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CHAPTER 1

Introduction

A global energy dependence satisfied by renewable sources is essential to combat global
warming and provide a self-sustaining energy economy. To accomplish this goal energy storage
capabilities must be improved to satisfy the requirements of portable technologies and to use the
intermittent energy produced by renewable sources efficiently. According to the International
Energy Agency, a sustainable energy future requires at least three-fourths of all vehicle sales be
electric by 2050, and an additional 150 GW of grid-scale energy storage be introduced o meet
the expected demand from renewable energy production.t? Meeting these demands of a
sustainable future requires the cost of energy storage systems be reduced while simultaneously
improving the energy density.

The challenges presented by present-day lithium-ion (Li-ion) technology preclude such
dramatic advances and demand entirely new materials and battery chemistries be implemented.
Today’s Li-ion technologies utilize a graphite anode and a layered transition metal oxide cathode
with a limiting energy density of approximately 250 Wh/kg and a cost of production exceeding
400 $/kWh. As Table 1.1 shows, this performance falls drastically short of the required 350
Wh/kg at 100 $/kWh to make electric vehicles (EVs) competitive with traditional combustion
engines. In order to overcome these limitations, laboratories around the world have been
intensely researching new energy storage materials that go beyond the traditional graphite/metal-
oxide systems and have demonstrated exceptional performance on the lab-scale that meet the

required energy density of future battery systems. By moving to material systems with sulfur and



oxygen as the active component, energy densities exceeding twice that of Li-ion batteries can be
easily achieved and at a dramatically reduced cost. However, the use of these materials in battery
electrodes presents an entirely new set of challenges for materials design and electrode
manufacture that are not addressable through current material technology or fabrication
processes. While the advent of nanomaterials adequately addresses the material challenges
presented by sulfur and oxygen active materials, current methods of battery electrode
manufacture are ill-suited to fabricate electrode materials capable of maximizing the potential of
nanoscale materials when assembled into macroscopic films. In order to mitigate the degradation
of material performance that results when nanoscale components are assembled into electrode-
scale films, new methods of material manufacture must be developed that are both precise and

cost-effective in nanomaterial assembly.

Table 1.1. Battery Performance metrics outlined by the United States Advanced Battery
Consortium Goals for Advanced Batteries for EVs 2020 Commercialization.

Parameter (units) Goal Current Level
Specific Energy (Wh/kg) 350 250
Energy Density (Wh/L) 750 500
Calendar Life (Years) 15 10
Life Cycles >1000 >1000
Selling Price ($/kWh) 100 400-500

1.1 Introduction to Battery Systems

Batteries store energy through chemical reactions and convert the stored chemical energy
into electricity as a source of on-demand power. A battery consists of a positive (cathode) and
negative (anode) electrode separated electrically by a separator and connected chemically by an
electrolyte solution. A conventional Li-ion battery stores chemical energy by reacting lithium

ions in the electrolyte with the anode during charge and with the cathode during discharge. The



capacity of this system is limited by the total amount of lithium ions that can be stored in each
electrode material, and the power density is determined by the rate at which these ions can be
reacted.

The current limitation in energy density for commercialized battery systems stems from
the low limiting capacity of the graphite anodes (~372 mAh/g) and metal oxide cathodes (~100-
200 mANh/g) used to fabricate the full-cell battery (see Appendix A for details on battery
performance metrics). Thus far, much research has centered on commercializing metallic lithium
for use as the anode due to its high theoretical energy capacity of ~3,860 mAh/g, over 10x
greater than current anode technology.® In order to fully realize the high capacity promised by
elemental lithium, however, a suitable cathode material with comparable energy density must be
implemented. For cathode materials, the frontrunners to replace traditional metal oxide materials
are sulfur and oxygen, both of which have a theoretical capacity of ~1,675 mAh/g -- the highest
of any cathode material reported to date. *° The mechanism of improved energy densities for
these two new battery chemistries can be understood by considering the working principle of

energy storage for each.
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Figure 1.1. Schematic illustration of the working mechanisms for lithium-sulfur and lithium-
oxygen batteries, two systems currently under investigation to replace lithium-ion batteries.
1.2 Challenges in Li-S and Li-O systems

Figure 1.1 above represents schematically the nature of charge storage in both lithium-
sulfur (Li-S) and lithium-oxygen (Li-O) systems. The working principles of both Li-S and Li-O
batteries rely on a chemical conversion process in which the mechanism of lithium storage
dramatically changes both the morphology and the chemistry of the fully reacted electrode
material. In the case of Li-S systems, a complex multi-phase reaction generates a whole host of
intermediary reaction products with unique structures and chemistries compared to the initial
elemental sulfur starting material, all of which culminates in the formation of an insulating
lithium sulfide discharge product. In Li-O systems, an initially gaseous oxygen cathode is

converted into a solid product of lithium peroxide through subsequent reductions of the oxygen



molecules. These working mechanisms differ drastically from traditional Li-ion batteries in
which the capacity is limited by the ability of the bulk structure to accommodate intercalated or
alloyed lithium ions and does not require any intermediary phase changes or the formation of
electrically insulating discharge products. The working mechanisms of traditional bulk systems
severely limit their storage capability, as graphite is capable of storing only one lithium ion for
every six carbon atoms, and a traditional metal oxide cathode (e.g. LiCoO>) can only store one
lithium ion for every two molecules of the cathode. In Li-O and Li-S systems, however, these
performance limitations are overcome by a conversion reaction process that enables every atom
of the active material to be paired with one or more lithium ions, thereby dramatically improving
the energy densities of these systems.

Unfortunately, the discharge products that enable such exceptional energy densities are
heavily insulating, and intelligent material design is needed to pair these materials with a
conductive current collector that is capable of retaining sufficient electronic conductivity of the
composite during operation. Unlike traditional Li-ion batteries, which react the bulk of an
already conductive material to host lithium ions, the chemical conversion process required by Li-
S and Li-O batteries rapidly deactivates material that is not in simultaneous contact with both the
electrolyte and the current collector.

In order to maintain the necessary interconnectivity within the composite during the
conversion process and its associated volumetric expansions and contractions, interfacial contact
between the current collector and the active material components must be controllably
maximized. In this regard, nanomaterials represent the most promising candidate to achieve the
complete utilization of a given active material, since their high surface-area-to-volume ratio

enables sufficient interfacial contact during conversion processes. Additionally, the conductive



current collector material which interfaces with these materials must be chosen carefully to
preserve the exceptional gravimetric performance promised by these unique material chemistries.
On this front, carbon nanomaterials are the material-of-choice due to their exceptionally high
conductivity, low weight, chemical inertness, and the recently developed ability to manufacture
few- to single-atom thick structures of these materials on the large scale. Thus, the ideal
electrode composite to maximize the potential of these next-generation battery chemistries is
comprised of a collection of nanoscale sulfur or oxygen electrocatalyst material optimally
interfaced with a conductive carbon network.

The fabrication of such a material system requires a controlled assembly approach that
exercises fine control over individual particle placement in order to construct macroscopic films
that maintain a high surface area of active material in contact with the liquid electrolyte and
while remaining anchored to a conductive carbon substrate. Such fabrication presents three
primary manufacturing challenges: (1) the fabrication of a high surface area carbon current
collector, (2) controllable integration of active materials with the assembled current collector that
preserves the properties of the carefully engineered nanoscale components, and (3) the ability to
satisfy both of these conditions on a large-scale, high-throughput system. Addressing these three
manufacturing challenges is the focus of this dissertation, which presents a technique for
manufacturing improved Li-ion, Li-O, and Li-S electrodes from nanomaterials on a large-scale,

high-throughput system.

1.3 Challenges in Assembling Nanoscale Electrode Materials
The practical incorporation of nanostructured materials into emerging applications such

as energy storage systems is limited by the challenge of achieving low-cost, high-throughput,



and highly replicable scalable nanomanufacturing techniques to produce functional materials.
Liquid-phase processing presents a promising approach to control the assembly of nanomaterials
due to its ability to effect single, isolated nanomaterials in bulk quantities. With the correct
choice of solvent or solution additive, individual structures with different compositions may be
suspended together homogenously in solution, thus providing the ideal starting condition for film
assembly. However, in order to maximize the solubility of nanostructures, the mechanism of
solubilization must be preserved until the moment of film formation in order to preserve the
carefully engineered solution properties and ensure an acceptably homogenous mixture of
nanomaterials within the film that closely mimic those in solution.

A description of the nanomaterial suspension process will illustrate the intermolecular
forces available to ensure solubility and direct particle assembly. Traditionally, colloidal stability
has been described using the DLVO theory, named after the scientists that formulated the theory,
Derjaguin, Landau, Verwey, and Overbeek.® DLVO theory ascribes colloidal stability to the
delicate balance between electrostatic and van der Waals interactions that occur between two
particles in the same solution system (Figure 1.2). Electrostatic interactions are provided by the
charge imparted on the surface of a particle as electrochemical equilibrium is established within
the suspending solution through numerous charge transfer reactions. Van der Waals forces are
engendered by the fundamental dispersion forces that attract any two materials together due to
the fluctuating or permanent dipoles present on the atomic level. In a solution, if the repulsion

between like particles is greater than the attractive force, the suspension is considered stable.
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Figure 1.2. Graphical representation of the intermolecular forces present in solution. When the
interaction energy is positive, suspended materials repel each other and contribute to a well-
dispersed solution. When the interaction trends toward negative values, attractive forces
dominate and aggregates of material are formed within solution.

Charged surfaces on a particle may occur through a number of mechanisms, including
the dissociation of surface groups, charge-transfer reactions with the solvent molecules, selective
solubility of individual components, or the introduction of polymer functional groups. Using
these mechanisms, electrostatic charges may be controllably imparted to a particle during the
formation of a suspension. In order to maintain isolated, well-dispersed nanostructures in
solution, the concentration of material within the suspension must remain low enough such that
the electrostatic repulsion between particles presents a suitable barrier to the statistically
dependent aggregation stemming from the thermal motion of particles in solution.
Thermodynamics dictates this limiting concentration, since an increase in the number of particles
drives an increase in the free energy of the solution/solute system that may be reduced through

the formation of aggregates. True solutions of nanomaterials are obtained when the enthalpy of

mixing, for a specified amount of nanomaterial, remains negative. Recent work in applying well-



known polymer suspension solubility rules to the solubility of nanomaterials has identified a
concentration-dependent aggregation limit that may be determined by the solvent properties in
conjunction with the volume fraction and aspect ratio of the suspended nanomaterials.”® For
nanostructures such as single-walled carbon nanotubes (SWCNTSs), this solubility limit can be as
low as 20 mg/I of solution.X® However, traditional techniques for film formation, such as a dip-
coating or blade-casting, that are currently used in industrial settings to coat battery materials
require highly concentrated suspensions of active material that exceeded 20 g/l; these techniques
are known to result in severe aggregation and local viscosity disturbances that inhibit the
homogeneity of the assembled material and the uniformity with which it is spread onto the
electrode. A recent, thorough investigation of the effect these defects in film formation have on
the electrochemical performance of battery electrodes has emphasized the dramatic shortcomings
of current battery manufacturing methods in addressing the fabrication challenges present for
next-generation energy storage systems.! Therefore, a new approach is required to assemble
well-dispersed mixtures of nanomaterials for Li-S and Li-O electrode architectures. The ideal
technique to accomplish this assembly should utilize the molecular forces inherent to dispersions
of nanomaterials in order to assemble thick films of material from well-suspended solutions and
to maintain the solubility of the nanostructured materials up until the point of film formation.

In this regard, an assembly approach that harnesses the electrostatically charged surfaces
of nanomaterials in solution represents an attractive approach to accomplish this formation of
nanomaterial films. By electrostatically directing the assembly of individual nanoscale
components, conformal coverage across large areas of a conductive surface may be achieved,
and the relatively dilute suspensions of nanomaterials that are required to ensure acceptable

solubility can result in the assembly of meaningful masses of materials onto electrodes regardless



of the initial concentration in solution. Additionally, the motion of particles along electric field
lines enables this coating process to be applied to arbitrary substrate geometries. Assembling
particles from solution in this manner is referred to as electrophoretic deposition (EPD) and will

be a primary focus throughout the remainder of this thesis.

1.4 Introduction to EPD

EPD is a widely used coating technique due to the exceptional control, when compared
with conventional coating processes, that can be exercised on an individual particle level for
materials suspended in a liquid. EPD enables additive-free manufacturing of materials into
complex substrate geometries with fine control over film thickness, composition, and formation
rate. Common industrial applications of EPD involve the coating of auto body parts or the
formation of ceramic coatings on geometrically complex substrates; however, the utility of this
approach as it applies to nanomaterial suspensions is only beginning to receive widespread
attention.'? EPD offers all of the desirable qualities inherent to traditional liquid-phase
manufacturing, but with the added benefit of single-particle control and site-selectivity. These
unique advantages enable the formation of lightweight, high-surface-area materials that are
ideally suited for energy storage applications. The method begins by dispersing a material in a
solution and then uses an electric field to move the particles into a desired arrangement on the
electrode surface. There are three steps in the EPD process: (1) formation of a stable suspension
of particles, (2) migration of the particles toward the depositing electrode through the application
of an electric field, and (3) deposition of the particles on the electrode surface. A schematic of

these steps in the EPD process is presented in Figure 1.3.
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Figure 1.3. Schematic illustration of the EPD process highlighting the three steps that require
careful process engineering to accomplish effectively.
1.5 Solution Formation

The first step in the process of EPD is important for all methods of liquid processing: the
formation of a suspension of particles. The primary difficulty in forming a suitable suspension
arises from the attractive forces between particles suspended in a solution that seek to precipitate
out large aggregates. Due to the difference in dielectric properties between the particles and the
solvent, there exists a short-range attractive dispersion force (a.k.a van der Waals force) between
the particles that causes particles which pass within a few nanometers of each other to cohere
with sufficient energy relative to the thermal energy of the solvent that strives to break them
apart. For this reason, a stabilizing force is needed to keep the particles separated in solution.
There exist two primary mechanisms for producing this stabilizing force, namely electrostatic
and polymeric stabilization.

Electrostatic stabilization requires a charge separation between the dispersing solvent and
the surface of the suspended particles. The charged surface of particles in solution creates a layer
of polarized solution immediately surrounding the particle that provides a net repulsive force

when two particles with similarly polarized surfaces approach each other. On the other hand,
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polymeric stabilization uses a polymer coating on the suspended particles to screen the attractive
dispersion forces that exist between like particles in solution. This method relies on a polymer
coating that has dielectric properties similar enough to those of the solvent to prevent sufficient
attractive forces between polymer coatings. Typically, a dissociation of functional groups on the
polymer ends provides a sufficient build-up of electric charge to make these particles susceptible

to migration under the influence of an applied electric field.

1.6 Migration and Deposition

In order to measure the charge imparted to materials in suspension, dynamic light
scattering (DLS) techniques are implemented to measure the mobility of particles under the
application of a known electric field and, provided with appropriate solution parameters, can
calculate an important quantity known as the zeta potential. The zeta potential, used to estimate
the stability of a given solute-solvent system, is an indirect measurement of a particle’s surface
charge when in equilibrium with the surrounding solution. The charged surface of a particle
attracts subsequent layers of oppositely charged ions in an immediately adjacent region of
solution through the formation of what is commonly referred to as “the double layer.” A
schematic illustration of this double layer formation is presented in Figure 1.4. As a particle
moves through solution, a portion of the double layer remains in contact with the particle while
the rest is carried away due to retardation effects that vary with solution composition. The zeta
potential measures the difference in electrostatic potential between the surface of the particle and
the surface of shear within the double layer. This value is directly proportional to the mobility of

a particle as it pertains to the EPD process. Values exceeding +/- 30 mV are considered to be
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stable, mobile solutions while values less than this typically result in particle aggregation and

poor assembly kinetics.
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Figure 1.4. Schematic illustration of the zeta potential. The potential measured at the surface of
shear as the particle and the surrounding double layer move through solution is referred to as the

zeta potential.

After formation of a suitable suspension, charged particles are exposed to an applied

electric field to achieve migration in a desired direction. When an electric field is applied to the

suspension, charged particles migrate towards the oppositely charged electrode and accumulate

in concentrations that greatly exceed those present in the bulk of the solution. In order to achieve

deposition onto the electrode surface, the interparticle repulsion that maintains the stability of the

suspension must be overcome. To accomplish this stability, a number of processes occur
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simultaneously to contribute to the nucleation of a compact, solid film directly from the
solubilized state. The exact working mechanism for a specific particle type and solvent
composition varies greatly from system to system; however, deposition universally occurs as a
result of four main processes. A schematic illustration of the processes contributing to deposition

is depicted in Figure 1.5.
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Figure 1.5. Mechanisms of depositions during EPD. Film formation as a result of (a) the increase
in nanomaterial concentration near the electrode surface, (b) electrolyte concentration changes
near the surface of the electrode, (c) charged particle neutralization on the surface of deposition
and (d) double layer distortion as a result of the applied electric field.

The first process, flocculation by particle accumulation, can be understood as an electric-
field driven sedimentation process. As particles accumulate at the surface of the electrode,
pressure exerted by particles on the outermost regions of the accumulating deposit results in
sufficient force to overcome the interparticle repulsion in the innermost layer resulting in

deposition from solution (Figure 1.5a). The second process, electrochemical particle coagulation,

occurs as a result of electrolyte concentration changes near the electrode surface (Figure 1.5b).
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Due to the presence of an electric field, ions of opposite charge are present in drastically
diminished concentrations near the surface of the electrode when compared with the bulk,
thereby hindering the ability of a charged surface to form a double layer in solution. The third
and more obvious contribution to film formation is charged particle neutralization (Figure 1.5c).
This process typically occurs with conducting particles in solution and refers to a neutralization
of the particle surface from direct contact with the oppositely charged electrode. This
neutralization of charge inhibits the magnitude of electrostatic repulsion between particles and
promotes film formation. Finally, the effects of the electric field on ion concentrations within the
double layer change the magnitude of repulsion locally between two particles by changing the
shape of the surrounding double layer (Figure 1.5d). As a particle and its double layer approach
an electrode surface, ions of opposite sign are attracted toward the electrode while those of same
sign are repelled, resulting in a thinning of the double layer on surfaces parallel to the electrode
surface. As a result of these competing processes that stem from the application of an electric
field, particles in solution are able to transition from a fully solubilized state to an assembled film

state within the vicinity of the deposition substrate.

1.7 Conclusion

The ability to solubilize homogenous dispersions of nanomaterials represents an
attractive approach for nanomanufacturing. Traditional film coating processes are not equipped
to assemble nanomaterials, for they have little-to-no control over individual particle placement
and often implement concentrations exceeding the solubility limits of nanomaterials. EPD
addresses these shortcomings and is the superior method of film fabrication for nanomaterial

composites. EPD utilizes the mechanism of solution stability as the driving force for assembly by
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harnessing the power of electrochemical equilibria to drive film formation. Using this approach,
homogenous films of nanomaterials may be assembled from solutions ideally engineered for

nanomaterial assembly.

1.8 Thesis Organization

In this thesis, | present a method for the controllable manufacture of nanomaterials that
enables the production of energy storage electrodes. Through solution engineering, | stabilize
homogenous dispersions of multi-component solutions and utilize the mechanism of stabilization
to assemble films directly from solutions that contain a controlled mixture of conductive and
active nanomaterials. By applying these films as electrodes in Li-ion batteries, | demonstrate the
scaleable fabrication of material systems using the process of EPD that outperform traditional Li-
ion battery materials. Similarly, 1 find that the use of EPD can result in the creation of Li-S and
Li-O electrode materials that outperform identical materials fabricated through conventional
approaches.

In Chapter 2, | use EPD processing to assemble carbon nanomaterial films and develop
models to simulate this EPD process. Through a careful consideration of solution parameters
near the electrode surface, | present models that accurately predict the assembly kinetics of both
single- and multi-component solutions. This chapter concludes by using EPD to engineer all-
carbon electrodes with tunable reactivity in an electrochemical system.

In Chapter 3, | extend the results of Chapter 2 to demonstrate a scaleable assembly
process based on EPD that produces electrodes directly from solution using a high throughput
roll-to-roll (R2R) system. Both anode and cathode materials can be fabricated by applying this

system to an engineered solution comprised of carbon nanomaterials and high-capacity Li-ion
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battery materials. Specifically, using silicon nanoparticles and MoS> nanosheets, a full-cell
lithium ion battery can be fabricated in less than 30 seconds via this R2R platform that
significantly outperforms traditional Li-ion battery materials.

In Chapter 4, as a cost-effective solution for nanomaterial assembly, | present a method to
produce functional films of 2-D nanosheet materials, such as the cathode films of MoS; from
Chapter 3, directly from bulk starting materials. . By implementing a one-batch synthesis and
assembly process, | achieve the fabrication of films with a meaningful mass of material when
starting from purified, ultra-dilute solutions of a tunable size distribution. Through the correct
choice of solvent, optimized liquid-phase exfoliation processes of bulk transition metal
dichalcogenides are engineered with optimized EPD assembly kinetics to produce cost effective
assemblies of nanostructured Li-ion battery cathode materials.

