from DMSO- and THF-based sols and melt imbibition. EIS
spectra vary across multiple cells, with THF-based samples demonstrating significant variability. The average
charge transfer resistances determined from EIS from multiple cells for the three sample types are 68.5 Q + 6.2
Q for DMSO samples, 90.8 Q + 25.6 Q for THF samples, and 70.0 Q £ 7.7 Q for melt imbibed samples.
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Figure D24: Electrochemical performance of Ketjen black cathodes prepared from 45% rGO, 55% sulfur and
no added binder or conductive additive. Red circles are samples prepared from heterogeneous nucleation from
hydrophobic sulfur sol (4 mM SDS in water, 0.2 M sulfur in DMSO, 1:10 ratio of DMSO/water) and blue
circles are samples prepared from melt imbibition.
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Figure D25: Cycle life of rGO/S cells at 0.5C. a) Cycle life of rGO/DMSO/S cells, including both AM only
cells and cells with binder and CB, and cycle life of rGO/S/MI cells for comparison. All cells exhibit rapid
capacity fading due to unaddressed polysulfide shuttling and lithium anode degradation. b) Cycle life of
rGO/DMSOV/S cells with 5% and 10% PEI, demonstrating remarkably improved capacity retention. c) Cycle life
of 4 cells each of rGO/DMSOY/S cells with 5% and 10% PEI, demonstrating the repeatability of their stable
cycling performance. d) Comparison of cycle life of rGO/DMSO/S cathodes with and without PEI,
demonstrating that further optimization of these cathodes is expected to result in cathodes with high initial
capacities and stable long term cycling.
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Calculation of Energy Density:
The practical full cell energy density (E) of the cells was calculated as follows:
E=F-QcU (D.1)

where QOc is the cathode discharge capacity, U is the cell voltage, and F is a correction factor to account
for inactive components in the cell. ' can be calculated by considering inactive cell components (f,
mg/mg S) that scale with the sulfur loading (¢), and components that do not scale with the sulfur loading
(fo, in mg/cm?):

_ t
foot+fo

(D.2)

The f., parameter takes into account inactive components such as the amount of electrolyte, binder,
conductive additive, and minimum mass of lithium required on the anode side for a specific loading of
sulfur. The f; parameter takes into account the mass of fixed inactive cell components such as the current
collectors and separator. The parameters and the assumptions made can be seen in Tables D1-D2. We
performed the energy density calculation three different ways to demonstrate the effect of different
assumptions on the calculated value. In the first calculation, we assume a 5% stoichiometric excess of
lithium paired with the sulfur cathode. This represents an absolute maximum energy density achievable
for our sulfur cathodes with a perfect lithium anode. In this case, lithium is a component of f,.. While
in a theoretical cell, a stoichiometric amount of lithium would be paired with the sulfur, in practice
significant excess (>100-200%) is required due to SEI formation and growth during cycling.
Additionally, thin films of lithium metal would require a current collector to support them. As such, in
the second calculation, we instead assume a more practical and conservative system with a lithium
anode with significant stoichiometric excess, at a constant thickness. This enables lithium to act as both
the active material and replace the need for an added current collector. We assume a form that is
commercially available — 125 pm thick foils from FMC Corp. As such, the lithium metal is a component
of o and not f. In the third calculation, we again assume the use of 125 pm thick lithium foil, and also
consider the effect of excess electrolyte used in practice to compensate for the unoptimized lithium

anode and SEI formation.
The power density (P) for all of the cells was also calculated as follows:

P =E/t, (D.3)
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where ¢4 is the discharge time.

For all energy density calculations:

Table D1: Assumptions made in energy density analysis for density of materials

Density of carbon 2.2 g/cm’?
Density of sulfur 1.96 g/cm?3
Density of electrolyte 0.965 g/cm’
Density of lithium metal 0.534 g/cm’?
Density of binder 1.78 g/cm’?
Density of membrane material 0.91 g/cm? (polypropylene)

Table D2: Assumptions made in energy density analysis for void space

Cathode porosity 35 % of total cathode volume

Membrane porosity 55 % of total membrane volume

Energy density calculation #1: 5% stoichiometric excess of lithium:

Table D3: Assumptions made in energy density analysis for thicknesses

Current collector 16 um thick Al

Membrane 25 um

Table D4: Calculation of mass density of cell components that do not scale with active material loading (fo)

Current collector 4.32 mg/cm? (theoretical)
Membrane 1.03 mg/cm? (measured in lab)
Jo Electrolyte in membrane 1.33 mg/cm?
Total f(0) 6.68 mg/cm?

Table D5: Calculation of mass density of cell components that scale with active material loading (fs) for AM
Only cells (i.e. no binder or carbon black)

Electrolyte 0.46 mg/mg S
Binder 0 mg/mg S
Carbon 0.82 mg/mg S
S Lithium 1.05 mg/mg S
Sulfur 1 mg/mg S
Total f(0) 3.33 mg total/mg S
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Table D6: Calculation of mass density of cell components that scale with active material loading (f-) for cells
with PVDF binder and carbon black

Electrolyte 0.66 mg/mg S
Binder 0.26 mg/mg S
Carbon 1.34 mg/mg S
S Lithium 1.05 mg/mg S
Sulfur 1 mg/mg S

Total f(0) 4.30 mg total/mg S

Table D7: Calculated practical energy densities for rGO/DMSO/S cells with no added binder or CB (45% rGO,
55% sulfur) at various C rates

Cell 1: 3.90 mg/cm? Cell 2: 3.90 mg/cm? Cell 3: 3.59 mg/cm?®
C Capacity Energy C Capacity Energy C Capacity Energy
Rate | (mAh/g) Density Rate | (mAh/g) Density Rate | (mAh/g) Density
(Wh/kg) (Wh/kg) (Wh/kg)
0.1C | 1241.59 529.61 0.1C | 1141.00 486.70 0.1C | 1304.18 540.44
0.2C | 111048 474.29 0.2C | 967.83 412.84 0.2C | 1140.60 472.66
0.4C | 1020.87 436.77 0.4C | 924.52 394.36 0.4C | 1080.88 44791
0.8C | 718.47 313.77 0.8C | 775.03 330.60 0.8C | 972.01 402.79
1C 508.66 231.44 1C 662.63 282.65 1C 667.48 276.60

Table D8: Calculated practical energy densities for rGO/DMSO/S cells with binder and CB (Active material:
45% rGO, 55% sulfur, ratio of active material/ PVDF/CB = 70:10:20) at various C rates

Cell 1: 3.70 mg/cm? Cell 2: 3.67 mg/cm?
C Rate Capacity (mAh/g) | Energy Density CRate | Capacity (mAh/g) | Energy Density
(Wh/kg) (Wh/kg)

0.1C 1219.85 429.19 0.1C 1300.29 456.39

0.2C 1062.86 373.96 0.2C 1160.82 407.44

0.4C 974.42 342.84 0.4C 1108.68 389.14

0.8C 891.67 313.73 0.8C 1054.47 370.11

1C 814.13 286.44 1C 969.72 340.37

Energy density calculation #2: 125 pm thick lithium foil:

Table D9: Assumptions made in energy density analysis for thicknesses

Current collector 16 um thick Al
Lithium metal 125 pum thick
Membrane 25 um
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Table D10: Calculation of mass density of cell components that do not scale with active material loading (fo)

Current collector 4.32 mg/cm? (theoretical)
Membrane 1.03 mg/cm? (measured in lab)
fo Electrolyte in membrane 1.33 mg/cm’
Anode 6.68 mg/cm? (assumes 125 pm Li foil)
Total f(0) 13.36 mg/cm?