In Chapter 5, I apply novel methods of strain engineering to the MoS, materials
fabricated in Chapter 4 in order to optimize the performance of these films in full-cell Li-ion
batteries. Through the application of an ultrathin carbon layer, interfacial strain is harnessed to
modulate the energetics of the MoS> conversion reaction in order to make these materials
compatible with conventional anodes. Using this approach in combination with the results of
Chapters 2-4, | demonstrate how EPD assembly can be used to produce lithium-ion battery
anode and cathode materials with superior electrochemical properties compared to present-day
Li-ion technologies.

Chapter 6 demonstrates the potential of this EPD technique to tackle the challenges
presented by next-generation energy storage systems by introducing the capability of EPD to
fabricate 3-D freestanding structures of carbon nanomaterials that can serve as scaffolds for

active electrocatalyst or sulfur species. EPD can be used to stabilize graphene foam structures by
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coating an optimally thick layer of SWCNTSs conformally on the surface of the foam structure.
Comparing this method of stabilization with traditional methods incorporating polymer
stabilizers demonstrates how these all-carbon materials are ideally suited for electrochemical
applications.

Chapter 7 extends these results to Li-O systems by producing optimized cathode
materials through the integration of nanoparticle electrocatalyst assembly with the fabrication
processes developed for 3-D nanocarbon structures. The use of EPD in assembling the catalyst
layer generates improved characteristics when compared to conventional dip-coating processes.
In-situ electrochemical impedance measurements elucidate the mechanism of improvement and
demonstrates that the use of EPD in catalyst film assembly results in more compact,
interconnected structures that retain their macroscopic interconnectivity upon repeated cycling of
the Li-O battery.

Chapter 8 introduces the utility of this approach for Li-S batteries. Through the
development of a novel sulfur-coating technique, | demonstrate a mechanism whereby an
optimized carbon current collector may be interfaced with sulfur films in order to fully utilize the
morphology of the nanocarbon structure. By using capillary condensation to nucleate the coating
of sulfur films, sulfur material is placed within geometrically and chemically favorable locations
on the carbon surface. Using this approach, cathode materials are found to exhibit improved
capacity and cyclability in comparison with cathodes of identical composition assembled using a
conventional melt-infiltration process to produce the sulfur film.

Finally, in Chapter 9, I apply the novel coating process developed in Chapter 8 to all-
carbon films assembled using EPD. By using hybrid depositions of graphitic and reactive carbon

nanomaterials, the chemistry of the carbon skeleton is optimized to produce one of the best
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performing Li-S cathodes ever reported. The integration of this novel coating process with the
R2R assembly approach of Chapter 3 foretells the exciting manufacturing capability of this

nanomanufacturing system.
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CHAPTER 2

Manufacturing Carbon Nanomaterials

2.1 Introduction

The most basic component of any energy storage system is the conductive material that
enables the collection or transfer of current produced by the device. In order to optimize the
energy density of these systems, the weight of conductive material must be minimized while
preserving mechanical and electrical interconnectivity. Carbon nanomaterials, which are
exceptionally conductive, lightweight, and mechanically strong, excel as a current collector
material and are ubiquitous in battery materials today. Current Li-ion batteries contain an anode
comprised solely of graphitic carbon and a cathode containing insulating metal oxide particles
interfaced with a conductive carbon network. These material systems exhibit an energy storage
capacity dependent on the morphology and chemistry of their carbon structures. When
manufacturing Li-ion battery materials on a large scale, the precise assemblage of carbon
structures over large areas is essential for maximizing the energy storage capacity of engineered
electrode materials. In particular, the capacity obtained by next-generation Li-S and Li-O
batteries is particularly sensitive to the design of the carbon network that interconnects the
insulating sulfur and electrocatalyst species. The advent of carbon nanomaterials has enabled the
production of electrodes with comparable energy densities to fossil fuels; however, in order to
maximize the energy density in these systems, the morphology and chemistry of the carbon

component must be carefully controlled.
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The recent development of a wide array of carbon nanomaterial chemistries and
structures presents a unique opportunity to optimize the carbon structure for a specific
application. Depending on the application, the presence of a reactive or inert carbon surface is
required while maintaining an electrically conductive matrix. The reactivity of carbon materials
may be controlled through the concentration of defects or edges on the carbon surface. Edge sites
and defects in the carbon structure terminate with a more reactive sp* hybridized carbon-carbon
bond due the local coordination of these atoms in the carbon lattice. These sp® sites react with
oxygen-containing chemical groups when left under standard atmospheric conditions resulting in
the formation of a functionalized, polar surface. Thus, by tuning the defect density in these
carbon structures, both the conductivity and reactivity may be controlled.

Substantial advancements have been made in fabricating highly graphitic or highly
reactive carbon nanostructures in bulk-scale quantities. By combining a controlled amount of
these various optimized structures together in a composite, the defect content of the entire
assembly may be controlled. Table 2.1 presents a representation of some of the most common
forms of carbon nanostructures and highlights the properties of these materials that may be
harnessed for battery applications. Depending on how these materials are assembled together, it
is possible to design composites with a specified degree of conductivity, reactivity, or

mechanical interconnectivity through a tuning of the ratio of the selected carbon structures.
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Table 2.1 Properties of the most common forms of carbon nanostructures with additional
columns depicting mixtures of these materials optimized for a specific application.

Property CNTs Graphene Defective Conductive Reactlve
carbon Hybrid Hybrid

Mechanical High Medium High High
Strength
Electrical/thermal High Medium Low High High
conductivity
Specific surface Low- High Medium High High
area medium
Chemical Medium  Low-Medium High Low High
Reactivity

2.2 Experimental Methods

For single component materials, a solution of 0.5 mg/ml HiPco SWCNTs (Unidym) or
0.5 mg/ml single-walled carbon nanohorns were dispersed in 1-methyl-2-pyrolidinone (Aldrich,
99.5%) was prepared and left to sit overnight. For hybrid materials, a starting solution of 0.5
mg/ml SWCNT in NMP was mixed with the other carbon nanomaterials, namely, single-walled

carbon nanohorns,'3-'®

carbon nanosheets (grade 4, cheaptubes.com), and carbonized silicon
nanoparticles (US Research Nanomaterials, Inc) at a concentration of 0.5 mg/ml and left to sit
overnight. Prior to deposition, all solutions were ultrasonicated for 1 hr before placement into the
roll-to-roll system’s reservoir.

EPD of carbon-based nanomaterials was performed in a vertical EPD cell with a
separation of 4 mm between a 0.5 x 0.5 cm stainless steel counter electrode and a 0.5 cm x 0.5

cm working electrode. Monitoring of current and the application of voltage was performed using

a LabView-operated Keithley 2602A Sourcemeter. After film deposition, the battery electrodes
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were dismounted from the system and left to dry horizontally overnight on glass slides covered
by a Kimwipe. After drying, materials were weighed and then assembled into a coin cell utilizing
a half-cell configuration with a lithium metal foil counter electrode, a 1 M LiPF¢ ethylene
carbonate/dimethyl carbonate (Sigma Aldrich) electrolyte solution and a Celgard battery
separator. Assembly was performed in an Argon-filled glovebox with O levels <0.5 ppm
(MBraun). Electrochemical testing was performed using a Metrohm Autolab multichannel
testing system which performed both cyclic voltammetry and galvanostatic charge discharge
measurements. Raman analysis was performed using a Renishaw inVia Raman microscope with
a 532 nm excitation. Zetasizer measurements were carried out using a Malvern Zetasizer Nano

7S instrument.

2.3 EPD of Carbon Nanomaterials

The integration of the aforementioned carbon nanomaterials into functional applications
depends on the ability to either grow the materials in functional templates, or assemble them
from bulk nanomaterials posthumously. This requirement has led to a significant amount of
effort focused on the growth of carbon nanotubes (CNTs) and graphene in functional three-
dimensional architectures that are viable for a broad range of applications'’-?!. The high
temperature processing methods that result in the growth of primarily sp? hybridized carbon
nanostructures enables a wide range of templating possibilities through a tailoring of the growth
substrate geometry. Whereas the majority of such studies have focused on CNT and graphene
materials, defective carbon materials with controlled porosity such as carbon nanohorns (CNHs)
are also a promising nanostructure that offers complimentary properties to other forms of

nanocarbons.'? 222 CNHs exhibit a high surface-area architecture that, unlike CNTs and
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graphene, hosts a large number of reactive sp® carbon edge sites that makes them ideal for
anchoring discharge products to the conductive carbon skeleton during electrochemical
operation. However, since it is not currently feasible to directly grow CNHs in self-assembled
architectures, liquid-based processing and manufacturing routes must be developed to enable
CNHs as a viable nanomaterial for applications. In this light, EPD processing presents a viable
approach to make this material compatible with processing of other forms of carbon

nanomaterials.
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Figure 2.1. (a) Zeta potential measurements of CNHSs suspended in acetone. (b) Schematic
illustration of the EPD process used to assemble CNHs from solution. (c) Time study of the EPD
process for CNHs from acetone and (d) accumulated CNH mass as a function of time for an
application of 40 V.

One of the most critical parameters for EPD processing of a chosen material is the zeta

potential, which provides a general representation of the net charge on a particle dispersed in a
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solution. Due to the high reactivity of these CNH nanostructures, the solubility of these materials
in common organic solvents is easily achieved and Figure 2.1a characterizes the zeta potential of
these materials in the common organic solvent acetone. The surface charge of these materials is
attributed to the dissociation of carboxylic functional groups that leave behind a negatively-
charged, oxygen terminated structure when H* is dissociated from the hydroxide terminal group.
As a gauge of dispersion quality, materials exhibiting a zeta potential with a magnitude
exceeding +/- 30 mV are typically considered stable. In acetone, suspensions of CNHs yield an
average zeta potential of -41.1 mV. With the development of a sufficient surface charge, these
materials become susceptible to the EPD process depicted schematically in Figure 2.1b. To
fabricate the EPD system, stainless steel electrodes were immersed in the solution at a separation
of 0.3 cm and a voltage of 100 V was applied across the electrodes using an Agilent DC power
supply.

For EPD processing, the rate at which a particle moves to an electrode under an applied
electric field is referred to as the electrophoretic mobility and is represented below by the
Smoluchowski approximation:

__ Vegpg
o 4ntnD

(equation 2.1)

For ¢ the dielectric constant of the liquid, &, the permittivity of free space, ¢ the zeta potential of
the particles, # the viscosity of the liquid, V the applied voltage and D the electrode separation.
Due to the high mobility and low viscosity of these material-solvent systems, the deposition of
these materials can occur very rapidly with complete assembly of dispersed material in less than
6 min (Figure 2.1c). A study of the mass accumulation over time yields an insight to the

mechanism of assembly (Figure 2.1d). The total mass deposited during EPD as a function of

time, t, may be predicted using the widely accepted Hamaker approximation for the deposition
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rate of inorganic particles under an applied electric field, represented by the expression:
w(t) = fttlz fuEAc, dt (equation 2.2)

which relates the weight of deposited material, w, to the product of the electrophoretic mobility
M, electric field strength E, electrode surface area A, and particle concentration in suspension Cs.
The efficiency factor f accounts for the fact that not all particles which migrate to the electrode
surface will contribute to the formation of the deposit and has a value of 1 for the case in which
all migrating particles deposit on the electrode surface. A fit to the mass accumulation data is
presented as a dotted line in Figure 2.1d and sufficient agreement between experiment and theory
is confirmed. The films assembled using this approach are extremely uniform with minimal
aggregates observed due to the effective dispersion of these materials in the solvent as

emphasized in Figure 2.2.

Figure 2.2 (a) Optical photograph of a film of CNHs assembled on an aluminum current collector
(b) SEM imaging of the CNH film with a higher magnification image in (c) emphasizing the
absence of substantial aggregates.

2.4 Assembly of Hybrid Solutions of Nanocarbon Materials

Although CNHs represent an ideal material with which to introduce the concept of EPD

for nanocarbon materials, macroscopic assemblies of these materials present numerous
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challenges for direct implementation as a stand-alone current collector for electrode applications.
The low conductivity that arises from their highly defective structure and the mechanical
instability resulting from the low contact surface area requires a hybridization of this material
with additional carbon materials to impart the necessary structural and electrical stability to the
carbon film. Figure 2.3 below emphasizes the poor conductivity and interconnectivity of these

films through I-V measurements and scanning electron microscopy (SEM) images of macroscale

films.
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Figure 2.3. (2) 1-V measurements of carbon films comprised of SWCNTS, a mixture of SWCNTSs
and CNHs and solely CNHs. SEM characterization presented in (b) and (c) emphasize the poor
mechanical stability characteristic of thick films of CNHs.

Due to the highly polar nature of defective carbon materials, many different types of
solvents are able to effectively solubilize CNH materials. However, in the case of graphitic, sp?
carbons such as SWCNTSs or carbon nanosheets (CNSs), the high aspect ratio, strong van der
waals attraction, and graphitic nature of these structures prohibits solubility in most solvents. The
low content of defective, sp® hybridized carbon atoms in SWCNTs and CNSs may be evidenced
through Raman spectroscopy measurements presented in Figure 2.4a. In the Raman spectra, the

peak at ~1350 cm! (referred to as the ‘d-peak’) corresponds to a signature produced through sp®

hybridization while the peak at ~1600 cm™ (referred to as the ‘g-peak’) corresponds to graphitic

27



sp? carbon atoms. The relative intensity of the d-peak to the carbon g-peak yields a qualitative
estimation of the defect concentration for a given material. From the plot in Figure 2.4a, it is
evident that both SWCNTs and CNSs possess primarily graphitic carbon while CNHs comprise
mostly of defective carbons.

Whereas numerous combinations of these different nanostructures could be studied,
SWCNTs make up an essential component for all hybrid composites due to the web-like nature
of ensembles of these materials that can empower a hybrid material with improved electrical and
mechanical connectivity between the individual components. To this end, substantial progress
has been made in solubilizing SWCNTSs in surfactant-free solutions through the use of highly
polar solvents or superacids®* 2. In this regard, 1-methyl-2-pyrrolidone (NMP) has demonstrated
growing popularity for solution processing of individual carbon nanostructures due to its
exceptionally high surface tension (y > 40 mJ/m2) and highly polar nature®. Dispersions of
SWCNTSs in NMP were found to possess suitably charged surfaces for EPD as observed through
zeta potentials with magnitudes > 30 mV. Figure 2.4 below highlights the dispersion quality of
the three primary forms of carbon nanostructures in NMP through DLS measurements of their

hydrodynamic diameter and zeta potential.
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Figure 2.4. (a) Raman spectroscopy characterization of the various types of carbon structures

used in this study. (b) Hydrodynamic measurements of the nanomaterial diameter and (c) zeta

potential when suspended in NMP.
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As evidenced by the above plots, efficient dispersion of SWCNTSs in NMP solvent is
achieved with a size distribution of less than 5 nm and a zeta potential in the range of -40 mV
implying the formulation of a stable suspension. Similarly, efficient dispersions of the co-
suspended nanomaterials, namely CNSs and CNHs were also achieved with small particle size
distributions and large zeta potentials. For solutions with NMP, dispersed nanomaterials acquire
a net negative charge through electron transfer reactions with the solvent molecules?’ and are
subsequently attracted to the anode in an EPD process resulting in film formation. In this light, it
is clear that NMP represents a suitable solvent to efficiently solubilize the various types of
carbon nanostructures important for film formation.

A study of SWCNT EPD from NMP onto conductive substrates leads to unique mass
deposition characteristics. An analysis of the mass deposited over time for SWCNTSs is presented
in Figure 2.5a. Notably, in this system, an exponentially decaying mass deposition rate is
observed contrary to the mass accumulation results predicted by the Hamaker approximation. An
attempted fit to this data using the conventional Hamaker model is provided as a red dotted line
inset. Insights into the cause of this effect are obtained through a consideration of the solution
properties of nanomaterial suspensions. When high aspect ratio nanoparticles are present in high
concentrations in solution, a number of different considerations must be made that deviate from
traditional suspensions of macroscale objects. When particles with high anisotropy are present in
solution, the orientable nature of their contribution to solution viscosity and the high degree of
interparticle interaction that arises from particles with large contact area presents substantial
contributions to the solution viscosity at relatively low concentrations.?® This implies that, due to
the high aspect ratio of SWCNTSs, the growing concentration of SWCNTSs at the electrode

surface locally increases the viscosity of the solution in the vicinity of the electrode thereby

29



inhibiting migration as the electrophoretic mobility has an inverse relationship with solution
viscosity.?® 3 To confirm this effect, simulations were performed using a model similar to that
developed by Sarkar et al. to simulate constant voltage depositions.3! In constant-voltage EPD a
variable mobility parameter, p(t), is implemented to account for changes in particle mobility that
arise from screening of the applied electric field by the growing, insulating deposit:

[dwW = £ [[dS u(t) C(t) dt (equation 2.3)
Where a weight dW is deposited on an area dS of the electrode. In this case, f represents the
‘sticking factor” which varies as a function of the nanostructure used, u(t) the particle velocity,
and C(t) the solution concentration. In the case of EPD of SWCNTS, however, it was found that
the changes in particle mobility may be attributed to the drastic increase in solution viscosity
near the vicinity of the electrode as SWCNTSs represent a material which exhibits a significant
concentration-dependent relationship with solution viscosity.32* Due to the proposed
“entanglement effect”, viscosity changes within solution scale non-linearly with SWCNT
concentration yielding dramatic changes over multiple orders of magnitude when SWCNTs
comprise a significant fraction of the solution volume. During EPD, the imposed migration of
SWCNTSs creates a significant concentration in the vicinity of the electrode thereby substantially
influencing the viscosity. To account for the changing viscosity, a deposition region extending
0.15 mm from the electrode surface was considered and the viscosity model developed by
Halefadl et al.>® was used to calculate the viscosity in this region under the assumption that all
measured deposited SWCNTSs were deposited in this region. This model utilizes a modified
Maron-Pierce equation for suspensions of rigid rod-like particles in order to calculate the

viscosity of SWCNT suspensions:

-2
w-(6) = (1 - %) (equation 2.4)
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Where p,. represents the relative viscosity of the solution, ¢,,, the maximum volume fraction of
suspended nanotubes, and ¢, (t) the volume fraction of SWCNTSs in the vicinity of the electrode.
The value of ¢,,, was determined by the aspect ratio of the SWCNTs used and calculated to be
0.015%. A plot of the calculated viscosity during the deposition is provided in Figure 2.5b.
Changes in particle mobility were accounted for by substituting the above time-dependent
viscosity parameter into equation (1). Notably, the effects of film formation on changes in the
applied field were neglected as the SWCNTSs themselves form a conducting layer with similar
conductivity as the electrode itself.3®

When combining multiple structures of carbon nanomaterials in solution, the measured
zeta potential represents a weighted average of the individual species. Likewise, for EPD

assembly, the total mass deposited is the sum of the deposition of SWCNTSs and the co-

suspended material:

[dw =fE [f ds% Conr@® dt + FE [ ds% Cparticte(t) dt  (equation 2.5)

Where {-yr and C.yr(t) represent the zeta potential and concentration of SWCNTS,
respectively, and {pqrticie aNd Cpareicie (t) represent the zeta potential and concentrations for the

co-suspended nanomaterials.
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Figure 2.5. (a) mass deposition as a function of time for SWCNTSs in NMP. The red dotted line
represents a fit to the data using the traditional Hamaker approximation while the black dotted
line represents fits to the data using the modified mobility approach. (b) calculated changes to
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viscosity as a function of time as the SWCNTs migrate toward the electrode surface. (c) mass
deposition profiles for all nanocarbon hybrid solutions used in this study.

In all cases, hybridized solutions of different nanostructures yield coatings containing
hybrid nanomaterials (Figure 2.5¢). This builds upon the notion that a polar solvent will screen
excessive particle-particle interaction between dissimilar species, and hence EPD processing will
lead to homogenous coatings of hybrid materials. This was observed to be the case and
representative images of the hybrid materials formed in this process are shown in Figure 2.6a-c.
Whereas numerous combinations of these different nanostructures could be studied, we chose
SWCNTSs to be a common component between all hybrid materials due to the web-like nature of
the SWCNTSs that can empower a hybrid material with improved electrical and mechanical
connectivity between the nanostructures. The models developed in this section enable control

over the deposition rate using changes to the EPD parameters.

2.5 Electrochemical Characterizations

After fabrications, the films were assessed for their electrochemical performance. The
first step in this process is to assess the energetics of Faradaic chemical reactions occurring
between the hybrid materials produced using this EPD technique in a half-cell configuration,
with lithium metal as the anode. To accomplish this, cyclic voltammetry (CV) scans at a rate of
0.1 mV/s were performed in half cell configurations (vs. Li electrodes) and the results are
summarized in Fig. 4. CV analysis of the SWCNT film emphasizes that a majority of the
Faradaic charge-transfer reactions arising from storage on the SWCNT surface lies in a broad
Faradaic storage peak between ~1-3 V vs Li/Li*. For our system, this storage regime gives rise to

a capacity of 658 mAh/g. Density functional theory calculations have emphasized that these
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reactions may be mediated through surface defective carbon sites,®” as these do not occur in the
same potential window as intercalation in graphite. Hybrid SWCNT-SWCNH materials, which
exhibit an exceptionally high defect density, yields substantial enhancement to charge stored in
this regime evidenced through higher peak current values during CV scans as well as greater
capacities during device cycling yielding a maximum capacity of 884 mAh/g. For CNSs, a
material with low defect density, little-to-no enhancement in this regime is observed, however,
additional capacity is provided at lower potentials through the intercalation of lithium between

graphitic sheets yielding an improved capacity of 978 mAh/g.
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Figure 2.6. SEM characterization of (a) SWCNT (b) SWCNT-CNS (c) SWCNT-CNH along with
the respective CV curves in (d)-(e) and galvanostatic charge-discharge curves in (g)-(i).
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From the above plots, it is evident that the use of hybrid forms of different types of
carbon nanomaterials enables a control over the reactivity of the electrode for Li-ion batteries.
Unfortunately, however, a full-cell fabricated from these materials is not practical due to the poor
operating voltage obtained between the lowest intercalation voltage (CNS, ~0.3 V vs. Li/Li+)
and the highest intercalation voltage (CNHSs, ~1.5 V vs. Li/Li+). Using these materials as an
anode and cathode material yields a poor operating voltage of less than 1.2 V and a maximum
energy density that lags behind that of more traditional Li-ion battery electrode materials. In
order to overcome these challenges, these carbon nanomaterials must be combined with better
suited Li-ion materials that can obtain superior capacities and operating voltages and is the

subject of the next chapter.
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CHAPTER 3

Roll-to-Roll Production of Hybrid Nanomaterials for Full-Cell Battery Production

3.1 Introduction

Whereas the last chapter demonstrated the feasibility of EPD for carbon nanomaterial
assembly, the ability to merge these assembly processes with that of nanostructures composed of
varying compositions is essential in ensuring the applicability of this manufacturing technique to
practical electrode materials. Whereas nanostructures are consistently lauded for improved
performance in applications at the laboratory scale, fabrication processes and costs for industrial
processing often limit near-term commercial impact of many nanomaterials for Li-ion battery
electrodes. Unlike bulk materials, the physical and chemical properties of materials composed of
nanostructures are strongly correlated to impurities that interact with the nanostructures and the
transport paths between adjacent nanoscale building blocks in the material. This provides two
extremes for nanomaterial fabrication: (i) highly precise, expensive fabrication routes carried out
in clean environments (e.g. ultraviolet or electron-based lithographic techniques), or (ii) large-
scale, low-cost “coarse” material processing that relies on the use of liquid processing with
surfactants (e.g. colloidal processing such as blade coating and/or electrophoretic deposition, or
EPD). The results presented in this chapter aim to explore the medium existing between these
two processing routes where scalability and control or precision can be simultaneously achieved
for the fabrication of battery anode and cathode materials.

Significant research has been carried out to study the performance of various materials as

anodes for lithium ion batteries, with silicon being distinguished for its ability to maintain high
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capacities (10X greater than conventional carbon anodes®¥-4%). Alternatively, transition metals
are conventionally used as cathodes, due to the ability to achieve high voltage when paired with
graphite anodes and inhibit degradation under Li* oxidation and reduction reactions. However, a
challenge for innovation in battery research is to not isolate the performance of a single
component (anode, cathode, or electrolyte) of a battery, but instead to harness the versatility to
engineer all working components simultaneously and thus engineer the performance of full-cell
material systems.** Accomplishing this requires versatility in the materials processing approach
that goes beyond applications based assessment of individual materials using a discovery-driven
approach.

In this chapter, methods to overcome these challenges is presented by demonstrating the
operation of a benchtop roll-to-roll platform to produce high-throughput, clean coatings of
hybrid materials that can facilitate battery design applications. To demonstrate this approach,
focus is maintained specifically on hybrid materials composed of single-walled carbon nanotubes
(SWCNTs), MoS; nanosheets, and silicon nanoparticles. EPD from polar solvent solutions
containing mixtures of these nanostructures is demonstrated in order to form homogenous
coatings that are comprised of hybrid nanostructured materials. These coatings are then assessed
for their composition-dependent lithium reduction/oxidation energetics, which leads to a full-cell
battery design with electrodes produced in less than 30 seconds with an optimized design that

incorporates pre-lithiated silicon nanoparticles as an anode, and MoS; nanosheets as a cathode.

3.2 Experimental Methods
The roll-to-roll (R2R) system was assembled by mounting gear motors (4 RPM, Servo

City), powered by a 12V, 2.5A power supply (Servo City), onto a custom designed Teflon
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reservoir. The Teflon reservoir contained a 90cm x 20cm square well across which two Teflon
rollers were mounted and at the bottom of which a 65cm x 20cm steel plate was mounted. The
roll was composed of a Icm x 1m aluminum strip (Grainger) mounted on both ends to either gear
motor. A bias was applied between the aluminum roll and the steel plate using a Keithley 2400
Sourcemeter.

R2R electrophoretic deposition of carbon-based nanomaterials was performed in a
vertical EPD cell with a separation of 4mm between a stainless steel counter electrode and the
working electrode. For the fabrication of battery films a 316 stainless steel disc (Pred Materials)
was mounted to a biased brass roller and rolled through the reservoir containing the depositing
solution and stainless steel counter electrode using a 4RPM gear motor (Servo City). For mass
deposition studies, a 3cm x 1.5cm aluminum strip of known mass was mounted to the brass roller
using Teflon clips, mechanically moved into position above the counter electrode, and left to rest
in this position for the specified time and applied electric field. To demonstrate continuous
operation of the coating process, an aluminum roll of dimensions 1m x 1.5cm was mounted to
either end of the system and continuously moved through solution at a rate of ~1.5cm/s under an
applied electric field of 500 V/cm. Monitoring of current and the application of voltage was
performed using a LabView-operated Keithley 2602A Sourcemeter.

After film deposition the battery electrodes were dismounted from the system and left to
dry horizontally overnight on glass slides covered by a Kimwipe. After drying, materials were
weighed and then assembled into a coin cell utilizing a half-cell configuration with a lithium
metal foil counter electrode, a 1 M LiPFs ethylene carbonate/dimethyl carbonate (Sigma Aldrich)
electrolyte solution and a Celgard battery separator. Assembly was performed in an Argon-filled

glovebox with O> levels <0.5 ppm (MBraun). Electrochemical testing was performed using a
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Metrohm Autolab multichannel testing system which performed both cyclic voltammetry and

galvanostatic charge discharge measurements.

3.3 Roll-to-Roll Electrophoretic deposition

Underlying the ability to produce scalable coatings of pristine, hybrid nanostructures is
the necessity to develop a platform that overcomes the “beaker-scale” processing limitations of
most materials processing approaches. In order to achieve this, a fully automated, benchtop roll-
to-roll (R2R) system is developed that builds upon the widely known process of EPD in the
framework of industrial-scale roll-to-roll process design. The operating principle of this system
(Figure 3.1a) utilizes a roll of material (with a composition that can vary across a wide range of
conductive foils and substrates®™ 31), that is rolled through a pool of solution, coated in a
controllable manner, and then collected in a roll on the opposing side. In traditional beaker-scale
EPD systems, both an anode and cathode are biased in a solution to drive the migration and
deposition of nanostructures dispersed in the liquid onto an electrode with a polarity that opposes
the overall charge of the particles in solution. In this case, the same process is achieved, except
the conductive foil (aluminum foil) is biased through a wire brush contact with a bottom
electrode that is maintained at a fixed distance beneath the roller. Therefore, when the foil is
submerged in the liquid, an electric field is applied between the top and bottom electrode that
generates a constant electric field, despite the continuous movement of the top foil electrode. A
photograph of the benchtop R2R system developed for this study is presented in Figure 3.1b,
with an empty liquid reservoir for the purposes of visualization. Notably, this system was

constructed and operated with cost of parts and equipment totaling under $300.
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Coatings of various dispersed nanomaterials were fabricated with this system by applying
an electric field of 100 V/cm between a stainless steel counter electrode (immersed in solution)
and an aluminum foil roll that is extended between the two rollers. A coated foil showing the
clear demarcation point when the voltage is turned “on” and a scheme of the deposition process
are shown in Figures3.1c and 3.1d. In this system design, faster deposition rates per unit
electrode area can be achieved both by increasing the electric field intensity or decreasing the
rolling rate of the electrode. This provides an advantage of the roll-to-roll design over the
conventional beaker-scale system, in that control over deposition can be tuned more precisely,
and automated process parameters can be modulated in real-time based on increasing or
decreasing the rolling rate and/or potential. This is generally illustrated in Figures 3.1e and 3.1f,
where deposited mass of coatings containing SWCNTSs or hybrid coatings of SWCNTs combined
with silicon nanoparticles (Si NP) and exfoliated MoS; nanosheets is demonstrated as a function
of absolute voltage and total deposition time. From Figure 3.1e, the mass deposited is observed
to exhibit a nearly linear relationship with the applied voltage in all cases. Figure 3.1f indicates
further that the total mass deposited is a nonlinear function of the total deposition time. Notably,
the capability to engineer deposition process parameters by decoupling these two parameters of
deposition time and voltage is unigue to the roll-to-roll system, and can’t be achieved in
conventional “beaker-scale” processes straightforwardly. In both cases of Figure 3.1e and 3.1f,
as well as throughout the study presented here, the nanostructures are dispersed in 1-methyl-2-
pyrolidinone (NMP) at concentrations of 0.5 mg/mL and hybrid solutions involve equal mass
ratios of each nanostructured species. Due to its polar nature, NMP has been demonstrated as an
excellent solvent for native dispersion of nanostructured materials, many of which can only

otherwise be suspended using surfactant solutions. Recent efforts have demonstrated that EPD
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of SWCNTSs from NMP polar solvents yields materials where electrochemical and
thermogravimetric analysis confirms the pristine quality of the coatings, in comparison to
processes carried out with surfactants that yield a significant (up to 50% by weight) mass due to
impurities.*? As the basis of EPD processing of nanomaterials has built on surfactant- or ion
additive-enabled processes, our approach not only enables R2R capability, but simultaneously
leads to an impurity-free coating process, which is critical toward the performance of

nanostructured materials.
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Figure 3.1. (a) Schematic of the roll-to-roll system used in this study (top) and the functional
system used in this study (bottom). Uncoated material (blue) is rolled through a reservoir
containing the active solution and a counter electrode under an applied bias of 40V (b) Mass
deposited as a function of time for all hybrid material combinations (c) Mass deposited after a
240s exposure in the bath as a function of applied voltage. (d) llustration of the EPD process
(top), and a coated roll of aluminum leaving the deposition bath (bottom). Mass deposition
profiles versus applied voltage are presented in (e) and versus applied time in (f).

For solutions with NMP, dispersed nanomaterials acquire a net negative charge through

electron transfer reactions with the solvent molecules®” (Figure 3.2a) and are subsequently
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attracted to the anode in an EPD process resulting in film formation. Notably, for hybridized
solutions of nanostructures, the zeta potential values represent a weighted average of the
individual species. In all cases, the rate of deposition is strongly dependent on the degree of
electrostatic stabilization within solution and a strong correlation is observed between the
limiting mass deposition rate and the zeta potential of the co-suspended particles (Figure 3.2b).
While deposition rates vary with solution composition, uniform film formation and an
exponentially decaying mass deposition rate is observed across all systems due to the presence of

a significant fraction of SWCNTSs.
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Figure 3.2. (a) Zeta potential measurements for the single component and hybrid species used in
this study. (b) graphical illustration of the relationship between co-suspended material zeta
potential and the limiting mass deposited.

Shown in Figure 3.3a-c are SEM images showing representative homogenous coatings of
SWCNTs, SWCNT-Si NP, and SWCNT-MoS; hybrid materials, respectively. Furthermore, the
chemical identity of the SWCNT-Si NP and SWCNT-MoS:; species are identified through energy
dispersive X-ray maps taken in the transmission electron microscope (TEM) in Fig. 3d and 3e.
Notably, prior to dispersion of the Si NPs, a chemical vapor deposition process is utilized to

catalytically stabilize the surface of the Si with a thin carbon layer, evident in Fig. 3e as a thin

red shell around the Si core.
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Figure 3.3. E iages of hybr fils mprised of (a) SWCNT-MoS; and (b) SWCNT-Si
NPs with elemental analysis acquired through TEM imaging in (c) for Si and (d) for MoS..

The presence of this carbon coating is important not only for silicon chemical stability in
EPD processing, but also for stability in electrochemical devices and will be discussed at length
in a later chapter®®. Overall, the nature of the intense electric field confined within the diffuse
electrostatic boundary layer near the electrode surface provides a natural leveling mechanism
capable of giving rise to exceptionally uniform film density and coverage on regions of the
electrode not disturbed by other steps in the processing (Figure 3.4). Drying effects, electrode
surface roughness, and movement in and out of solution may often induce clumping effects,

however, initial film formation is shown to be a highly uniform process.**
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rI;igure 3.4. SEM image of a cross section of : ‘typial coating produced using the R2R I£D
system with insets describing higher magnifications.
3.4 Manufactured Li-ion Battery Performance

One of the key application areas where such nanomanufacturing routes could prove
valuable is in the fabrication and optimization of battery materials. Conventional approaches to
analyzing the oxidation and reduction energetics of Faradaic energy storage reactions often
distinguish materials only by the chemical composition (e.g. carbon, silicon, etc.) and not by the
nanostructured characteristics of the material. Furthermore, the challenge in any battery-focused
effort, especially in lithium-ion or other metal-ion batteries, is the development of a full-cell
architecture that involves optimized anode, cathode, and electrolyte combinations. This is
challenging due to the codependence of both electrode chemical stability and metal ion storage
potential of each individual component on the combination that is chosen. The focus of the
remainder of this chapter is to demonstrate an effort whereby the high throughput R2R system
discussed above enables a rational approach to battery design by overcoming both of these
challenges and producing an operational full-cell battery from nanomanufactured hybrid
nanomaterials produced in this study.

After fabrication, the films were assessed for their electrochemical performance. The first
step in this process is to assess the energetics of Faradaic chemical reactions occurring between
the hybrid materials produced using this EPD technique in a half-cell configuration with lithium
metal as the anode. To accomplish this, cyclic voltammetry (CV) scans at a rate of 0.1 mV/s
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were performed in half cell configurations (vs. Li electrodes) and the results are summarized in
Figure 3.5. For SWCNT-Si NP hybrids, whereas there is some indication of carbon storage that
is chiefly attributed to the SWCNT hybrid material, exceptional capacity is observed in the low-
voltage lithiation reactions in silicon. This is evident from the large peak currents observed in
Figure 3.5a at low voltages vs. Li/Li* and a maximum capacity of 1,294 mAh/g for this electrode
material (Figure 3.5¢). By producing SWCNT-MoSz NS hybrid materials (Figure 3.5b), energy
storage at high potentials was achieved due to the Li.S storage mechanism previously defined for

MoS: NSs yielding capacities as high as 867 mAh/g (Figure 3.5d).
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Figure 3.5. Cyclic voltammetry performed at a rate of 0.1 mV-s for (a) silicon and (b) MoS;
hybrid materials. Galvanostatic charge discharge measurements determined the lithiation
capacity of these materials at the specified rates for (c) Si and (d) MoS2 materials.

As is evident in Fig. 5, the energetics for lithium insertion and removal can be tuned
across the spectrum of the stability window of the electrolyte by using these different electrode

materials. In all cases, these reduction and oxidation potentials, which are evident in CV scans,

44



are measured against a lithium electrode. Since the use of pure lithium electrodes in full cell
architectures leads to dendrite formation,*> 4 a key challenge for constructing a full-cell battery
IS to maintain a > 1.5 V potential difference between redox potentials of either electrode (fixed
by technological requirements, which are based on conventional alkaline batteries), while
utilizing the same electrolyte. To accomplish this, information obtained from CV analysis was
utilized to generate a diagram of observed redox potentials (Figure 3.6a), which is inferred from
CV scans. In this case, the redox potential for the MoSz hybrid material is the highest due to
Faradaic storage processes between Li and S species. The higher potential of this system makes
MoS: a candidate for use as the cathode material in a full-cell architecture. Conversely, aside
from lithium metal, the Si NPs exhibit a redox potential that is the lowest of those studied in this
work. Therefore Si NPs are a practical choice for an anode material in a full-cell architecture.
As Si NPs do not natively contain Li species, lithiation was achieved for anodes in a full cell
configuration by placing SWCNT-Si NP electrode materials in direct contact with lithium foil
for 3 hours (Figure 3.6b). As previously reported, silicon in direct contact with lithium foil will
form a Li-Si alloy providing a facile mechanism to fabricate a source for lithium ions during
device cycling.*’ In order to characterize the performance of this device, galvanostatic charge
discharge measurements were performed at varying currents, with three representative curves for
three currents of 100 mA/g, 1 A/g, and 10 A/g (Fig. 6C). Notably, at rates appropriate for
conventional battery applications (100 mA/g), cell capacities of 225 mAh/g were observed,
which is comparable to conventional battery systems. However, the nanostructured
characteristics of the electrodes, which enable rapid ion insertion from the electrolyte, still enable
over 20% of this capacity to be accessed at 100X faster cycling rates, which is not achievable in

full-cell battery systems with bulk electrodes. In order to further quantify the cell performance,
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Ragone analysis was performed to assess the energy-power characteristics of the device based on
the total cell mass (Figure 3.6d). The energy density was calculated based on integration of the
galvanostatic voltage profiles, and power density was calculated as an average value based on
the total energy released over the time duration of the discharge. A maximum energy density of
167 Whkgcen™* was obtained corresponding to a capacity of 225 mAhgcen™ when operated at 100
mAgeeit. When operated at high charging currents of 10 Agcen™, power densities near 10,000
WKgee™t were measured, which is on par with the power capability of many modern day
supercapacitors (Fig. 6D), while still boasting energy densities near ~ 40 Whkgeei. Whereas
this performance is promising, the nanomanufacturing approach that underlies the ability to
produce these electrodes is transferrable to many other applications, such as chemical sensing,
optoelectronics, and energy conversion, where clean manufactured hybrid nanostructured

materials could lead to improved or ideal performance in these platforms.
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Figure 3.6. (a) Schematic illustration of the wide range of potentials capable of Faradaic
lithiation reactions for the different nanostructures investigated. (b) Schematic illustration of the
pre-lithiation process in Si NP-SWCNT films and (c) Charge-discharge characteristics of the full
cell device fabricated with a pre-lithiated SWCNT-Si NP anode and SWCNT-MoS: NS cathode.
(d) Ragone analysis of the full cell device.
3.5 Conclusion

This chapter demonstrates the ability to utilize a low-cost (sub-$300), benchtop roll-to-
roll system for the rapid development of nanomanufactured hybrid nanostructured materials.
This approach depends upon the utilization of surfactant-free NMP polar solvent solutions that
both provide stable dispersions of hybrid nanostructure mixtures, and enable controllable EPD
processing. Unlike conventional “beaker-scale” EPD routes, the roll-to-roll approach enables

greater control over deposition parameters, empowers scalable processing conditions in a

laboratory environment that intersects commercial applications, and provides the capability to
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assemble clean, functional hybrid materials that “bottom-up” fabrication routes are incapable of
producing. This chapter specifically demonstrates the fabrication of homogenous hybrid
nanostructured materials containing SWCNTSs, Si NPs, and MoS; nanosheets, and demonstrates
the application of these materials into electrodes for a full-cell lithium-ion battery design. Using
electrodes that can be fabricated in as little as 30 seconds, a Si NP — MoS; all nanostructured
material full cell battery was constructed that exhibits full cell capacities on par with
conventional Li-ion batteries, but with improved power capability. As the bottleneck for many
commercial applications of nanomaterials is a low-cost, reliable, and scalable processing route
that builds the foundation for product development and design, this nanomanufacturing
approach, which seems unlimited in versatility in the choice of materials, brings potential for
many applications extending beyond energy storage into areas of energy conversion, sensing,

catalysis, optoelectronics, protective coatings, and others.
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CHAPTER 4

Integrated Synthesis and Assembly of Li-ion Cathode Materials

4.1 Introduction

The choice of materials used to comprise the electrodes in a full-cell Li-ion battery is
essential in determining both the cost and performance of the final device. In order to achieve
energy densities on par with or exceeding traditional technologies, materials exhibiting high
capacities and wide operating voltages are required. As emphasized in the previous chapter,
molybdenum disulfide (MoS.) represents a class of two-dimensional nanosheet material that has
exhibited exceptional promise as an electrode material for Li-ion batteries. Due to the sulfur-
based storage mechanism in this material, efficient use of MoS: in a battery architecture can
exhibit capacities competitive with state-of-the-art sulfur cathode materials as recent reports have
demonstrated reversible capacities exceeding 1,100 mAh/g (or nearly 10x the capacity of
conventional cathode materials).*® Similarly, the emerging class of layered, 2-D transition metal
dichalcogenides (TMDs), of which is MoSz is a member, has exhibited promising performance
for many future battery chemistries such as sodium-ion or potassium-ion batteries. However, in
order for this class of nanostructures to be monetarily competitive with traditional materials, the
cost for acquiring nanoscale versions of these materials must be competitive with current
material manufacturing approaches.*® In this chapter, a one-batch assembly approach is
presented to fabricate functional films of 2-D TMD nanosheets starting from a dispersion of bulk
materials. Many of the advantages unique to EPD, such as assembly from dilute solutions, are

demonstrated to be key requirements to the success of this process.
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Current methods to produce high quality TMD materials for application pivot around
high cost, energy intensive, and low-yield efforts such as chemical vapor deposition or
mechanical cleavage.>® These routes are not suited for producing vast quantities of material, and
this is a significant challenge for applications that require assembled layers of thick and high
quality TMD materials, such as in electrochemical devices, that require large amounts of mass to
function appropriately. Therefore, processes that can maintain the chemical integrity of the
pristine 2-D TMD NSs and produce functional, thick, and high-throughput coatings is an
enabling feature to both extend lab-scale applications for TMD materials and develop routes for

cost-effective scale-up of functional TMD coatings to industry scales.