Table D11: Calculation of mass density of cell components that scale with active material loading (f-) for AM

Only cells (i.e. no binder or carbon black)

Electrolyte 0.46 mg/mg S
Binder 0 mg/mg S
S Carbon 0.82 mg/mg S
Sulfur 1 mg/mg S
Total f(0) 2.28 mg total/mg S

Table D12: Calculation of mass density of cell components that scale with active material loading (f>) for cells
with PVDF binder and carbon black

Electrolyte 0.66 mg/mg S
Binder 0.26 mg/mg S
Jo Carbon 1.34 mg/mg S
Sulfur 1 mg/mg S
Total () 3.25 mg total/mg S

Table D13: Calculated practical energy densities for rGO/DMSO/S cells with no added binder or CB (45%
GO, 55% sulfur) at various C rates

Cell 1: 3.90 mg/cm? Cell 2: 3.90 mg/cm? Cell 3: 3.59 mg/cm?
C Capacity Energy C Capacity Energy C Rate | Capacity Energy
Rate | (mAbh/g) Density Rate (mAh/g) Density (mAh/g) Density
(Wh/kg) (Wh/kg) (Wh/kg)
0.1C | 1241.59 468.06 0.1C 1141.00 430.14 0.1C 1304.18 467.40
0.2C | 1110.48 418.63 0.2C 967.83 364.86 0.2C 1140.60 408.78
0.4C | 1020.87 384.85 0.4C 924.52 348.53 0.4C 1080.88 387.38
0.8C | 718.47 270.85 0.8C 775.03 292.17 0.8C 972.01 348.36
1C 508.66 191.76 1C 662.63 249.80 1C 667.48 239.22
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Table D14: Calculated practical energy densities for rtGO/DMSOY/S cells with binder and CB (Active material:
45% rGO, 55% sulfur, ratio of active material/PVDF/CB = 70:10:20) at various C rates

Cell 1: 3.70 mg/cm? Cell 2: 3.67 mg/cm?

C Capacity Energy Density C Capacity Energy Density
Rate (mAh/g) (Wh/kg) Rate (mAh/g) (Wh/kg)

0.1C 1 1219.85 381.97 0.1C 1 1300.29 405.42

02C 1 1062.86 332.82 02C | y160.82 361.93

04C | 97442 305.12 04C | 1108.68 345.68

0.8C | 891.67 279.21 08C | 1054.47 328.77

1€ | 3814.13 254.93 1€ 1 969.72 302.35

Energy density calculation #3: 125 pm thick lithium foil and excess electrolyte:

The previously calculated energy densities reflect the energy density of our sulfur cathodes when paired
with an optimized lithium anode, and do not consider the mass of excess electrolyte added into the cell,
beyond what fills the porosity of the cathode and membrane. In practice, excess electrolyte must be
added to the cell to wet all cell components effectively, and due to the use of an unoptimized lithium
anode, which consumes electrolyte during SEI formation, breakage, and growth during cycling. While
the optimization of the lithium anode is not the focus of this work, we have also calculated the energy
density of these cells, taking into account the effect of excess electrolyte (90 uL total per cell). We still
consider the use of excess lithium, using a commercially available 125 micron thick foil. Since a
constant volume of electrolyte was used in all cells regardless of sulfur loading, and as excess
electrolyte is predominantly added to wet all components and for anode performance, the excess
electrolyte is included in the f; term here. f., is assumed to be same as above for the two different types

of cells (with and without binder).

Table D15: Example calculation of mass density of cell components that do not scale with active material
loading (o) when considering excess electrolyte

Current collector 4.32 mg/cm? (theoretical)
Membrane 1.03 mg/cm? (measured in lab)
Electrolyte in membrane 1.33 mg/cm’
Jo Excess electrolyte 25.71 mg/cm’
Anode 6.68 mg/cm? (assumes 125 pm Li foil)
Total f(0) 39.08 mg/cm?
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Table D16: Example calculation of excess electrolyte for 3.90 mg/cm? AM only cell, based on 90 pL

electrolyte volume

Total electrolyte 0.09 mL
Total electrolyte mass 86.85 mg
Electrolyte in fs (scaling with sulfur loading) 1.79 mg/cm?
Cathode area 1.27 cm?
Electrolyte in cathode 2.26 mg
Membrane area 2.85 cm?
Electrolyte in membrane 3.80 mg
Excess electrolyte 80.78 mg
Coin cell area 3.14 cm?
Excess electrolyte per coin cell area 25.71 mg/cm?

Table D17: Values of fj calculated with excess electrolyte for cells with AM only (no binder or CB)

. Excess
c(elg 17;‘1‘;)1% 3.90 electrolyte 2571 TOt/alf‘; 39.08
fi 2 (mg/om’) (mgfem)
3.90 25.71 39.08
3.59 25.77 39.13
Table D18: Values of f; calculated with excess electrolyte for cells with binder and CB
. Excess
y C(erﬂ l?;(rillzr)lg 3.67 electrolyte 25.46 Tot/alfg 38.83
0 g (mg/cmZ) (mg cm )
3.70 25.45 38.82

Table D19: Calculated practical energy densities for rGO/DMSOY/S cells with no added binder or CB (45%
GO, 55% sulfur) at various C rates when considering excess electrolyte

Cell 1: 3.90 mg/cm? Cell 2: 3.90 mg/cm? Cell 3: 3.59 mg/cm?
C Capacity Energy C Capacity Energy C Capacity Energy
Rate | (mAbh/g) Density Rate | (mAbh/g) Density Rate | (mAh/g) Density
(Wh/kg) (Wh/kg) (Wh/kg)
0.1C | 1241.59 217.09 0.1C | 1141.00 199.50 0.1C | 1304.18 212.78
0.2C | 1110.48 194.41 0.2C | 967.83 169.22 0.2C | 1140.60 186.09
0.4C | 1020.87 179.03 0.4C | 924.52 161.65 0.4C | 1080.88 176.35
0.8C | 718.47 128.61 0.8C | 775.03 135.51 0.8C | 972.01 158.59
1C 508.66 94.87 1C 662.63 115.86 1C 667.48 108.90
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Table D20: Calculated practical energy densities for rtGO/DMSOY/S cells with binder and CB (Active material:
45% rGO, 55% sulfur, ratio of active material/PVDF/CB = 70:10:20) at various C rates when considering
excess electrolyte

Cell 1: 3.70 mg/cm? Cell 2: 3.67 mg/cm?

C Capacity Energy Density C Capacity Energy Density
Rate (mAh/g) (Wh/kg) Rate (mAh/g) (Wh/kg)

0.1C 1 9219.85 190.80 0.1C 1 1300.29 202.09

02C 1 1062.86 166.24 02C | 116082 180.41

04C | 97442 15241 04C 1 1108.68 172.31

0.8C | g91.67 13947 0.8C | 1054.47 163.88

1€ | 3814.13 127.34 1€ 1 969.72 150.71

Summary of energy densities using different methods:

Table D21: Calculated practical energy densities for rGO/DMSOY/S cells with no added binder or CB (45%
rGO, 55% sulfur) at various C rates for three different calculation methods