4.2 Experimental Methods

Dispersions of exfoliated TMD nanosheets were obtained using suspensions of MoS;
(Sigma Aldrich, 99%, ~2um), MoSe> (Sigma Aldrich, 99.9%, ~325 mesh) and WS, (Sigma
Aldrich, 99%, ~2um) in 1-methyl-2-pyrollidone (Sigma Aldrich, 99.5%) and acetonitrile (Fisher,
99.8%). To form these suspensions, 20 mg of TMD powder was added to 40 ml of NMP or ACN
before insertion of a probe sonicator to the solution. Sonication was performed for 30 minutes
using a tapered-tip on a probe sonicator (Sonics, VCX750, 30% amplitude) with a 30 second on
pulse and 30 second off pulse to avoid excessive heating. All solutions were left overnight before
use. For studies using purified TMD material, exfoliated solutions were centrifuged at 2,000
rpms for 10 minutes and the upper 2/3 of the purified solution was harvested for further use.

EPD was performed using a Keithley 2400 Sourcemeter integrated with LabView data
acquisition software to apply a constant voltage and record the flow of current. For deposition

onto 2-D substrates, two 316 stainless steel electrodes of dimensions 1.0 cm x 3.0 cm were
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immersed into a beaker containing 20 ml of exfoliated TMD solution at a separation of 0.5 cm. A
constant voltage was applied for 2 minutes and the resulting films were placed in a vacuum oven
at 60 °C to dry overnight before measurement of the mass was performed. For deposition on 3-D
substrates, a nickel foam (MT]I, ~110 ppi) electrode of dimensions 1.0 cm x 3.0 cm was prepared
and placed directly into 20 ml of exfoliated TMD solution at a separation of 0.5 cm to 2
identically sized counter electrodes on either side of the deposition electrode. Deposition was
performed for 2 minutes at the specified voltage before removing the foam material to hang-dry
overnight under ambient lab conditions. After a night of drying, the foam material was placed
directly into a vacuum oven at 60°C to ensure removal of any residual solvent.

To accomplish EPD at varying temperatures, 20 ml of exfoliated TMD solution was
heated to the specified temperature on a hot plate. Temperature was recorded directly from
solution using a K-type thermocouple. After reaching the desired temperature, two 316 stainless
steel electrodes of dimensions 1.0 cm x 3.0 cm were immersed directly into the heated solution at
a separation of 0.5 cm and left to rest for 5 minutes to obtain equilibrium with the solution before
a constant voltage of specified magnitude was applied for 2 minutes. The resulting films were
placed directly in a vacuum oven at 60 °C to dry overnight.

Absorption measurements were performed using a Varian Cary 5000 UV-VIS NIR
spectrometer. To measure sedimentation, exfoliated solutions were sonicated for 5 minutes
before placement into the UV-VIS. Spectra were then recorded once every minute for a period of
5 minutes. To measure absorption of solutions before and after EPD, purified solutions were first
fabricated and then placed directly into the UV-VIS. EPD was then performed on the remaining

material with stainless steel electrodes at a separation of 0.5 cm under an application of 200 V
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for 30 minutes. After removal of the electrodes, the remaining solution was bath sonicated for ~1
minute and then placed into the UV-VIS.

Zeta potential and particle size measurements were obtained from a Malvern Zetasizer
Nano ZS instrument. Solutions were left to rest overnight to ensure removal of large sedimenting
particles that complicate DLS measurements. The upper 1/3 of the solution was harvested and
placed into a low-power bath sonicator for 30 minutes before placement into the Zetasizer. A
Renishaw inVia MicroRaman system with a 785 nm excitation laser performed Raman

characterization of the assembled films.

4.3 Liquid Phase Exfoliation of Layered Materials

MoS,, and TMDs in general characteristically possess a unique layered structure in which
covalently bonded planes of transition metals (e.g. Mo) and chalcogens (e.g. S) atoms are held
together through weak van der Waals interaction. This unique atomic architecture enables facile
exfoliation of the material to ultra-thin structures as small as one layer thick when starting with
bulk materials and using the appropriate solvents.®® In recent years, significant research progress
has been made toward top-down liquid-phase dispersion of 2-D materials starting from
commercially available bulk materials.>> % Whereas chemical processing routes designed to
exfoliate bulk 2-D materials are observed to chemically alter or degrade the intrinsic properties
of the starting material,>* > exfoliation routes relying on the use of mechanical (sonication)
dispersion techniques in chemically-inert liquid media have indicated the ability to preserve the
unique properties of 2-D layered materials such as M0S2.>® Despite significant advances in this
area, liquid processing of MoS> nanosheets for many applications is challenged by substantial

polydispersity in exfoliated materials that mandates purification and leads to low yields of thin
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nanosheets®’ in addition to the imposed requirement of subsequent assembly routes to form
controllable and uniform macroscopic functional materials. In this regard, EPD represents an
attractive route for the assembly of 2-D nanosheets due to the compatibility of EPD with a broad
range of substrates and substrate topologies.'> 3! Due to the inherit charge present on
nanomaterials in solution, EPD presents a simple and expeditious assembly route which takes
advantage of this natural charging mechanism to produce tightly packed, site-selective and size-
scaleable films of nanomaterials stabilized by short-range van der Waals interaction.
Furthermore, recent studies have emphasized the ability to perform EPD of low-dimensional
nanostructures directly from polar solvent dispersions without surfactants or additives. 4% 58 °
Therefore, EPD is a process that could be synergistically combined with exfoliation processes to
enable assembly in a one-batch approach while also potentially overcoming limitations in current
exfoliation processes, such as the low yields and poor selectivity of exfoliated nanosheets. This
yields a road-map toward producing functional materials composed of 2-D building blocks with
simultaneous optimization capability across parameters of assembly kinetics (throughput),
exfoliation characteristics (quality), and solvent cost and reusability (scalability).

The general process for the exfoliation and assembly of MoS: nanostructured material is
schematically presented in Figure 4.1a. Commercially available MoS> powders are dispersed in
solvent and exfoliated through probe sonication to produce dispersions of exfoliated MoS2 NSs.
Electrodes are then placed in the resulting solution and EPD is performed on both 2-D (stainless
steel) and 3-D (nickel foam) electrodes. This approach yields a one-batch process where
exfoliation and assembly can occur sequentially with the two processes combined to directly
produce and assemble functional TMD nanomaterials. EPD processes following solvent

exfoliation leads to the capability to produce homogenous films that can be applied to both
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planar and 3-D porous substrates (Figure 4.1b). Scanning electron microscopy (SEM)
characterization of MoS; films assembled on these two geometries is presented in Figure 4.1b,c.
From these images it is evident that the films generated from this EPD process are uniform

across the entire substrate and are composed exclusively of exfoliated 2-D TMD nanosheets.

d. Bulk MoS, Powder

‘ é .’ )

Sonication/Exfoliation

Figure 4.1. (a) Schematic of the exfoliation/assembly process. Bulk TMD powder is sonicated in
solution to produce a dispersion of nanosheets which is then deposited on 2D and 3D substrates
using EPD. (b) SEM characterization of TMD films assembled on 2D and (c) 3D substrates. The

inset in (c) provides nanoscale characterization of the 3D assembled films.

In order to broadly assess the ability to combine the exfoliation and assembly steps for
TMD materials, two solvents that are most commonly employed for exfoliation processes were
identified. In general, solvents capable of exfoliating 2-D materials are characterized by surface

tensions that coincide with the surface energy of the dispersed nanomaterial.> 52 In this manner,
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both NMP and ACN were chosen for this study due to the widespread use of NMP, a surface
tension for both solvents that closely matches the majority of TMD materials studied thus far
(~40.8 mN/m for NMP at 20 °C and ~29.3 mN/m for ACN at 20 °C), and previous studies that
have identified these two solvents as capable exfoliating mediums.®® Notably, previous studies
have indicated both ACN and NMP as viable solvents for EPD processes without the use of
surfactants or additives.*> %1 Additionally, a series of three TMD materials including MoS;,
MoSe», and WS, were chosen which generally represent three of the most studied TMDs for
electrochemical applications.®? % Using this series of TMD materials and two commonly
employed solvents for exfoliation, combined exfoliation and EPD was performed onto planar
stainless steel surfaces for all cases. SEM images of the resulting films that indicate both the
quality of the exfoliation as well as the effectiveness of EPD in forming homogenous coatings

are shown in Figure 4.2a-f.
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Figure 4.2. SEM characterization of EPD films assembled from a 2 minute application of a
constant applied potential of 200V for (a) NMP-MoS2 (b) NMP-MoSe2 (c) NMP-WS2 (d)
ACN-Mo0S2 (e) ACN-MoSe2 and (f) ACN-WS2 films. DLS characterization of the size
distribution of exfoliated flakes from supernatant solutions of ACN and NMP suspensions of (g)
MoS2 (h) MoSe2 and (i) WS2.

Hydrodynamic diameter measurements using a dynamic light scattering (DLS) technique
measure the radius of a sphere in solution with equal volume to the mean NS volume and have
recently been shown to be closely related to exfoliated nanosheet size.®* DLS measurements of
the exfoliated dispersions (Figure 4.2g-i) further confirm the presence of ultra-thin TMD
materials. Average measured nanosheet sizes are (i) MoS,: 340.1 nm for NMP and 580.1 nm for
ACN, (ii) MoSe,: 338.3 nm for NMP and 408.8 nm for ACN, and (iii) WS,: 386.9 nm for NMP
and 544.0 nm for ACN. Cross-sectional SEMs for TMD films formed at 200 V from NMP

solutions are presented in Figure 4.3 and demonstrate these films to be composed primarily of

exfoliated nanosheets with parallel stacking to improve packing density.
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To gauge the effect of exfoliation and assembly on the chemical properties of the
assembled films, Raman spectroscopic analysis was performed using a 785 nm laser excitation
(Figures 4.4a,b). Analysis of the spectra generally indicates that sonication in NMP tends to
chemically alter the MoS, and MoSe; nanosheets, whereas the WS> nanosheets tend to exhibit
Raman modes that remain invariant between the subsequent exfoliation and assembly treatments.
Specifically, MoS> nanosheets exfoliated in NMP exhibit a greater intensity of the peak centered
at ~237 cm™ (compared to ACN) which is attributed to the formation carbon-sulfur bonds®® and
is indicative of organic NMP carbonaceous residues forming during the sonication process.
Similarly, the MoSe> nanosheets exfoliated in NMP (compared to ACN) demonstrate significant
enhancement to the peaks at ~288 cm™, 451 cm, and 591 cm™ which can also be attributed to

formation of carbon-selenide bonds.
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Figure 4.4. Raman analysis of MoS2, Mosez and WS; after exfoliation in (a) NMP and (b) ACN.

One of the key principles for an EPD process to be effective is the degree of electrostatic
stability of the particles in solution. This can be assessed through measurements of the particle
zeta potential, representing the magnitude of the electrostatic charge present at the surface of
shear for each particle as it moves through solution. Shown in Figure 4.5 is the measured zeta
potential for nanosheet suspensions in both NMP and ACN. This indicates that zeta potential
values for the individual materials varies only slightly between the two solvents with MoS>
consistently exhibiting the smallest magnitude (-33.7 mV and-34.6 mV in NMP and ACN,
respectively) and MoSe> (-40.4 mV and -40.0 mV) and WS> (-41.1 mVand -42.2 mV) the
largest with comparable magnitudes. These measured solute properties together with the inherit
properties of the suspending solution can be used to calculate the electrophoretic mobility, {,
using the Smoluchowski equation for electrophoretic mobility:*! Although this approximation is
designed for spherical particles, it is closely related to the mobility expression for rigid particles

with high aspect ratios.%
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Figure 4.5. Zeta potential measurements of exfoliated TMDs in both ACN and NMP.

4.4 EPD Assembly of Exfoliated Materials

From the Smoluchowski approximation, it is evident that a solution with lower viscosity
and a higher dielectric constant will result in a dispersion of particles with higher electrophoretic
mobility. Calculated mobility values for the exfoliated TMDs in these two solvents are shown in
Table 4.1. Notably, suspensions of exfoliated TMDs in ACN possess ~5x greater mobility than

suspensions in NMP.

Dielectric Viscosity MoS; mobility ~ MoSe; mobility WS, mobility
Solvent  Constant (cP) (m?Vv-ist) (m?V-ist) (m?V-1ist)
NMP 33 1.7 5.78 x 10°° 6.94 x 10°° 7.06 x 10°
ACN 38 0.34 2.61x 108 3.02x 108 3.18x 108

Table 4.1. List of solution properties and particle mobilites calculated in both ACN and NMP.

To characterize the EPD kinetics of these materials, experiments were performed in whih
deposition rates from these two solvents were measured as a function of applied voltage (Figure

4.6a,b). For MoS, materials, the deposition rate is observed to possess the expected near-linear
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dependence on particle mobility with mass accumulation closely approaching the theoretically
predicted value for the two solvents using estimations derived from particle mobility (Figure
4.6¢). However, MoSe, and WS> exhibit unpredictably poor deposition behavior in ACN
compared to NMP. This non-linear dependence of MoSe, and WS deposition rates on particle
mobility is chiefly attributed to the poor suspension quality in ACN relative to NMP due to the

lower buoyancy force in this low density solvent.
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Figure 4.6. Mass deposition as a function of applied voltage for TMD solutions on 2D substrates
from (a) NMP and (b) ACN, the dotted lines in the figure represent fits to the data using the
Hamaker approximation. (c) Theoretical prediction of the ratio of the deposition rates for ACN
to NMP plotted against the observed values obtained from model fits to the Hamaker model.(d)
Change in concentration of the TMD solutions over time as the solution is left to settle.

Model fits to the mass deposition data using equation 1 and the parameters listed in table

| are presented as dotted lines in Figure 4.6a,b. The sticking factor was slightly adjusted to
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produce tight fits to the data, with sticking factors for MoSz, MoSe;, and WS, of 0.35, 0.32, and
0.35 respectively in NMP compared with 0.26, 0.16, and 0.14 respectively in ACN. The large
disparity in sticking factor values for ACN depositions is attributed to the substantial and
material-dependent influence of sedimentation.

Figure 4.6d presents absorbance data for dispersions of TMDs in NMP and ACN over a
period of 4 minutes. The correlation between solution absorbance and suspension concentration
allow for the estimation of sedimentation rate by the change in absorbance over time®’. From the
data in Figure 4.6d it is evident that suspensions in ACN sediment at a substantially greater rate
than in NMP and that WS> and MoSe> demonstrate significant sedimentation over the 2 minute
deposition period compared with NMP. The magnitude of change in sticking factor values found
to be directly related to the degree of sedimentation, with more heavily sedimenting particles
producing smaller sticking factor values. In all cases, however, good agreement is generally
observed between the Hamaker model for particle deposition and our experimental data for
exfoliated TMD nanosheets indicating that changes in field strength due to the resistivity of the
growing semiconducting TMD film are negligible on small timescales. Additionally, the
representative current profiles provided in Figure 4.7a,b demonstrate conductivity values that
fluctuate about the initial value indicating the absence of parasitic side reactions or the
production of heavily insulating films. This behavior indicates constant-voltage EPD is well-

suited for the assembly of TMD NSs from solution.
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Figure 4.7. Current density measured during the EPD process for 200V deposition in (a) NMP
and (b) ACN.

The primary advantage of EPD over other solution processing techniques is the unique
ability to form conformal coatings on complex 3-D substrates. To emphasize this ability in the
context of exfoliated TMD nanosheets, EPD was performed on a conducting nickel foam
substrate for NMP TMD solutions. NMP was chosen as the suspending solvent due to the
demonstrated stability of NMP dispersions and the better exfoliation properties that is
advantageous for uniform penetration into a 3-D substrate. Similar to deposition on 2-D
substrates, the deposition yield followed the trend of WS, > MoSe2 > MoS: as expected by the
calculated particle mobilities (Figure 4.8a). Additionally, over 2x more material is deposited for
identical deposition conditions when moving from 2-D to 3-D substrates as expected by the
presence of additional surface area in the 3-D substrate. To confirm infiltration of TMDs into
the interior of the foam, optical and SEM characterization was performed on nickel foams coated
by MoS> and is presented in Figure 4.8b. The optical photograph of a cross-section of nickel
foam emphasizes the presence of a TMD coating in the interior of the foam while SEM

characterization present in the inset confirms this coating to be composed of exfoliated NSs.

62



a. = MoS, A
«g 1.0} ® MoSe, S
L A WS, a
o
£ 081 -
= $
@
= 0.6} 3 i
o
& 0.4
» = . —
= 2
(7))
7}
S 02p {1
50 100 150 200
Voltage (V)

Figure 4.8. (a) Mass deposition as a function of applied voltage for NMP dispersion assembled
on 3D nickel foam electrodes. (b) Optical image of a cross section of the MoS2-coated nickel
foam emphasizing complete coating of the substrate during EPD. The inset in (b) displays SEM
characterization of the material assembled on the nickel foam.

So far in this chapter, the assembly behavior of TMD nanosheets has been analyzed
based on dispersions that are formed directly after exfoliation with no additional purification
steps. However, many applications of TMD nanosheets rely on the unique properties of single to
few-layer architectures that possess unique electronic, optical, and chemical features not
achievable in bulk. However, processing of solutions to achieve these highly purified
dispersions requires centrifugation cycles that lead to extremely low solution concentrations.
These low concentration solutions can be challenging to assemble into macroscopic films using
traditional routes of drop drying or spin-casting due to the low-efficiency and lack of
controllability of these processes. However, EPD is demonstrated to be a convenient method to
assemble thick films from these dilute solutions due to the unique ability to completely assemble
all suspended materials in a single processing step. To explicitly demonstrate this, absorption
properties of purified solutions in ACN before and after EPD were characterized and the results

are presented in Figure 4.9a-f. Characteristic absorption spectra for purified solutions of MoSg,

MoSe, and WS, nanosheets are present in the tested solutions, where the concentration of
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dispersed nanosheets is directly proportional to the observed absorbance. After the application
of 200 V between two electrodes immersed in ACN solution for 30 minutes, the absorption of
the remaining solution is reduced by 100% to the accuracy of the UV-Vis-NIR spectrometer,
indicating complete removal of the suspended nanosheets into the assembled film. Additionally,
a uniform film is observed on the deposition electrode and SEM characterization reveals the
presence of ultrathin MoS2 NSs (Figure 4.9g-h). This indicates that ACN is an efficient solvent
for high efficiency conversion of suspensions of high quality nanosheets into assembled
electrode materials. Identical experiments performed using purified solutions in NMP did not
result in complete removal of material even after extending the deposition to 1.5 hours. Small
observed changes to the absorption spectra of these solutions implies that in the regime of low
concentration purified nanosheets, the solution properties of NMP cause the low mobility to be a

bottleneck for complete transference of suspended nanosheets to an assembled material.
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Figure 4.9. Absorbance spectra for purified TMD solutions in ACN before and after EPD at
200V for 30 minutes for (a) MoS: (b) MoSe:z and (c) WS.. Absorbance spectra for NMP
solutions under the same conditions at extended times for (d) MoS: (e) MoSe; and (f) WS, SEM
characterization of the films assembled from ACN for (g) MoS: (H) MoSe; and (I) WS..