C Cell 1: Cell 2: Cell 3:
Rate | 3.90 3.90 3.59
mg/cm? mg/cm? mg/cm?
Energy Energy Energy Energy Energy Energy Energy Energy Energy
Density Density Density Density Density Density Density Density Density
(Wh/kg) (Wh/kg) (Wh/kg) (Wh/kg) (Wh/kg) (Wh/kg) (Wh/kg) (Wh/kg) (Wh/kg)
(Method (Method (Method 3 - (Method (Method (Method 3 - (Method (Method (Method 3 -
1-5% 2-125 125 pm thick | 1-5% 2-125 125 pm thick | 1-5% 2-125 125 pm
excess pum thick | Li & excess excess um thick | Li & excess excess um thick | thick Li &
Li) Li) electrolyte) Li) Li) electrolyte) Li) Li) excess
electrolyte)
0.1C | 529.61 468.06 217.09 486.70 430.14 199.50 540.44 467.40 212.78
0.2C | 474.29 418.63 194.41 412.84 364.86 169.22 472.66 408.78 186.09
0.4C | 436.77 384.85 179.03 394.36 348.53 161.65 44791 387.38 176.35
0.8C | 313.77 270.85 128.61 330.60 292.17 135.51 402.79 348.36 158.59
1C 231.44 191.76 94.87 282.65 249.80 115.86 276.60 239.22 108.90
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Table D22: Calculated practical energy densities for rtGO/DMSOY/S cells with binder and CB (Active material:
45% rGO, 55% sulfur, ratio of active material/PVDF/CB = 70:10:20) at various C rates for three different
calculation methods

C Rate Cell 1: 3.70 Cell 2: 3.67
mg/cm? mg/cm’
Energy Energy Energy Energy Energy Energy
Density Density Density Density Density Density
(Wh/kg) (Wh/kg) (Wh/kg) (Wh/kg) (Wh/kg) (Wh/kg)
(Method 1 — | (Method 2 - | (Method 3 - (Method 1 — | (Method 2 - | (Method 3 -
5% excess 125 pm thick | 125 pm thick | 5% excess 125 pm thick | 125 pm thick
Li) Li) Li & excess Li) Li) Li & excess
electrolyte) electrolyte)
0.1C 429.19 381.97 190.80 456.39 405.42 202.09
0.2C 373.96 332.82 166.24 407.44 361.93 180.41
0.4C 342.84 305.12 152.41 389.14 345.68 172.31
0.8C 313.73 279.21 139.47 370.11 328.77 163.88
1C 286.44 254.93 127.34 340.37 302.35 150.71

294




	Chapter 1 : Introduction
	Chapter 2 : Literature Review
	2.1 Operating Principles of Electrochemical Energy Storage (EES) Devices
	2.1.1 Supercapacitors
	2.1.2 Batteries

	2.2 Performance Metrics of EES Devices
	2.2.1 Supercapacitors
	2.2.2 Batteries
	2.2.3 Comparison of Supercapacitor and Battery Performance:

	2.3 Current Electrode Materials
	2.3.1 Supercapacitors
	2.3.2 Batteries

	2.4 Next-Generation Electrode Materials: Graphene
	2.4.1 Current Synthesis Methods
	2.4.2 Graphene in Supercapacitors
	2.4.3 Graphene in Batteries

	2.5 Cell Manufacturing
	2.5.1 Manufacturing Process
	2.5.2 Electrode Preparation
	2.5.3 Electrode Conditioning
	2.5.4 Battery Assembly
	2.5.5 Limitations

	2.6 Advanced Manufacturing Approaches
	2.7 Direct Laser Writing
	2.8 Laser-Induced Graphene
	2.8.1 Laser-Induced Graphene Supercapacitors
	2.8.2 Laser-Induced Graphene Batteries

	2.9 Lithium-Sulfur Batteries
	2.10 Lithium Anode
	2.10.1 Dendritic Lithium Deposition
	2.10.2 Solid Electrolyte Interphase
	2.10.3 Electrolyte Modifications
	2.10.4 Protective Films
	2.10.5 3D Current Collectors and Host Structures
	2.10.6 Lithium Host Design

	2.11 Sulfur Cathode
	2.11.1 Conductive Additives for Sulfur Cathodes
	2.11.2 Polysulfide Scavengers and Blocking Agents

	2.12 Research Objectives
	2.13 Thesis Outline

	Chapter 3  : Supercapacitors Fabricated via Laser-Induced Carbonization of Biomass-Derived Poly(furfuryl alcohol)/Graphene Oxide Composites
	3.1 Introduction
	3.2 Experimental Methods
	3.2.1 GO Synthesis and Characterization
	3.2.2 Preparation of PFA Resin Films With and Without GO
	3.2.3 Preparation of PFA Microspheres
	3.2.4  Preparation of µPFA/GO Films
	3.2.5 Laser-Induced Carbonization and Electrode Assembly
	3.2.6 Materials Characterization
	3.2.7 Electrochemical Characterization

	3.3 Results and Discussion
	3.3.1 Laser-Induced Carbonization of PFA Resin
	3.3.2 Electrochemical Performance of PFA/GO-based Resins
	3.3.3 Laser-Induced Carbonization of PFA Microsphere System
	3.3.4 Electrochemical Performance of Laser-Scribed µPFA/GO System

	3.4 Conclusion

	Chapter 4 : Salt-Induced Doping and Templating of Laser-Induced Graphene Supercapacitors
	4.1 Introduction
	4.2 Experimental Methods
	4.2.1 Spray Drying of Salt Particles
	4.2.2 Preparation of PFA Resin Films with and without Salt
	4.2.3 Laser-Induced Carbonization and Electrode Assembly
	4.2.4 Materials Characterization
	4.2.5 Electrochemical Characterization
	4.2.6 Thermal Modeling

	4.3 Results and Discussion
	4.3.1 Characterization of Spray-Dried Salts and PFA/Salt Composites
	4.3.2 Characterization of LIG formed from PFA/Salt Composites
	4.3.3 Electrochemical Performance of PFA/Salt-based LIG Supercapacitors

	4.4 Conclusion

	Chapter 5 : Evaluating Lithium Nucleation onto Laser-Induced Graphene for Lithium Metal Anodes
	5.1 Introduction
	5.2 Experimental Methods
	5.2.1 LIG Synthesis
	5.2.2 Materials Characterization
	5.2.3 Electrode Fabrication
	5.2.4 Electrochemical Testing

	5.3 Results and Discussion
	5.3.1 Formation of LIG from PFA/Lithium Salt Composites
	5.3.2 Materials Characterization of LIG for Lithium Host
	5.3.3 Lithium Nucleation on Graphite
	5.3.4 Lithium Nucleation on LIG

	5.4  Conclusion

	Chapter 6 : Probing Sulfur Deposition onto Carbon Nanomaterials from Aqueous, Elemental Sulfur Sols for Lithium−Sulfur Batteries
	6.1 Introduction
	6.2 Experimental Methods
	6.2.1 Materials Synthesis
	6.2.2 Materials Characterization
	6.2.3 Electrode Fabrication
	6.2.4 Electrochemical Characterization

	6.3 Results and Discussion
	6.3.1 Sulfur Nucleation and Growth on Model Surface
	6.3.2 Sulfur Coating on rGO and Other Nanocarbons
	6.3.3 Fabrication and Testing of Li-S Battery Cathode

	6.4 Conclusion

	Chapter 7 : Conclusions and Future Work
	7.1 Conclusion
	7.2 Future Work
	7.2.1 LIG Supercapacitors
	7.2.1.1 Increasing the Energy Density of LIG Supercapacitors
	7.2.1.2 Improving Flexibility
	7.2.1.3 Combination of LIG Method with Other Advanced Manufacturing Methods
	7.2.1.4 Increasing the Throughput of the LIG Method

	7.2.2 Lithium-Sulfur Batteries
	7.2.2.1 Improving the Cycle Life of LIG Lithium Hosts
	7.2.2.2 Improving the Capacity and Cycle Life of Graphene/Sulfur Cathodes
	7.2.2.3 Investigation of Full LiS Cell Performance
	7.2.2.4 Application of Doped LIG into Other Next-Generation Batteries



	References
	Appendix A: Supplementary Information for Chapter 3
	Appendix B: Supplementary Information for Chapter 4
	Appendix C: Supplementary Information for Chapter 5
	Appendix D: Supplementary Information for Chapter 6