Whereas this indicates that EPD from low-concentration solutions of TMD nanosheets

dispersed in NMP are mobility-limited, the possibility to improve deposition kinetics is
demonstrated by engineering the solution properties of the dispersing solution. To demonstrate
this idea, the ability to use solution temperature of NMP during deposition as a means to modify
the solution viscosity, and hence the electrophoretic mobility is presented. In particular, the
heating of a solution increases the average kinetic energy of molecules, decreasing the

intermolecular force between neighboring molecules that is manifested macroscopically as a

decrease in total solution viscosity. To investigate this effect on the electrophoretic mobility of
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suspended nanomaterials, EPD was performed at 5 separate temperatures and the results are
presented in Figure 4.10a. The general trend observed during this study is a consistent increase in
deposition rate with temperature. Whereas this improvement in deposition rate may be chiefly
attributed to the viscosity, other factors such as changes in the dielectric permeability, suspension
solubility, and solution conductivity could also play a role in the resulting deposition rate. Raman
characterization for films formed at 125°C from NMP suspensions demonstrate identical
characteristics as those formed at 25°C implying elevated temperatures do not lead to increased
residue formation from the solvent or increased amounts of structural damage to the nanosheets

during deposition (Figure 4.10b).
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Figure 4.10. (a) Temperature dependence of the deposition rate for 200V constant-voltage EPD
experiments at a constant time of 2 minutes. (b) Raman analysis of the films formed at 125 °C
(upper) 25 °C (lower).
4.5 Conclusion

In this chapter, the utility of electrophoretic deposition (EPD) as a tool to complement
conventional exfoliation routes for one-batch assembly of functional TMD coatings is

demonstrated. The success of this approach is crucial in demonstrating that nanoscale TMD

materials (such as M0S2) may be assembled into functional coatings of material using a cost-
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competitive approach. Comparing one-batch exfoliation and assembly processes in both NMP
and ACN suspending solvents, it is observed that the use of ACN enables faster EPD assembly
kinetics (2-3x), more pristine NS deposits based on Raman spectroscopy analysis, and the
capability for complete extraction of all dispersed TMDs to a film using EPD. Whereas NMP
exhibits improved exfoliation properties, ACN is identified as an improved solvent for the
combined process of exfoliation and EPD assembly due to these points. It is further
demonstrated that external stimuli, such as temperature, can be used to modulate the solution
properties of NMP dispersions and improve the assembly kinetics without incurring additional
damage or residue. This work identifies for the first time that EPD is a versatile tool that can be
directly combined with 2-D nanosheet exfoliation processes to yield one-batch solution
processing to transform bulk powders into functional coatings of nanosheets. This opens routes
toward achieving surfactant- or additive-free macroscopic assembled materials based on a broad
family of 2-D TMD nanosheet building blocks for applications across a vast range of areas

including energy storage, energy conversion, sensing, catalysis, photodetection, among others.
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CHAPTER 5

Strain Engineering MoS; for Suitable Cathode Energetics

5.1 Introduction

The previous chapter demonstrated methods for using low-cost material synthesis routes
to directly assemble nanostructured, 2-D materials from low-cost bulk materials. As emphasized
in Chapter 3, such materials hold exceptional promise as a cathode material for a full-cell Li-ion
batteries, however, the performance observed in this chapter fell drastically short of the promise
of the layered MoS; cathode reported in half-cell configurations. The reason for this poor
performance is the poor efficiency of the cathode conversion reaction when paired with
conventional anode materials. Electrochemical investigations into the working mechanism of
MoS: as a cathode material has revealed a conversion reaction in MoS; that persists down to
potentials as low 0.0 V vs. Li/Li+ as the formed discharge products undergo complete reduction
and conversion. Unfortunately however, the pairing of this material with conventional anodes,
such as Si or graphite prohibit the realization of such low voltages in a full cell configuration.
For this reason, methods to tune the conversion reaction to occur at a significantly higher
reduction potential are desirable in order to realize the full potential of this material in a full cell
Li-ion battery.

In this chapter, methods for optimizing the performance of MoS, materials for full-cell
applications will be presented by tuning the Faradaic potential and the efficiency of the MoS>
conversion reaction during the initial discharge. By utilizing the well-known method of strain-

engineering, the reaction energetics of MoS> and lithium will be engineered in order to ensure
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compatibility with present-day anode materials. By applying a thin carbon layer using high-
temperature chemical vapor deposition, interfacial strain imparted on the underlying MoS:
material will facilitate the conversion reaction at potentials as high as 2.0 V vs. Li/Li*. The
results presented in this chapter open up an entirely new field for electrochemical energy storage
in which physical properties such as strain may be used to alter and improve the electrochemical

properties of Li-ion electrode materials.

5.2 Experimental Methods

To fabricate the MoS> nanosheets for this study, 500 mg of bulk MoS> powder (Aldrich,
particle size < 2um) were added to 50 ml of 1-methyl-2-pyrrolidinone (Aldrich, 99.5%
anhydrous). The solution was sonicated in a bath sonicator for 12 hours using 8 x 90 minute
intervals. After sonication, the solution was centrifuged at 2,000 rpms for 40 minutes. The upper
2/3 of the supernatant was removed and subsequently centrifuged for 1 hour at 5,000 rpms before
the excess supernatant was removed and the accumulated nanosheets were placed under vacuum
overnight to completely evaporate the solvent.

In order to generate vertically stacked carbon - MoS: (C- MoS2) nanosheets MoS»
nanosheets contained within an alumina boat were placed into a 1” tube furnace and the tube was
evacuated to 2 mTorr. A gas mixture of 100 sccm Ar and 20 sccm H> maintained at atmospheric
pressure were introduced during ramping to a temperature 750°C. At 750°C, 2 sccm of acetylene
(CoHz) was introduced for 10 minutes followed by a temperature ramp to 850°C and an
additional 10 minute soak, and a final ramp to 950°C for 10 minutes. After this process, the
acetylene was turned off and the furnace cooled back down under a flow of argon and hydrogen

where materials were removed.
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Electrode materials were fabricating by suspending 20 mg of vertically stacked C-MoS>
or pristine MoS; nanosheets were in 20 ml NMP and sonicating for 30 minutes. Following this, a
stainless steel spacer was placed at 0.5 cm from a 1 cm x 1 cm stainless steel counter electrode.
A voltage of 30 V was applied for 30 minutes before carefully removing the coated steel
electrode from solution and placing this into a vacuum chamber overnight to dry the sample.

Electrochemical half-cell devices were assembled in an argon glovebox using CR 2032
stainless steel coin cells purchased from MTI. The coated steel discs were separated from a
lithium metal anode by a 2500 Celgard separator saturated with a 1 M LiPFe in 1g/1 ml solution
of ethylene carbonate (EC) and diethyl carbonate (DEC). Cyclic voltammetry scans and
galvanostatic measurements were performed using a Metrohm autolab multichannel testing
system. Raman measurements were performed using a Renishaw inVia confocal Raman
spectrometer. Micro-Raman maps were collected using a 532 nm laser. Prior to characterizing
the electrodes after electrochemical testing, coin cells were disassembled in an Ar filled glove

box and the electrodes washed with an EC/DEC solution.

5.3 Electrochemical Behavior of MoS; for Li-ion batteries.

As a bulk, sulfur-containing material, MoS; represents an easily processed material
structure that is able to be directly incorporated as a cathode materials. Due to the sulfur-based
lithium storage reaction, this material is capable of achieving energy densities on par with next
generation sulfur cathodes with capacities as high as 1,100 mAh/g reported for nanostructured
materials. During operation as a Li-ion battery electrode, MoS; converts into Mo and Li.S
particles after the first cycle and subsequent reactions of this material store lithium at ~2.1 V vs.

Li/Li*. Due to the high voltage of the lithiation reaction, this material is capable of being paired
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with traditional anode materials such as graphite or silicon, which store lithium at voltages < 0.3
V vs. Li/Li+, in order to fabricate a full-cell Li-ion battery with a reasonable operating voltage.
However, in order to convert MoS; into the active Mo and S components a conversion reaction
during the initial discharge is required which inhibits the ability of this material to be directly
implemented into a cathode material system. For pristine MoS2 NSs formed using LPE, two
concurrent reactions in the initial discharge are observed, with the first one at ~ 1.1 V and the
second at ~ 0.55 V vs. Li/Li". Figure 5.1a presents a typical discharge curve for the initial
discharge of a pristine MoS; cathode operated against a Li metal anode. In Figure 5.1b, a
differential capacity plot fabricated using the data of Figure 5.1a is presented that highlights the
location of these initial electrochemical reactions as MoS: is discharged. The reactions obtained
here are consistent with the known pathways for insertion of lithium into pristine MoSz, which
occurs first through an intercalation reaction (1.1 V) that follows
MoS; + xLi" + xe” = LixMoS; (equation 5.1)

where MoS; undergoes a transition from a semiconducting 2H phase to the strained, metallic 1T
phase due to deformation of the crystal from lithium ion insertion. Following this transition, the
MoS; can undergo a subsequent conversion reaction at lower voltages (0.55 V) that follows

LixMoS; + 4Li* + 4e” = 2Li>S + Mol/Liy (equation 5.2)
These processes are outlined schematically in Figure 5.1c. Unfortunately, the location of this low
voltage conversion reaction occurs at a similar potential to that of Li-ion intercalation in
traditional anode materials such as graphite or silicon. Therefore, in order to directly implement
MoS:; as a cathode material, pre-treatment of the MoS; to convert it into the active material
components must take place before pairing this material with an anode, adding significant

complexity to the full-cell fabrication.
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Figure 5.1. (2) Initial discharge curve for a pristine MoS2 NS and corresponding DQ/DE plot in
(b) highlighting the reactions present in the discharge curve. (c) schematic illustration of the
pristine MoS; conversion reaction process.
5.4 Strain Engineering MoS Materials for Suitable Cathodes in Li-ion Batteries

As emphasized in the reaction scheme of Figure 5.1c, a precursor to the conversion
reaction in MoS; materials is the presence of a strained MoS»-lithium interface during
intercalation at ~1.1 V. Due to the nature of 2-D materials, however, strain may be imparted to
this structure through other means such as interfaced coatings. In semiconductor electronics,
engineering 2D materials using strain applied at an interface has been shown to strongly
modulate the bandgap and band structure, which results in modified electrical and optical
properties for strained materials.%®" For monolayer MoS;, the bandgap is observed to shift by up
to 15 meV under tensile strain of up to 4.8%* and theoretical efforts have further emphasized

strain enabled broadband absorption and photodetection in MoS,, even though this has not yet

been experimentally realized.” The intersection of strain engineered properties of 2D materials
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and the impact on electrochemical storage properties presents an engaging research area for next-
generation electronics and has only recently been explored for electrochemical devices.

Unlike electronic devices, however, the application toward energy storage electrodes
requires bulk-like quantities of 2D materials — a challenge aided by recent developments in the
liquid exfoliation and assembly of layered TMDCs.”® " However, addressing how properties in
heterostructured or complex 2D materials can impact chemical processes responsible for
electrochemical applications is hampered by uniform material fabrication routes that can be
employed on scales required for electrochemical measurements. As a result, the impact of
strained interfaces in 2D materials on chemical and electrochemical processes remains virtually
unstudied. Only recently has an observation emerged that compressive strain on Pt catalysts can
improve the oxygen reduction reaction capability of Pt relevant to fuel cells.”® In this manner,
2D materials provide an ideal test bed for the understanding of how interfaces and strain can
impact electrochemical processes, motivated by pioneering efforts in the field of semiconductor
electronics. Using the application of interface strain, attempts are made to tune the
electrochemical conversion reaction of MoS; to enable a direct pairing of this material with
anode materials for Li-ion battery full-cell electrodes. Due to the favorable properties of carbon
materials for electrochemical devices, applied strain was controlled through the application of a
controlled carbon layer. As mentioned in the previous chapter, extended exfoliation processes
using high temperatures and low concentrations of material can initiate a carbon coating through
a catalyzed decomposition of the suspending solvent — enabling the potential for one batch
processing of these carbon- MoS; nanostructures. However, for the present study, this method of
applying a carbon coating was found to be difficult to control and requires further research in

order to optimize the in-situ formation of a carbon- MoS: interface through solution processing
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methods. In order to demonstrate the applicability of carbon to apply the necessary strain, more
controlled methods of carbon layer formation, namely chemical vapor deposition, were

employed for this study.
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Figure 5.2. (a-b). TEM images of pristine exfoliated MoS; nanosheets. (c) Edge-view TEM
image of a vertically stacked C-MoS; nanosheet. (d) EDS elemental analysis of a stacked C-
MoS: nanosheet. (e) SEM image of an electrophoretically assembled electrode material formed
with stacked C-MoS; nanosheets.

MoS; nanosheets were produced through liquid exfoliation of bulk MoS> powders in n-

methyl-2-pyrrolidone (NMP) solvents and subsequent centrifugation. Transmission electron

microscopy (TEM) of a representative exfoliated MoSz nanosheet is shown in Figure 5.2a,b.
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Interlayer spacing of ~ 0.61 nm is observed for MoS: nanosheets, with thicknesses ranging from
2-10 atomic layers. Ultrathin carbon layers are grown directly on the MoS: surface through
MoS:; catalyzed decomposition of C>H> precursors using a temperature ramp chemical vapor
deposition (CVD) process. This generates vertically stacked architectures where ultrathin carbon
layers are formed on both sides of the MoS; nanosheets, with a representative TEM image of this
architecture shown in Figure 5.2c, and corresponding elemental analysis map in Figure 5.2d. To
produce an appreciable mass of material for electrochemical tests, EPD was used to assemble the
vertically stacked C-MoS; nanosheets into conformal films on metal substrates from NMP
dispersions following CVD. Raman spectroscopy analysis in Figure 5.2f of vertically stacked C-
MoS: nanosheets indicates that vertical stacks maintain an identical signature of crystalline MoS;
following the carbon synthesis based on E,c and Aic modes (300 — 500 cm™). The carbon layers
exhibit a significant amount of sp* hybridized carbon atoms (~ 1320 cm™, or D-band) relative to
sp? carbon species (~ 1580 cm™, or G-band). Whereas this indicates the presence of carbon, x-
ray photoelectron spectroscopy (XPS) indicates the emergence of both a peak in the sulfur 2ps»
spectra at low binding energies as well as shoulders in both Mo 3ds2 and 3ds/> peaks that
represent the formation of Mo-C bonds and distortion of surface S atoms. Figure 5.2g. This
analysis collectively supports the formation of a distinct carbon-MoS: stacked interface, where
mismatch of the in-plane lattice spacing between MoS> and carbon will induce significant
interface strain.

To assess strain in the vertically stacked 2D material, statistical Raman spectroscopy
mapping comprising over 200 individual scans in separate areas was performed on the E>c and
Aic modes of MoS,, which are highly sensitive to tensile or compressive strain.”*8! (Figure

5.3a,b) Based on the peak-to-peak analysis of Raman mode distributions, blue-shifts of ~ 0.66
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cm™ and ~0.59cm™ were observed for the E»c and Aic modes, respectively. Asymmetry in these
modes is expected and attributed to stronger electronic coupling to the Aic mode®? and weak
covalent bonds that form between the MoS: and carbon species. This yields a ~ 0.1-0.2%
compressive strain based upon relative Aic mode shifts in accordance with previous studies®® &,
supporting the presence of interface-induced compressive strain on the MoS, material. This is
further confirmed using x-ray diffraction (XRD) which demonstrates a similar ~ 0.1%
compressive strain due to vertical stacking based on analysis of the (100) and (110) low-index

planes of MoS. (Figure 5.3c)
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Figure 5.3. (a,b) Distributions from Raman spectroscopy maps comprising > 100 individual

scans showing average shifts in the MoS2 A1 and E2c modes due to strain induced by a lattice
mismatched carbon-MoS:; interface. (c) XRD analysis of vertically stacked C-MoS> nanosheets
indicating stacking-induced strain in low index planes. The following planes can be assigned to
the XRD spectra: 20 = ~ 32.6° is (100), 26 =~ 33.5%is (101), and 26 = ~ 35.8°%is (102).

To assess how the vertically stacked architecture and interface strain influences
electrochemical processes, we combined electrophoretically assembled vertically stacked 2D C-

MoS:2 nanosheets with Li metal electrodes and an EC/DEC/LiPFs electrolyte and compared

electrochemical properties against similar electrode materials produced with pristine MoS;
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nanosheets. In contrast to the electrochemical reaction pathway outlined in the schematic of
Figure 5.1c, insertion of lithium into the vertically stacked C-MoS; nanosheets yields a chemical
reaction evident at ~ 2.3 V vs. Li/Li* based on dQ/dE curves of the initial discharge reaction
(Figure 5.4a,b) which is close to the open-circuit voltage (OCV) of the device. Furthermore,
there is no significant signature of lithium insertion at lower voltages in a manner consistent with
pristine MoS> nanosheet electrodes. This highlights the presence of a chemical storage process
occurring in vertically stacked C-MoS, materials that is not observed in pristine MoS, materials.
A schematic outline of the proposed reaction pathway is presented in Figure 5.4c. Due to the lack
of an electrochemical signature of lithium intercalation into the ultrathin carbon coating, this
difference can be associated solely with interface compressive strain in the 2D stacked C-MoS>

nanosheets versus the pristine nanosheets.
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Figure 5.4. (a) Initial discharge curve for a carbon-coated MoS, NS and corresponding DQ/DE
plot in (b) highlighting the reactions present in the discharge curve. (c) schematic illustration of
the carbon coated MoS; conversion reaction process.

To address the effect of the C-MoS: interface on the electrochemical properties during
lithium insertion, Raman spectroscopy of the electrophoretically assembled MoS;-based
electrodes at different cathodic potentials was carried out (Figure 5.5). This analysis is possible
due to the preparation of electrodes in a manner that does not require binder materials often used
in conventional battery electrodes that can overwhelm the desired Raman spectroscopic features.
At OCV conditions, both electrode materials exhibit only the native Raman modes of MoS;.
Cathodic scans from OCV conditions to 1.75 V vs. Li/Li* - an energy below the Li* insertion

reaction observed for vertically stacked C-MoS; nanosheets, yields no change for the pristine

MoS: nanosheets, but the emergence of a distinct Raman peak at 746 cm™ for C-Mo0S2
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nanosheets. This mode is due to the formation of lithium polysulfides (Li2Sn for 4 < n < 8) that
can be attributed to chemical conversion of the MoS: into reaction products in a manner
consistent with eq. (2).8 This confirms that the high voltage ~ 2.3 V signature in the dQ/dE
curves for vertically stacked C-MoSz nanosheets is a chemical conversion process similar to that
which is known to occur at low voltages (0.55 V) in pristine MoS». To further support this,
cathodic scans were continued down to 0.01 V vs. Li/Li* for the pristine MoS; electrode, where

the signature of conversion is evident due to the presence of the Raman mode at 746 cm™,
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Figure 5.5. Raman spectroscopy confirming the electrochemical signature of chemical
conversion based on the Raman mode of polysulfides at ~ 740 cm™. Notably, at 1.75 V vs.
Li/Li+, the vertically stacked C-MoS; nanosheets have undergone chemical conversion whereas
the pristine MoS; nanosheets remain unconverted.
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5.5 Conclusion
Based upon combined spectroscopic and electrochemical analysis, a picture emerges

emphasizing the role of interface strain on lithium insertion in vertically stacked C-MoS;
materials. In the pristine semiconducting 2H phase of MoS,, conversion of MoS; nanosheets
cannot occur at voltages above where intercalation occurs (1.1 V vs. Li/Li*) and can only
proceed in a two-step chemical process following an intercalation reaction. As many researchers
have discussed the promise of MoS; nanosheets for battery cathodes, the requirement of a
conversion reaction that is near the reduction potential of lithium is highly impractical full-cell
architectures. In a vertically stacked C-MoS; nanosheet, the interface strain due to lattice
mismatch in a carbon-MoS; solid-solid interface leads to an average ~0.1% compressive strain
that propagates into the MoS; nanosheet lattice and enables control of the energetics of chemical
conversion. In this regard, interface strain provides the appropriate energetic landscape to
sustain direct conversion at voltages that enable pairing with conventional anode material such as
silicon or graphite which give promise to practical incorporation of this device in full cell

battery.
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CHAPTER 6

Precision Assembly of an All-Carbon 3-D Current Collector

6.1 Introduction

While the previous chapters have demonstrated the utility of EPD to fabricate cost-
effective full-cell electrodes for lithium-ion batteries, the remainder of this dissertation will focus
on the use of this technique to fabricate the battery architectures that are likely to replace Li-ion
technologies in the coming decade. For these battery systems, the ability to assemble pristine,
high-surface area structures of carbon nanomaterials is crucial in order to fully realize the
potential of Li-S and Li-O batteries. In this regard, graphene foam materials have emerged as a
promising candidate with which to construct high-surface area, 3-D, conductive templates.
Unfortunately, however, to achieve structural stability of macroscale assemblies of these carbon
structures, it is common to interface these nanomaterials with polymer stabilizers to retain
structural stability during the processing of free-standing carbon structures. In this chapter, the
drawbacks associated with this method of stabilization are presented and a means to overcome
these limitations is presented through EPD. By stabilizing graphene structures with a layer of
SWCNTSs, the structural integrity of 3-D graphene films is preserved while simultaneously
preserving the native material’s conductivity and chemical inertness.

The two-dimensional, atomically-thin configuration of graphene has enabled the
understanding of new physics and chemistry in two-dimensional materials which has been the
foundation for the emergence of a broad range of graphene-based applications in areas such as

catalysis, sensing, energy systems, and electronics.?* & Ideal material performance intrinsic to
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suspended graphene, such as high mobility and excellent electrical and thermal properties, are
compromised when the graphene is interfaced with a substrate or a polymer surface.®® Three-
dimensional, freestanding structures of graphene,'® where graphene is grown on the interior
surface of a three-dimensional metal template, give exemplary promise to the route of forming
flexible and robust macroscopic templates of graphene. However, such an approach is only
viable for applications if routes to stabilize freestanding graphene materials can be executed
without generating residue or impurities that degrade the electrical, gravimetric, thermal, and
electrochemical properties. This is a challenge for graphene materials since studies of flat, 2-D
graphene have elucidated the irreversible presence of residue when utilizing the
polymethylmethacralate (PMMA) based transfer process universally employed for nearly all
graphene-based studies. The presence of such residues and their adverse effect have been
demonstrated to persist through chemical and annealing treatments, leading to a modification of
the graphene electronic structure that is manifested in optical blue-shifting of the G’ double
resonance mode in Raman spectroscopy studies.®” 8 For three-dimensional graphene materials,
these results emphasize that the absence of PMMA residue not only impacts the electronic
properties, but is also the basis of the structural integrity for the freestanding 3-D material.

One possible route towards polymer-free stabilization is the use of EPD to conformally
coat these 3-D graphene structures with structurally stable, chemically inert materials. EPD
combines the scalability necessary for roll-to-roll or large-scale industrial processing with
control over thickness and deposition rate based on the voltage, charge-to-mass ratio of the
particles, and deposition time.® In this chapter, a route to stabilize 3-D templates of graphene
materials using EPD to generate a thin layer of surfactant-free SWCNTSs on the surface of the

graphene is presented. It is found that, in comparison to PMMA stabilization, this leads to a
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graphene material that exhibits nearly 50x lower electrical resistance and optical Raman
spectroscopic signatures of pristine graphenic carbon. Whereas this provides a functional route
toward stabilizing 3-D graphene materials, it is demonstrated that this approach also leads to

near-ideal properties for graphene-based applications.

6.2 Materials and Methods

The CVD graphene films used in this study are grown on Ni foams (MT]I, ~110 ppi) in a
quartz tube furnace at a growth temperature of 1000° C under ambient pressure and in an
atmosphere of 100 sccm Ha, 500 sccm of Ar, and 10 sccm CH4. For PMMA assisted graphene
foams, 5.5wt% PMMA in Ethyl Lactate is drop casted onto the foam and baked in air on a hot
plate at 90° C for 1 hour before being placed into an iron (111) chloride bath overnight for
removal of the Ni foam substrate. The resulting PMMA/graphene foam is placed into a bath of
DI water for ~12 hrs and then left to dry. Removal of the PMMA is achieved by placing the
PMMA/graphene foam samples into an acetone bath at 25° C for ~ 1 hr. Fabrication of the
annealed samples is achieved using an identical method followed by an additional annealing
procedure in which the polymer supported GF is placed into a tube furnace and annealed for 1h
under ambient conditions at 400°C followed by an additional hour of annealing in a flow of
mixed Hz (200sccm) and Ar (400sccm).

The EPD solution of SWCNTSs is prepared as follows: 10 mg of SWCNTs (HiPCO,
purified) are dissolved in 20 ml of NMP and sonicated for ~ 1hr. Graphene coated Ni foams are
suspended in the resulting solution at a 0.5 cm electrode separation with a 1cm x 1cm stainless

steel counter electrode and subjected to an applied potential of 120 V for 20 min. The resulting

83



nanostructure is placed in an iron(l11) chloride bath overnight and then placed into a bath of DI

water before being scooped onto the stainless steel current collector.

6.3 Imparting Mechanical Stability

Although 3-D graphene materials have been extensively utilized for applications in the
past few years, these approaches have required the use of PMMA-stabilized materials. This
study found that 3-D structures of graphene do not exhibit mechanical integrity without the use
of PMMA, except when grown with very thick graphite-like layers of graphene materials, upon
dissolution of the 3-D foam substrate supporting the graphene. This is illustrated in Figure 6.1a-
b, where the 3-D graphene is found to break into small flakes of graphene material when
reaching full metal-support dissolution. Structural stabilization of 3-D graphene is achieved with
PMMA after dissolving the polymer using acetone, but close SEM analysis reveals the presence
of PMMA globules in crevices of the graphene material that cannot be removed using chemical
treatments. However, as discussed at a later point, the use of PMMA plays a role to inhibit the
development of applications that require pristine graphene properties. Therefore, by using EPD
to coat a thin conformal layer of pristine SWCNTSs on the graphene surface, a hybrid material is
achieved in which SWCNTSs act to electrically and mechanically bridge the adjacent grain-like
flakes of graphene formed during growth on an underlying Ni foam template using standard
chemical vapor deposition processing. This enables the formation of freestanding 3-D foams of
graphene materials with superior properties to those materials stabilized using PMMA (Figure
6.1c-d). The benefit of this SWCNT stabilization route is further illustrated in Figure 6.1e-h,

where the web-like morphology of the SWCNTSs forms an electrically conductive and
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mechanically robust stabilization layer to support the 3-D graphene in contrast to the insulating

residual polymer stabilizing graphene sheets when using PMMA stabilization.
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Figure 6.1. (a-b) Photographs of graphene foams that remain following the dissolution of Ni
foam in FeCls. The left panel is a graphene foam with no polymer or SWCNT stabilization,
whereas the right side panel shows a foam material stabilized with surfactant-free SWCNTSs. (c)
Photograph of a freestanding graphene-SWCNT foam. (d) Low-magnification of a SWCNT-
stabilized graphene foam material. (e-h) Scheme depicting the mechanism of stabilization of 3-D
graphene foams with SWCNTSs (e) and PMMA polymer (g) that leaves residue behind following
etching of the Ni foam, with supporting SEM images (f,h).

6.4 Device Performance
In order to characterize the benefit of the SWCNT coating, in comparison to PMMA
stabilization, the electrical, optical, and electrochemical properties of the foam materials was

investigated (Figure 6.2). To characterize the electrical properties, two-electrode current-voltage
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scans were performed on both SWCNT stabilized and PMMA stabilized graphene. Since the
thickness of the foam materials in both cases are identical and both samples exhibited a linear,
Ohmic response, the resistivity of PMMA stabilized foam was calculated to be 1.8 x 10* Q*m,
and the resistivity of the CNT stabilized sample to be 3.5 x 10 Q*m (Figure 6.2a). This
indicates a ~ 50x improvement in sample resistivity and a value approaching bulk metals when
using CNT stabilization. Furthermore, optical analysis of the G’ mode using Raman
spectroscopy revealed further benefits of the SWCNT stabilized materials. The G” mode
corresponds to a double-resonance process that is highly dependent upon the Fermi velocity in
the vicinity of the excited carbon-carbon bond.?® In the case of PMMA stabilized graphene, a
blueshift of the peak center of the graphene G’ mode of ~ 19 cm™ compared to the SWCNT
stabilized foams is observed, emphasizing the pristine nature of the graphene when stabilizing it
with SWCNTSs relative to PMMA (Figure 6.2b).87 It has been shown that polymer residue, even
after annealing, can influence the electronic structure of the graphene and cause this peak to

blue-shift relative to pristine graphene materials.
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Figure 6.2 (a) Electrical 1-V measurements made on PMMA-stabilized and SWCNT-stabilized
foams, (b) Analysis of the Raman spectroscopic G’ mode for PMMA and SWCNT stabilized
foams.
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To gauge the benefits of these hybrid materials in an electrochemical setting, such as
those occurring in Li-S or Li-O batteries, an electrochemical analysis of the PMMA-stabilized
and SWCNT-stabilized materials using 1-ethyl-3-methylimidizolium tetraflouroborate
(EMIBF4) electrolytes was carried out. Electrochemical impedance spectroscopy (EIS)
measurements (Figure 6.2b) indicate ideal diffusion behavior for the SWCNT-stabilized
graphene foams evidenced by a mid-frequency spike of ~ 45° compared to non-ideal diffusion
properties for the PMMA-graphene foam. Additionally, cyclic voltammetry studies performed at
100 mV/second scan rates (Figure 6.3c) indicate an improved electrochemical stability window

for the SWCNT stabilized foam material (~ 0.5 - 0.7 V).
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Figure 6.3. (a) EIS analysis of PMMA and SWCNT stabilized foams in EMIBF4 electrolytes,
and (b) CV scans performed at a rate of 0.1 mV-s for each foam material.

6.5 Conclusion

Therefore, as the potential for future applications employing 3-D graphene materials is
correlated to the ability to generate pristine, freestanding graphene materials, an approach is
demonstrated here to achieve this by stabilizing the surface of graphene foam structures with a

thin, clean SWCNT coatings using a scalable EPD technique. This hybrid material yields a
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pristine, electrically conductive and mechanically robust template that can be the basis for a
broad range of efficient device applications across fields such as energy storage and conversion,
catalysis, sensing, and other fields where pristine properties of carbon nanostructures are desired.
This approach more broadly illustrates a route to engineer pristine carbon nanomaterials to
generate macroscopic assemblies exhibiting significantly enhanced performance in comparison

to materials with residual parasitic mass from polymers or surfactants.
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CHAPTER 7

EPD of Electrocatalysts for Li-Air Batteries

7.1 Introduction

For many emerging energy storage applications, the practical realization of long-range
electric vehicles and low-cost grid-scale storage systems rests in the ability to cost-effectively
design secondary high energy density storage media that can be competitive on a cost-
performance basis with fossil fuel-powered systems. In this regard, non-aqueous lithium-oxygen
batteries (LOB) have promise as a solution owing to the extremely high theoretical energy
density on par with conventional fossil fuels.*? %1% Unlike traditional metal-ion batteries, metal-
air batteries rely on the ability to store ions on the surface of a material through a reaction with
ambient air and the performance of these materials is directly related to the reactivity of a
material’s surface for oxygen evolution (OER) and reduction (ORR) reactions.®* The high
surface area and improved reactivity of nanostructured materials gives rise to substantially
improved performance in metal-air architectures comprised of pristine nanomaterials.%
Traditional manufacturing techniques are unable to produce such structures for metal-air
batteries due to the complex 3-D surfaces required for acceptable volumetric and gravimetric
capacities. Conventional coating technologies rely on 2-D methods to maintain low-cost and
high-throughput and the additives required by these techniques have been shown to passivate a
material’s surface and severely inhibit, or in some cases completely prevent, the ability to

nucleate oxide compounds. Thus, processing of pristine solutions of nanomaterials on 3-D
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architectures is essential to obtaining the level of performance predicted for air battery
electrodes.

Macroscale assemblies of catalyst nanomaterials are essential for the commercial
realization of next generation energy storage and conversion systems.%-% This is especially true
for Li-O batteries in which the mechanism of charge storage relies on a complex reaction
between lithium and oxygen that yields the largest theoretical energy density of any energy
storage system to date. This high theoretical capacity is based on the cathode-side reaction which
generates lithium peroxide on the electrode surface as the battery discharges: 2Li*" + O2 = Li20p,
E° =2.96 V vs Li/Li*. Although the chemical mechanism of the Li-O seems straightforward, the
practical operation of these devices has been impeded by seemingly endless technical challenges
such as low round-trip efficiency, poor cyclability, and limited stability of the battery
components.®*192 These challenges primarily arise from the energetics of growth and
decomposition of the insulating and insoluble discharge product during operation which yields a
variety of parasitic side reaction products and degrades the battery components. Two routes to
overcome many of these challenges have emerged recently, including the use of either redox
mediators or catalysts that can direct the efficient formation of discharge products. Recent rapid
progress has demonstrated the use of a Lil redox mediator to instigate the formation of LIOH
rather than Li>O>, even though charge and energy efficiencies of these devices still lag behind
those of conventional Li-ion batteries (>99.5%).1931% In this manner, catalysts can play a key
role either independently used in Li-O batteries or also combined with redox mediators to lower
the overpotential at the site of discharge product formation.®* 106 107

To this end, a number of catalyst architectures have shown great promise for improving

the efficiency of LOBs including precious metal catalysts,*® doped nanocarbon architectures,%®
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and metal oxide nanostructures.!® Among these, metal oxide-based architectures have received
a great deal of attention due to the low material cost and bi-functional capability in promoting
both the oxygen evolution (OER) and oxygen reduction (ORR) reactions present in the Li-O
battery chemistry.!113 Within this regime, catalysts minimize the overpotential associated with
both the OER and ORR by tuning parameters such as electronic conductivity, binding strength of
the adsorbate on the particle surface, and the nature of the discharge product morphology.1%: 114-
116 Whereas traditional routes to achieve this enhanced performance have focused on
optimization of the particle-scale chemical and electronic properties of the individual catalyst
particles, efforts to understand how morphological effects and assembly on the scale of a
macroscopic electrode can influence performance have not been carried out. Despite the
recognized importance of assembly for catalytic systems in platforms ranging from fuel cells to
gas sensors,'1"119 the effect of catalyst morphology in a Li-O battery and its impact on the
performance of the catalyst layer currently remains largely unexplored.

A key challenge to study morphology effects on catalytic systems is the use of
techniques that can enable simultaneous control over particle orientation, packing density, film
thickness, and substrate adhesion, among other parameters. Unlike conventional processes such
as dip-coating, self-assembly, or spin coating, electrophoretic deposition (EPD) has the potential
to achieve this control by precise selection of the deposition parameters (e.g. applied voltage,
duration, electrode geometry, etc.) that can be finely tuned.'?% 12! The assembly mechanism
inherit to EPD maximizes interfacial contact between the substrate and depositing materials
while also promoting high packing efficiencies within the assembled film itself yielding particle

coatings that exhibit exceptional mechanical properties and resist delamination or aggregation.
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Such interfacial limitations have been correlated to degradation in fuel cell applications!? and
hence we anticipate such effects to play a role in Li-O batteries.

In this study, we compare two methods of producing coatings of catalytic Mn,O3
nanoparticles on mesh substrates with different morphologies. For coatings prepared with EPD,
which exhibit smooth, compact, and conformal morphologies, we demonstrate significant
improvements to the operational parameters of Li-O batteries, including the overpotential and
durability. Using in-situ electrochemical studies combined with ex-situ electrode imaging we
demonstrate a synergistic effect between the single-particle catalytic properties and the
morphological properties of the assembled catalyst layer to achieve the best performance in

lithium-oxygen batteries.

7.2 Materials and Methods

Multi-walled carbon nanotube (MWCNT) coatings were fabricated on stainless steel
mesh electrodes using a solution of MWCNT (cheaptubes.com, 8-15 nm diameter) in 1-methyl-
2-pyrrolidone (NMP) (99.8%, Anhydrous). 20 mg of MWCNT material was added to 40 ml of
NMP solution and sonicated for 30 minutes using a 3 second ‘on’ and 3 second ‘off” pulse to
minimize heating. A pristine stainless steel mesh electrode was then placed 0.5 cm from a
stainless steel counter electrode on both the front and backside. A bias of 200 V was applied to
the system using a Labview-operated Keithley 2400 Sourcemeter for 5 minutes and the mesh
electrode as the anode before carefully removing the mesh from the solution and drying in a
vacuum oven overnight. Only mesh materials with a MWCNT loading of 0.04 mg/cm? were

selected for further use.
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Coatings of catalyst particles (Mn2Oz) were fabricating using a solution of Mn2Os
(skyspring nanomaterials, 40-60 nm) in ethanol (200 proof, Decon Laboratories). 20 mg of
Mn2O3 was added to 40 ml of ethanol and the pH of the solution was tuned through dropwise
addition of a 1 M NaOH solution until the suspension achieved a pH of 8. For EPD coatings, the
MWCNT coated stainless steel mesh was placed back into the EPD system described in the
previous section and a voltage of 100 V was applied for 1 minute before carefully removing the
electrode from solution and leaving it to hang dry overnight. Only mesh cathodes with a Mn203
loading of 0.06 mg/cm? were selected for further testing. To form DC coatings, the MWCNT
coated stainless steel mesh was briefly dipped in solution, removed, and left to dry before
repeating the process to achieve s coverage density of 0.06 mg/cm?.

Components for the Li-O battery were assembled into a custom built battery testing
system using an argon-sealed glovebox with O2 levels < 0.5 ppm (MBraun). The coated mesh
cathode was placed opposite a lithium metal anode and a Celgard battery separator soaked in 0.1
M LiCIOg4 tetraglyme (Sigma Aldrich) electrolyte was placed between them. The chamber was
sealed and removed from the glovebox before evacuating the argon and refilling the chamber
with a mixture of 20% O / 80% Argon. Charge discharge, cyclic voltammetry and EIS
measurements were performed using a Metrohm Autolab multichannel testing system over a
frequency range of 1 MHz to 0.1Hz.

To obtain profileometry measurements, MWCNT coatings were applied to 2-D stainless
steel surfaces using identical deposition parameters as those used to fabricate mesh structures.
Mn.O3 films were then assembled on these 2-D stainless steel surfaces with the same procedure
used to coat the stainless steel mesh. Profileometry was performed on the assembled composite

films using a Veeco Dektak 150. Raman analysis was performed using a Renishaw inVia Raman
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microscope with a 532nm excitation. Zetasizer measurements were carried out using a Malvern

Zetasizer Nano ZS instrument.

7.3 Solution Processing of Catalyst Materials

The integration of solution phase catalyst synthesis into scalable fabrication processes
relies on the ability to control the final morphology of the assembled film. Whereas
conventional coating methods such as dip-coating and doctor-blading are straight-forward, such
methodologies that depend on the quality of the catalyst dispersion in the solution and the
disruptive capillary forces present during drying present bottlenecks to achieve control necessary
for many applications. Alternatively, electric-field assisted assembly, or electrophoretic
deposition (EPD), can be used to control the morphology of coatings without sacrificing the ease
and scalability of the coating technique. In this spirit, we focus this study on a comparison of
films of catalyst nanoparticles (Mn.Oz3) produced using these two different coating techniques,

and coated onto a multi-walled carbon nanotube (MWCNT) coated mesh electrode (Figure 7.1).
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Figure 7.1. Mass deposition as a function of applied voltage for a 0.5 mg/ml solution of
MWCNT in NMP demonstrating the linear relationship expected from the EPD process. The
inset depicts an optical imaging of the stainless steel mesh electrode before and after deposition
of the MWCNT coating emphasizing no change to the geometric area of the electrode as a result
of deposition.
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The general process for catalyst assembly in both cases is presented in Figure 7.2a and
7.2b for the dip-coat (DC) and EPD process, respectively. Commercially available Mn203
nanoparticles (NP) dispersed in ethanol (0.5 mg/ml) provide the depositing suspension for both
processes. During DC assembly, the substrate is dipped in the Mn;Os3 solution and carefully
removed to produce the catalyst layer, which forms a disordered aggregate of particles during
drying. Scanning electron microscopy (SEM) analysis of the DC sample in Figure 7.2c
highlights this non-uniformity through the presence of uncoated regions and large aggregates that
are formed as result of the assembly process.

In contrast to this, EPD produces particulate films through a guided self-assembly
process in which particles are directed to the deposition substrate under the application of an
applied electric field. Upon arrival at the substrate surface, electrohydrodynamic flows generated
by ionic currents provide lateral migration of the particles that can result in controlled
monolayer-by-monolayer assembly that results in exceptionally uniform films with high packing
density.1?3 124 Using this method, we are able to produce a film of tightly-packed nanoparticles
which possess superior interparticle adhesion that overcome the effects of drying and preserve
the uniform and conformal nature of the catalyst film that exists in solution'?® leaving a smooth,
compact catalyst film. (Figure 7.2d) To further quantify the differences in the initial macroscopic
morphology of the electrodes assembled using these different methods, profilometry was carried
out on both substrates. (Figure 7.2e and 7.2f) A root mean square roughness of ~7.7 um was
measured for DC samples versus ~1.1 um for EPD films. The use of EPD and DC assembly in
forming the catalyst layer enables a comparison between smooth/compact and rough/disordered
catalyst films and the effect these separate morphologies have on the continuous operation of a

Li-O battery.
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Figure 7.2. Schematic representation of (a) DC and (b) EPD assembly processes. During DC
assembly, film formation via evaporation results in the presence of nanoparticle aggregates and
large regions of exposed substrate in contrast to EPD which assembles particles through a guided
self-assembly process using applied electric fields. (c-d) SEM imaging for both (c) DC and (d)
EPD films with higher magnification insets showing the high packing density of the
nanoparticles at the film interface. (e-f) Profilometry performed on (e) DC and (f) EPD films
emphasizing the drastic difference in surface roughness as a result of the different assembly
processes. An inset is included to illustrate the experimental configuration of profilometry
measurements.
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Smooth, well-interconnected Mn2O3 NP films from EPD were achieved by engineering
the surface charge via the pH of the dispersing medium?2® which controls the zeta potential or the
particle mobility under an applied electric field. Measurements of the Mn,O3z NP surface charge
were performed over a range of acidity values (Figure 7.3a) and a suspension with a basic pH of
8.5 and a corresponding zeta potential value of -15.2 mV was selected as the depositing solution
due to the high stability and electrophoretic mobility. High mobility enables the formation of
films with exceptional packing efficiency and interparticle connectivity under applied electric

fields.?” Measurements of the total deposited Mn,Os catalyst NP mass obtained using EPD was
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observed to increase in a nearly linear manner as a function of time (Figure 7.3b), which is in
good agreement to a fit applied based on the widely-accepted Hamaker approximation (see
supporting information). Therefore, the use of EPD provides the capability to rapidly assemble
uniform films of catalyst NPs with highly controllable mass loading characteristics. Using this
technique, catalytic Mn2O3 NPs were coated onto a 3D mesh electrode and a comparison of the

coating quality with evaporative techniques with comparable mass loading is depicted in Figure
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Figure 7.3. (a) Zeta potential measurements for a 0.5 mg/ml solution of Mn2Os nanoparticles in
ethanol. Magnitude of the zeta potential increase significantly for high pH values providing the
necessary mobility and dispersion stability for the EPD process. (b) Mass deposited as a function
of time during EPD assembly with schematic insets emphasizing the evolution of the coated
layer. Dotted-line fit is based on modeling the system using the Hamaker approximation. (c-d)
SEM characterization of the film coating on the mesh electrodes for (c) DC and (d) EPD
assembly processes demonstrate the homogenous nature of EPD films over entire cylindrical
regions of the mesh electrode.
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7.4 Effects of Assembly on Li-air battery operation

We further employ these catalyst layers toward the reduction and evolution of oxygen
species for lithium-oxygen batteries (LOBSs), or also commonly denoted lithium-air batteries.
During operation of a LOB, the growth and decomposition of an insulating discharge product
occurs at the interface between the electrolyte and both the electrode surface and the catalyst
layer, modifying interfacial electronic and physical properties between the catalyst particles and
the current collector. To study this effect in the context of catalyst coatings, equivalent masses
of MWCNTSs were first coated onto a stainless steel (SS) mesh substrate using EPD*?8 to produce
a lightweight current collector before a subsequent coating of catalytic Mn2Os nanoparticles was
applied using either the DC or EPD technique.

To assess the performance of these catalyst-coated MWCNT mesh electrodes,
galvanostatic charge-discharge measurements were performed to a constant capacity of 1,000
MANh/Jcarbon at a rate of 100 mA/gcarvon, With the results of the first complete cycle shown in
Figure 7.4a. Comparing the difference between ORR and OER curves in Figure 7.4a, smooth
films exhibit a 1.37 V difference between the OER and ORR potentials while rough films exhibit
a much larger separation of 1.59 V. This elucidates the overpotential improvement associated
with an interconnected and smooth catalyst film as opposed to a film with a rough and disordered
morphology. To further study the role of the morphology of the catalyst layer on the LOB
performance, OER and ORR voltage profiles were compared over 5 consecutive cycles, and the
end-of-cyclevoltage was compared to extract the voltage decay rate. (Figure 7.4b) A decay rate
of 9.8 mV/cycle and 5.78 mV/cycle was observed during oxygen evolution for rough and smooth
films, respectively, while a decay rate of 4.3 mV/cycle and 2.8 mV/cycle was observed during

reduction.
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Figure 7.4. (a) Initial galvanostatic discharge and charge curves for smooth and rough catalyst
films. (b) End-of-cycle voltage measurements from galvanostatic cycling over the course of 5
cycles. (c-f) SEM images of both smooth (c-d) and rough (e-f) catalyst layers both in the
discharged state and charged state. Additional images for these films under further cycling are
available in the supporting information.

To better understand the differences between the LOB performance of the DC and EPD
catalyst coated electrodes, SEM was performed over the course of the initial discharge-charge
cycles for both electrodes. (Figure 7.4c-f) After the initial discharge, SEM images reveal that
rough films possess patchwork growth of discharge product on Mn2O3 aggregates (Figure 7.4e)
while uniform films possess a conformal coverage distributed homogenously across the surface

of the catalyst layer. (Figure 7.4c) Upon charging of the device, the smooth, compact Mn;O3
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catalyst layer formed by EPD promotes uniform decomposition kinetics that restores the original
morphology of the assembled electrode, whereas the patchy, heterogeneous interface from the
DC coating results in preferential decomposition at more conductive regions of the electrode
promoting disruptions to the interfacial region of the catalyst layer. This observation is further
amplified after five consecutive cycles where the smooth compact EPD film maintains integrity,
whereas the rough and disordered DC-assembled film exhibits an unstable interface that
promotes the deactivation of large portions of catalyst material through detachment or electronic
isolation via growth of a thick and insulating interface (Figure 7.5a and 7.5b). These results
imply that catalyst layers with smooth morphology exhibit more uniform volumetric mechanical
stresses during ORR product formation and removal, whereas coatings with greater roughness
and more disorder lead to non-uniform stresses that more rapidly deactivate the function of the
catalytic layer.
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Figure 7.5. Oxyge electrodes after 5 cycles, (a) SEM of an EPD-assembled oxygen electrode
demonstrating failure through the formation of cracks between large interconnected regions of
the catalyst film and (b) SEM of a DC-assembled electrode showing failure through aggregation
and detachment.

7.5 Mechanistic Understanding of The Enhancement to Li-air battery performance

To monitor the individual evolution of select electrode components during operation,

electrochemical impedance spectroscopy (EIS) was performed at the end of each discharge
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during cyclic voltammetry testing over the course of 5 cycles. By probing the impedance of the
electrode in the discharge state, we are able to accurately assess the impact of as-formed
discharge products on the electronic processes within the active layer. In-situ EIS presents a
powerful tool for measuring the evolution of metal oxide-based electrodes during LOB operation
due to its non-invasive nature and its sensitivity in isolating contributions from individual cell
components. EIS spectra for both rough and smooth catalyst films in lithium-oxygen batteries at
OCYV conditions are shown in Figure 7.6a, with an inset diagram showing the equivalent circuit
representation used to analyze this data. The high frequency intercept of this plot with the real
axis, indicated by circuit element Resr, represents the equivalent series resistance (ESR) which
includes the ionic resistance from the electrolyte and the electrical resistance of the catalyst film
and current collector.'?® 13 The small semicircle at high frequencies, indicated by circuit
elements Qint and Rint, represent the contribution to impedance from the active interface. The
active interface in this case refers to the region of the electrode that consists of the portion of
catalyst particles in direct contact with the electrolyte encompassing both the electrolyte
resistance within the electrode and the resistance of the oxide particles comprising this
interface. 3! 132 Lastly, the large semicircle at medium frequencies is represented by elements Rt
and Qct and includes within them the charge-transfer resistance stemming from kinetic inhibition
to lithium ion transfer coupled with the double layer capacitance of the 3D electrode.®*3 ** These
separate elements and their contribution to the overall cell impedance are represented

schematically in Figure 7.6b.
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Figure 7.6. (a) EIS characterization of smooth and rough catalyst films in a LOB system at the
open circuit voltage. Schematic illustration inset of the equivalent circuit used to describe cell
components and fit EIS data (details on fits in the supporting information) (b) schematic
illustration of the meaning of modeled circuit elements in the lithium-oxygen battery electrode,
highlighting Resr, Rint and Ret.

ESR values of 68.4 Q/cm? for smooth electrodes and 100 Q/cm? for rough electrodes
indicate a nearly 1.5X improvement in EPD films that is attributed to the compact and
interconnected nature of the Mn2O3z NPs in the EPD coated layer. Further, EIS data reveals a
reduction in the interfacial resistance (Rint) of compact coatings with a value of 7.6 Q/cm? for
smooth films compared with 14.4 Q/cm? in rough films that is related to better interconnectivity
of the particles across the electrolyte-electrode interface in the EPD prepared film. Finally, a
comparable charge-transfer resistance (Rt) is observed for both smooth and rough electrodes
with a resistance of ~680 Q/cm? in smooth films compared with ~600 Q/cm? in rough
assemblies. The slightly increased resistance to charge transfer with the electrolyte solution in
smooth films is attributed to a more complete and compact coating of the carbon surface by the
conformal metal oxide layer. By monitoring the evolution of these individual cell components,
substantial insight is provided regarding the underlying mechanisms of catalyst film degradation

during battery operation.
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A summary of the evolution of component resistance values (Rint, Rect, REsr) over 5
consecutive charge-discharge cycles is presented in Figure 7.7. Most notably, the interfacial
resistance in the LOB cathode exhibits the greatest susceptibility to the initial catalyst layer
morphology with a 91.9% increase in interfacial resistance observed for rough films compared
with a 15.9% decrease in smooth films. (Figure 7.7a) As this resistance is associated directly
with the electrode-electrolyte interface, this implies that irreversible changes during volumetric
expansion and contraction during ORR and OER processes leads to modifications to the catalyst-
electrode interface that produces a large resistive barrier to charge transfer across this interface
for the rough (DC) coating. However, the opposite is true for the EPD coatings, where this
interface resistance slightly decreases. This observation is in excellent agreement with SEM
images, including cross-sectional SEM images, that clearly highlight morphology-driven
deactivation in rough catalyst coatings that would be correlated to such a large increase in Rint,
and minimal structural modification to the smooth EPD coated catalyst layers. This
morphology-directed modification to the internal resistance can be understood mechanistically
based on results discussed thus far. Discharge into smooth catalyst films produces coverage of
reaction product distributed uniformly across the entirety of the metal oxide surface and remains
confined solely within the metal oxide layer. The incorporation of discharge product directly
within the catalyst layer enables a portion of the catalyst particles at the electrolyte interface to
become interconnected with conducting Li>O> surfaces™® resulting in a drop in film resistance.
Upon charging, this configuration facilitates direct decomposition through catalytic pathways via
metal oxide nanoparticles and produces little-to-no disruption of the catalyst-substrate interface
after charging. However, in contrast to this, aggregates of catalyst particles in the non-uniform

and rough coating results in an amorphous, heterogeneous interface with the electrolyte solution.
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This architecture involves a number of different sites for the formation of reaction product
including (1) exposed sites with no catalyst, where products form directly on the exposed
collector material, (2) exposed catalyst sites with good electrical and mechanical connectivity
with the collector interface, and (3) catalyst sites poorly mechanically and electrically connected
to the collector. This architecture therefore leads to two distinct modes of degradation — parasitic
side reaction products via decomposition of the carbon material, and morphological evolution
and deactivation of the catalyst due to irregular volumetric changes that occur during the
preferential formation of products at the most electrically accessible sites, typically at the

interface with the collector. A schematic highlighting these degradation routes is presented in

Figure 7.7d.
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Figure 7.7. In-situ EIS analysis during charging and discharging of lithium-oxygen batteries. (a)
interfacial (Rint) (b) ESR (Resr) and (c) charge-transfer (Rct) impedance contributions as a
function of cycling for films with rough/disordered and smooth/compact morphologies.
Highlighted in the panels are the total change in impedance over 5 consecutive cycles. (d) A
schematic illustration of the mechanism that enables improved performance in smooth, compact
catalyst films based on results of imaging and in-situ EIS analysis.
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Additional benefits of a smooth catalyst film are elucidated by the evolution of the
remaining circuit elements describing the battery electrode. Over the course of operation, the
ESR of rough films increases by 6.3% compared with a decrease of 8.8% for smooth films. The
degradation in conductivity of the underlying metal-oxide layer for rough films is attributed to
the loose packing of catalyst particles which enables the nucleated discharge product to grow at
the interface between the catalyst layer and the current collector, disrupting electronic contact to
the active catalyst particles. This effect is characterized by SEM imaging in which images depict
a thick insulating film at the interface between the current collector and a loosely-packed,
dislodged Mn0O3 aggregate. The presence of this additional insulating layer below the catalyst
film serves to increase the effective thickness of the insulating layer between the current
collector and the redox-active surface, hampering electronic conduction. Finally, an analysis of
the charge-transfer resistance during cycling of the battery reveals a steadily decreasing
resistance for both smooth and rough catalyst films. This effect is similar to that discussed in
previous studies and implies a decreasing kinetic resistance over time due to the rearrangement
of the electrode morphology that promotes ion conduction directly to the surface.**® The sum of
these individual resistance values comprise the overall cell impedance and provide a fundamental
insight into the nature of the overpotential and the relationship this value has with the

morphology of a catalyst layer.

7.6 Conclusion
Overall, this study demonstrates the importance of a uniform, homogenous, and compact
morphology on the mechanistic performance of a lithium-oxygen battery. To accomplish a

compact film with a smooth morphology, we developed a technique to coat three-dimensional
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mesh substrates with catalytic MnO3z nanoparticles using electric-field assisted (or
electrophoretic) deposition processes, which were compared to catalytic films produced by
evaporative methods that are commonly employed. We demonstrate a reduction in the
overpotential by over 50 mV for ORR and 130 mV for OER using smooth catalyst films
combined with a cycle-over-cycle degradation of the overpotential that is nearly 2X lower. In-
situ EIS measurements combined with imaging after subsequent charging and discharging of the
battery reveal these differences to be directly correlated with the morphology-directed growth of
insulating discharge product and the impact this has on morphology evolution of the catalyst
film. Specifically, EIS and imaging results indicate increased overpotential and cycle-over-cycle
overpotential increase that is due to irregular growth of discharge product that both deactivates
catalytic material and leads to the formation of irreversible and insulating side products.
Compact and smooth-morphology films overcome this due to a uniform volumetric
accommodation of stresses generated during discharge product formation that maintains the
integrity of the compact and mechanically/electrically connected nature of the catalyst film. This
work implies the generation of highly uniform coatings of nanostructures on 3-D materials
presents as large of a challenge for lithium-oxygen batteries as the quest to identify and exploit
catalyst materials for these systems. Further, whereas this work has direct implications for
lithium-oxygen batteries, such ideas can be straightforwardly transferred to other systems where

catalyst coatings are relevant to device operation, including fuel cells and photocatalytic systems.
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CHAPTER 8

Nanomanufacturing Li-S Batteries

8.1 Introduction

While the previous two chapters have emphasized the essential role of a carbon current
collector for the realization of next-generation Li-O batteries, the realization of Li-O batteries in
commercial applications is assumed to be decades away due to the poor energy efficiency and
reversibility attainable with today’s electrocatalysts. However, Li-S batteries, which boast
similar energy densities to that of Li-O batteries are currently being commercialized and as
recently as 2013 have been introduced for applications such as flying drones or portable electric
vehicles. On this front, the optimization of the carbon current is similarly essential for this
technology as the insulating Li>S discharge product presents similar challenges to that of
insulating Li2O- or electrocatalysts.

Lithium-sulfur (Li-S) batteries are poised to replace current generation Li-ion batteries
due to a myriad of attractive features including high energy density (2600 Wh kgt), low-cost,
natural abundance and environmental safety.'3"-140 However, many challenges still exist
regarding the efficient utilization of elemental sulfur as a cathode material due to the poor
electronic conductivity and the dissolution of intermediate reaction products that severely
impede the reversible capacity and lifetime of Li-S batteries.’*! To overcome these challenges,
research has focused largely on the pairing of sulfur with carbon-based composites to enhance
the electrical conductivity of the electrode while minimizing polysulfide dissolution and

maintaining mechanical integrity during the large volumetric expansions and contractions that
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accompany cycling.14214 On this front, substantial progress has been made in implementing
porous carbon or functionalized carbon electrodes to mitigate capacity loss and obtain
exceptional energy densities.

However, approaches demonstrating high performance have commonly made use of a
single melt-infiltration technique to form sulfur-carbon composite materials, commonly requiring
a large mass of material in powder form, additional binders, additives, or extra materials outside
of the native electrode materials and sulfur as well as additional processing steps following
infiltration in order to produce a suitable film for electrode fabrication.*® Commonly, specific
cathodic performance is characterized independently from the mass introduced due to extra
cathodic components (e.g. binders, membranes, etc.), even though unlike carbon-based lithium-
ion battery anodes, all added materials outside of sulfur in a Li-S battery cathode are equally
passive to the conversion chemistry of the sulfur active material.1*61*8 Therefore, for lithium-
sulfur battery performance to practically exceed conventional lithium-ion batteries, industry-
scalable techniques to achieve high sulfur loading (> 70%) relative to all additives and
components of the cathode template must be achieved#®*>! while simultaneously preserving the
native specific capacity of the (insulating) sulfur active material. Until now, the few reports of
high specific sulfur loading that matches these criteria indicate downfalls in storage capacity and
cycling performance. %2 153

On this front, research efforts focused on carbon-based cathodes have been centered on
improved performance based on either pore confinement®>+1>” and/or surface
functionalization'®®1%° where sulfur infiltration yields low loadings < 50 wt% or multiple long-
duration steps until a usable battery material can be realized.!%! Whereas alternative approaches

to melt infiltration have been proposed,62-164 the incorporation of sulfur into porous structures is
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best achieved through melt-infiltration leaving this as a benchmark technique in the research
community.}*? High performance in lithium-sulfur cathodes involves a quartet between high
loading of sulfur relative to the entire composite (> 70 wt.%), high capacity (> 1000
mANh/gsuirur), excellent cycling performance (near 80% retention after 100 cycles), and high
Coulombic efficiency (> 98%). Despite intense widespread research on lithium-sulfur batteries,
only a few reports have emerged that indicate such combined levels of performance. A recent
examination of 274 Li-S papers revealed that most sulfur cathodes utilize material fractions of
30-70% which prohibit competitive performance with commercialized Li-ion cells. Additionally,
less than half of these papers reported any information at all regarding the sulfur loading,
prohibiting a direct comparison with other electrode architectures.'4°

In this report we demonstrate a simple isothermal technique where the high surface free
energy of nanoscale pores or surfaces drives the spontaneous nucleation of sulfur liquids until
thermodynamic equilibrium between source and cathode is reached. Unlike melt infiltration
where such small pores are thermodynamically inaccessible, our approach achieves more
complete and uniform coating in addition to highly repeatable sulfur loadings exceeding 80
wt.%. The total amount of sulfur infiltrated into the material is directly determined by the
structure of the composite leading to a process that introduces an optimized mass of sulfur in
idealized geometric locations. In turn, this leads to devices based on carbon black containing
electrodes that outperform the combined cycling, capacity, sulfur loading, and charge efficiency
of other reports. The thermodynamic origin of this process presents a unique coating mechanism
whereby the most active regions of the electrode are coated first and this process is confirmed

experimentally by establishing the thermal activation barrier for coating. We also demonstrate
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the capability to scale-up this process to a benchtop roll-to-roll coating platform by leveraging

the rapid nature of this approach compared to other conventional routes.

8.2 Materials and Methods
To fabricate carbon films, 50/50 mixtures of single-walled carbon nanotubes

(Nanolntegris) and carbon black particles (Super C45, MTI) (SWCNT/CB) were bath sonicated

in N-Methyl-2-pyrrolidone (Aldrich, 99.8% anyhdrous)) for 1 hour at a concentration of
2mg/mL. The solution was then cast onto stainless steel mesh discs and dried for 12 hours under
vacuum. To achieve sulfur deposition, the carbon-loaded mesh discs were placed on a slightly
raised surface inside a small sealed stainless steel vessel with a reservoir of 10 mg of sulfur
powder (Sigma Aldrich, 99.98%).) beneath the electrode. The entire vessel was heated to 155°C
for 45 minutes and the electrodes obtained an average sulfur loading of 74 wt %. The electrode
was directly employed as cathode in a CR 2032 stainless steel coin cell (MTI) with a lithium foil
anode, 2500 Celgard separator wetted with 1M LiTFSi (Aldrich, 99.95 %), 0.25M LiNOs
(Aldrich, 99.99 %) in a 1:1 mixture of DME (Aldrich, anhydrous 99.5 %) and DOL (Aldrich,
anhydrous 99.8 %). The coin cell and electrolyte were prepared in an argon glove box with <0.5
ppm Oo.

In order to directly compare vapor-infiltrated lithium sulfur battery cathode with the
typical melt infiltration method, a 50/50 SWCNT/CB powder was combined with powder sulfur
in a 1:9 ratio by mass. Melt infiltration was performed by heating the carbon/sulfur composite to
155°C for 12 hours. The resulting melt infiltration loading was 86 wt% sulfur. This composite
was then mixed with CB and PVDF in 85:7:7 by weight and a few drops of NMP and bath

sonicated for 1 hour. This solution was then cast onto stainless steel mesh electrodes for a
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resulting sulfur loading of 74 wt% which is equivalent to the loading obtained through vapor-
phase condensation. The cathode was fabricated into coin cells in the same manner as the
previous samples. Electrical testing was carried out using an MTI 8 channel battery analyzer and
Electrochemical Impedance Spectroscopy was performed using a NOVA Autolab system.
Scanning Electron Microscopy (SEM) (Zeiss, Merlin) and Scanning Electron Microscopy

Energy Dispersive X- ray Spectroscopy (STEM EDS) (Osiris) were preformed.

8.3 Optimizing Sulfur Coating Processes for Carbon Current Collectors
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Figure 8.1. A Schematic representation of the vapor- condensation infiltration process used to
load pre-formed carbon anchoring materials with elemental sulfur. By maintaining a uniform
temperature of the entire system to produce a sufficient vapor pressure of sulfur, capillary
condensation in the porous regions of the electrode and on curved surfaces within the electrode
facilitate liquid sulfur nucleation from the vapor phase. The driving force to coating the entire
electrode relies on a minimization of the electrochemical potential of the liquid nuclei until the
electrochemical potentials of both the bath and the coating are equivalent.
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The general thermodynamic concept of rapid isothermal vapor infiltration of sulfur into
carbon scaffolds is presented in Figure 8.1. In this process, liquid sulfur maintained in a sealed
chamber at low temperature reaches thermodynamic equilibrium through the generation of a
fixed vapor pressure of sulfur in the chamber. A carbon-based template supporting the sulfur
cathode, which is composed in our case of pre-formed combined single-walled carbon nanotubes
and carbon black material, is placed at a height of ~ 1 mm above a reservoir of molten sulfur at
the base of the sealed container. Based on conventional thermodynamics involving bulk
materials, one would expect a fully isothermal system to exhibit balanced mass transport of
sulfur vapor to and from the carbon composite and therefore negligible sulfur coating. However,
condensation onto the composite can be achieved by introducing a thermal gradient, such as in
the sulfur frost (low-pressure vapor deposition) method,'®® but the limitation in such a process is
that as sulfur vapor loses energy approaching the cooled carbon cathode it begins to agglomerate,
causing thick surface coatings of sulfur as opposed to conformally coated carbon cathodes. Using
this technique, we observe poor penetration of the sulfur into the interior of the cathode (Figure
8.2) which explains previously observed poor cyclability,!® as sulfur does not possess high

surface area in contact with conductive carbon or protection from polysulfide shuttling.
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Figure 8.2. TEM images of cooled-substrate vapor infiltrated into CNTs revealing non-uniform
deposition and exterior excess.

In our experiments we observe high sulfur loading in an isothermal system where no
thermal gradient is introduced. Whereas this appears contradictory to convention, this is enabled
by capillary condensation of the sulfur vapor, driven by the high surface free energy of the
nanoscale pores and curved surfaces in the carbon. At the point of nucleation, the high radius of
curvature at these sites leads to the preferential, spontaneous nucleation of sulfur liquid on the
cathode material in the smallest pore features due to the free-energy driven difference in
chemical potential (1) between the sulfur nuclei and the sulfur vapor (Figure 8.1). After
nucleation occurs, Heoating remains greater than than psu leading to a process where further mass
accumulation occurs until reaching an equilibrium state where coating = Mbulk, and the process is
complete. This method of sulfur infiltration provides a self-limiting process whereby the amount
of sulfur loaded into the material is determined by the material system and a repeatable,
optimized loading of sulfur in the carbon matrix is consistently achieved. The final equilibrium
state involves a carbon material where all surfaces are conformally coated with a layer of sulfur
such that the surface free energy of the coated cathode and the surface free energy of the bulk

liquid are similar.
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To investigate the origin of this process, we carried out kinetic studies where the
SWCNT-CB cathode material was exposed to different durations of isothermal treatment at three
different temperatures (135 °C, 155°C, and 175 °C) and the total specific sulfur loading was
measured (Figure 8.3a). In all cases the loading curves represent a decaying exponential
function indicating temperature-activated Kkinetics in accordance with the thermodynamic picture
emphasized in Figure 8.1. By fitting these kinetic profiles to a self-limiting, decaying
exponential function, we extracted values for the sulfur growth rate (v), the characteristic time
for equilibrium sulfur coating (z), and the activation energy (Ea) for the continuous isothermal
growth of sulfur onto the cathode template. In all cases, after less than 60 minutes of total
isothermal processing, sulfur loading > 70 wt.% relative to all components of the carbon cathode
is achieved. At the highest temperature of 175°C, we consistently observed both the fastest (~ 10
minutes), and the highest loading (~ 82 wt.% sulfur). By slightly decreasing the isothermal
temperature to the same temperature used for melt infiltration (155 °C due to the low viscosity of
liquid sulfur at this temperature),*®” an equilibrium loading of ~ 75% was achieved after 40
minutes. Similarly, areal loadings closely matching commercial Li-ion and state-of-the-art Li-S
batteries were achieved using a coating of 1 mg/cm? of carbon materials. After exposure to the
isothermal infiltration process at 175 °C, a loading of 75 wt.% was achieved corresponding to an
areal density of 3 mg/cm?and uniform penetration throughout the entirety of the sample was

observed through cross-sectional and top-down SEM imaging (Fig. S3).

114



T T T T T T T T T T
100 | B
A *ﬁ surface/feature deactivation B * %, ::I?i;gtviﬁhe @ zn
90 - . 1 30F =20 \ 5T
& sof PR ~ < 15 * g
s ’ O s A N E 10 £
E 70 F f L St E ~ o 10 2
= 6of . DA : 251 L% 5 =1
h .
Q [ P e 155°C] 130 140 150 160 170 180
=2 00 e o = TN T(C)
Q s 1 s, o FCH — ., S~
S s curvature « 35c] £ 208 . I
Q [ . nucleation ] ® *
D 1 7 ~
20 1, ] ~
g Yy 15 ~ .
| ? . 4 Sk i
g r capillary E,=0.67eV ‘L
oF e nucleation _ N
10 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 0.0022 0.0023 0.0024 0.0025
C Time (minutes) UT (K"
A e —
N T A melt
.H| gh' T // \\ ’vapor AH,,p pare AHgore
Viscosity AH e N,
Liquid poreti 5
/, \\ exothermic = endothermic
— A melt-infiltration  _-v="""" }" Sy
y— 4 ?’ AN (impossible) AN Saee
2 ) T v Melt-infiltration ~
> // isothermal % - . (practical) ~
o / vapor -7 \ p .
5 ;g *—” - Y \\
< E——— - - — — 5\----3-----------;\---------------:?x
LI.I Y \\ ‘\
E \ \
\ \‘
: ; : /5 1r00r\
2]
>
7 w—
v v
Time

Figure 8.3. (a) Sulfur loading with respect to time for three different temperatures using the
vapor-condensation process with inset schematics depicting condensation nucleation and
saturation points. (b) Arrhenius plot for the growth rate of the sulfur film vs. 1/T. A linear fit to
the data is shown by a dotted line with an inset depicting the specific values for growth rate and
lifetime obtained at each temperature. (c) Energy diagram depicting the evolution of the system

energy during the coating process.

Compared to melt infiltration processes, where durations > 10 hours are commonly

required to achieve moderate sulfur loading in nanoscale carbon materials, our isothermal vapor

process significantly decreases the time (up to 12X) associated with sulfur loading and yields

higher (conformal) loading than that reported for effective melt-infiltrated lithium-sulfur battery

cathodes. Compared with the cost of NMP-based electrode fabrication processes, the

requirement of an additional melt-infiltration step yields over a 4X increase in the fabrication

cost unlike vapor-infiltration in which the additional cost incurred is nearly a third of traditional

fabrication costs. Additionally, vapor infiltration leads to over 20X improved carbon footprint
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compared to melt infiltration — yielding industry-level feasibility while enabling improved

device-scale loading (Figure 8.4).
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Figure 8.4. Power requirement for vapor phase infiltration at various temperatures to obtain 70
wt% S loading compared to melt infiltration for 5 hours. The inset table describes the cost
associated with melt-infiltration or vapor-infiltration of sulfur materials compared with the cost
of fabricating electrodes from NMP solution. In the calculations, an areal sulfur loading of 4
mg/cm? and an electricity cost of $0.12/kWh is assumed.

In this spirit, Figure 8.3c presents process pathways that illustrate the mechanistic
difference in melt and vapor infiltration to explain the improved loading characteristics. During
melt infiltration, sulfur liquid is mixed with carbon materials and exposed to long thermal
processing to drive the liquid into the porous regions of the carbon matrix. The use of
temperature (and time) enables the sulfur to overcome the activation barrier to separate from
bulk and fill the nanoscale voids in the porous material. However, filling the smallest nanoscale
pores with liquid — which implies increasing the free energy of the sulfur relative to that of bulk

sulfur, only occurs when the temperature used in melt infiltration can overcome an energy barrier

that increases as pore size decreases. In turn, prior studies using melt infiltration to produce
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highly nanoconfined Li-S cathode architectures yielded a trade-off of low specific loading less
than ~ 50% and demonstrated the inability of sulfur to completely utilize the entire pore
volume. 157 As emphasized in Figure 8.3c, the ceiling of thermal energy that can be supplied
to melt infiltration is limited by sulfur polymerization that occurs at higher temperature. On the
other hand, our vapor process is initiated by nuclei that form in the highest energy (smallest size)
pores and crevices of the cathode material that are not accessible by melt infiltration. This leads
to an ideally uniform and conformal coating where sulfur is able to access the smallest pores,
yielding improved loading (up to 82 wt.%) in the smallest and most active pores in the cathode
that are not accessed in melt infiltration. Conformality of the coating is demonstrated by
scanning electron microscope (SEM), Transmission electron microscope (TEM) images, and
energy dispersive x-ray maps (Figure 8.5) that show uniform penetration of the sulfur into the
SWCNT/CB composite material. However, it is important to note that the improvement achieved
through our vapor infiltration method could be achieved through melt infiltration if the
temperature of the melt was increased, although the polymerization regime prevents this. Based
on principles of energy conservation, the improved loading from isothermal vapor infiltration is
equivalent to increasing the temperature of melt infiltration by T, where C,T = Hvap Where Cp is
the heat capacity of molten sulfur (49.9 J mol* K1), and Hyap is the enthalpy of vaporization of
sulfur (9.8 kJ mol™). This implies that nucleating a sulfur coating from the vapor phase at a
given temperature enables the process a total amount of energy of CpT + Hysp to overcome the
barrier to pore filling (opposed to simply CeT for melt infiltration), leading to more uniform
higher loading and a lower final free energy state for the sulfur-carbon composite after
infiltration at a fixed temperature. Using values for heat capacity and enthalpy reported

elsewhere,'®® we calculate the total energy of sulfur vapor to be equivalent to sulfur liquid heated
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an additional 196°C. This thermodynamic argument, which is fully consistent with the first and
second laws, is generally illustrated in Figure 8.2c. Further building from kinetics data presented
in Figure 8.2a, the formation of a sulfur coating from a vapor phase also occurs appreciably
faster than the infiltration of a liquid into a nanoporous composite. This means that in addition to
boosting the sulfur loading, this process occurs at up to a 30X faster rate. Since our calculations
emphasize that the greatest energy input to cathode fabrication for both methods is maintaining
the temperature over the duration of infiltration, this gives a simultaneous route to lower the
manufacturing cost and carbon footprint, improving throughput, and also improving loading.
Such energy savings could drastically improve the commercialization of sulfur batteries as nearly
half of the total cost from traditional battery manufacture originate from the fabrication process

and cathode materials cost.6% 170

Figure 8.5. (a) scanning electron micrograph (SEM) showing surface morphology of 50/50
SWCNT/CB pre-formed carbon film a 74 wt.% sulfur loading. (b) SEM image of the area over

which energy dispersive x-ray spectroscopy (EDS) analysis was performed, (¢c) SEM EDS map
of elemental carbon and (d) sulfur. (e) scanning transmission spectroscopy image of a SWCNT
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bundle condensed with sulfur and corresponding (f) STEM EDS elemental carbon map and (g)
STEM EDS sulfur map
8.4 Superior Performance Over Melt-Infiltration

Whereas the results so far give promise to improving lithium-sulfur battery cathodes, we
further carried out experiments to test the effectiveness of sulfur cathodes produced using this
technique and compared the performance to equivalent materials infiltrated using melt-
infiltration. Full details on the experimental preparation methods are available in the supporting
information. To compare the two techniques, we used SWCNT/CB networks containing sulfur at
74 wt.% infiltrated using melt and vapor-condensation methods at 155 °C. This loading was
chosen due to the low viscosity of sulfur at this temperature and the challenge of preparing
higher sulfur loading with melt infiltration as the conductivity of the composite cathode is

drastically diminished for high sulfur contents (Figure 8.6).
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Figure 8.6. 1-V curves of pre-formed and melt-infiltrated SW/CB films at 74 wt% S.
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Galvanostatic testing of both cathodes at rate of 0.1 C (C = 1,675mA/gsuiur) are shown
for the first cycle of both cathode materials in Figure 8.7a. The vapor infiltrated cathode delivers
an initial discharge capacity of 1015 mAh/gs (~759 mAh/Qeiectrode) While the melt-infiltrated
sample delivers 768mAh/gs (~568 mAh/geiectrode). The increase in initial discharge capacity for
the vapor-infiltrated cathode is attributed to both (i) an improved uniformity of the vapor coated
sulfur film that extends into the narrowest pores in the material, and (ii) enhanced charge-transfer
to the site of lithiation facilitated by the absence of additives and binders in the cathode material.

These cathode materials were further examined using Electrochemical Impedance
Spectroscopy (EIS) measurements (Figure 8.7b). EIS indicates that the charge transfer resistance
(Rc) for the vapor infiltrated sulfur cathode is approximately 2X lower in comparison to the
melt infiltrated cathode. Here, Rct represents the effective barrier for electron flow between the
active site where lithiation occurs and the current collector. The results in Figure 8.4b imply that
(1) the vapor infiltrated cathode exhibits a less torturous pathway across SWCNT junctions that
are required for electrical addressability, whereas melt infiltration processes clog the critical
electrical transport pathways by insulating coatings of sulfur material (Figure 8.7b, inset), and
(i) the sulfur coating with vapor infiltration is more uniform than with melt infiltration.
Additionally, when examining the cathode charge profile (Figure 8.7a, inset), the potential
barrier prior to the first charge plateau that is characteristic to sulfur batteries is diminished for
the vapor infiltrated sulfur cathode. This potential barrier is attributed to a barrier of charge
transfer between electrolyte and lithium sulfide during charging,'’* and this observation of a
decreased barrier in the vapor infiltrated charge curve is consistent with the measurements

obtained through EIS.
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Figure 8.7. (a) galvanostatic charge-discharge of a melt infiltrated and condensed cathode at 0.1
C with an inset depicting the potential barrier on charge. (b) Corresponding Nyquist plots
obtained using electrochemical impedance spectroscopy with a graphical inset of SWCNT
junctions for each sulfur infiltration method explaining the variations in Rct. (c) Galvanostatic
rate study at 0.1, 0.25, 0.5, 1, and 0.1 C rates for each cathode and (d) galavnostatic cycling
behavior of condensed cathode at 0.2C

Over the course of 100 cycles at a rate of 0.2 C, the vapor infiltrated cathode exhibits
89% capacity retention (Figure 8.7d). This level of capacity retention is, to the best of our
knowledge, the highest reported value in conjunction with high sulfur loading from any current
state-of-the-art reports*®® 172 and is enabled by the ideal cathode morphology produced in this
vapor infiltration technique. Additionally, the Coulombic efficiency at the 100" cycle is > 99%,
which is an indicator of a stable and highly reversible conversion process. Whereas many

reports indicate excellent cathode performance metrics in one area with trade-offs in other

metrics, cathodes developed using this technique combine a quartet of key performance metrics
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that are both independently and collectively surpassing current state-of-the-art reports. This
includes (1) a total cathode composite capacity of > 1,000 mAh/gelectrode NOrmalized to all
cathode components, (2) ~ 90% cycling retention at 0.2 C after 100 cycles, (3) specific sulfur
loading above 70% with all cathodic components included, and (4) high Coulombic efficiency
including a 99.3% efficiency after 100 cycles at 0.2 C. Combined with the lower energy
footprint of vapor infiltration processing, this provides a straightforward process that can be
widely adapted to improve lithium-sulfur battery performance to practical levels required for

commercial impact.!4°

8.5 Manufacturability of the Sulfur Infiltration Approach

Beyond the lab-scale device performance and thermodynamic description of this process,
the simplicity and reproducibility of this process can overcome key limitations that have
hindered moving beyond current lithium-ion battery technology. For industrial-scale processing,
the total number of steps, the duration of those steps, and the reliability of the process dictate the
overall manufacturing cost in conjunction with the total energy input to the process, where vapor
phase infiltration is superior. The simplicity of this vapor infiltration technique motivates its
utility toward scale up processing. In this case, a pre-formed material is infiltrated with sulfur
vapor in as little as 10 minutes to achieve high specific loading, and the output is a full sulfur
cathode that requires no further processing (Figure 8.8a). Whereas this simplifies large-scale
processing routes for such batteries, this approach also brings a marked benefit at the laboratory
scale as researchers have devoted a significant amount of effort to the production of controlled
and preformed carbon nanomaterials that has largely been disconnected from efforts to develop

better lithium-sulfur batteries. This vapor phase technique can be seamlessly “scaled down”
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where very small, engineered lab-scale samples can be reliably vapor infiltrated with sulfur on a
“sample-by-sample” basis — a feature not achievable with melt infiltration. Overall, the
decreased number of steps in this process, the lower sulfur infiltration times, and the ability to
engage a new and diverse set of carbon templates for sulfur cathodes brings a key step forward in
the development of practical cathodes at both large and small scales. To further leverage these
ideas, we developed a simple benchtop roll-to-roll platform (Figure 8.8b) where a coated film of
SWCNT-CB on a 11 cm x 1.3 cm roll) was infiltrated with 82.5 wt.% by rolling the material
through a system designed to operate on a simple bench-top hotplate. Since the sulfur does not
condense on bulk surfaces using this technique, full utilization of the sulfur can be achieved in
this approach, and no additives or other components are necessary in the cathode manufacturing
process. In contrast Figure 8.8c presents a representation of the total number of steps required in
the processing of lithium-sulfur cathode material using conventional melt-infiltration, which is
currently the primary route utilized to simultaneously achieve high loading and good device
performance. In this approach, the melt-infiltration process which can conservatively be limited
to only 6 hours of duration for uniform infiltration of nanomaterials only produces a material
(not an electrode) which must be further processed into a cathode. This typically involves
sonication of the material after infiltration and combining a PVDF binder and carbon black to an
active material, which can then be cast and dried as a slurry into a cathode. The drying step is
also slow (approx. 6 hours) leading to an overall sluggish process from composite elements to
complete electrode. Overall, we believe that the improvement on all fronts enabled by this vapor
phase infiltration technique will liberate many of the current barriers that are limiting current

advances in lithium-sulfur battery materials from penetrating the energy storage marketplace.
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Figure 8.8. (a) Schematic representation of the process for creating usable cathode materials
from the vapor-infiltration process and corresponding (b) optical photographs of a large-scale,
roll-to-roll system using the vapor condensation sulfur loading process. (c) Schematic illustration
of the processing steps required for creating usable cathode materials from conventional melt
infiltration processes.

Melt Infiltration Combine with Additives

8.6 Conclusion

We have presented a simple vapor-phase infiltration process to load pre-formed films of
carbon nanomaterials with high loadings of sulfur. The self-limiting nature of this approach
permits repeatable loading of sulfur material over large substrate areas at low temperatures. At a
loading of 74 wt %, the assembled composite cathodes exhibits an initial discharge capacities of
over 750 mAh/geiectrode With an exceptional capacity retention of ~90% after 100 cycles and

significantly outperforms similar device architectures fabricated with the traditional melt-
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infiltration technique. With careful design of an ideal pre-formed anchoring material, the initial
discharge capacity can be greatly enhanced while maintaining exceptional cyclability and high
sulfur loadings. The low power consumption of this process combined with roll-to-roll process

ability provides exceptional promise to this technique as a method for commercial fabrication.
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CHAPTER 9

Optimizing Carbon Structure for Sulfur Condensation

9.1 Introduction

Typical methods for optimizing the performance of an all-carbon sulfur composite
involve optimization of the porosity of the carbon electrode or the introduction of functional
groups to the surface that overcome the performance limitations of sp? carbons.64 173174 Tg
achieve exceptional durability and sulfur utilization through pore size alone requires the
implementation of ultra-small nanometer and sub-nanometer pores to retain low-order
polysulfides and maintain the necessary contact area during battery operation. Unfortunately,
however, such small pores are capable of only modest sulfur loadings and, despite exceptional
efficiency and durability, the energy density of the composite electrode lags far behind
approaches that opt for larger pore sizes in lieu of higher sulfur loading.1*> 1> 176 To overcome
these limitations, the surface chemistry of the carbon electrode may be separately optimized
through the addition of oxygen-containing functional groups to the surface that improve the
binding between the conductive carbon matrix and active sulfur compounds.t’"18 The strong
binding of sulfur to oxygen improves the anchoring of lithium polysulfides and, consequently,
the cyclability of the composite electrode. 181183

In this study, we optimize the fabrication process for carbon-sulfur electrodes by pre-
defining the conductivity and defect density of the carbon electrode through solution processing.
By combining conductive SWCNTSs with defective CNHSs using electrophoretic deposition

(EPD), we optimize both the defect density and conductivity of the entire electrode before
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coating these interconnected networks with a low-temperature vapor-phase infiltrate route that
minimally influences the electrode conductivity. By using a high concentration of CNHs, sulfur
loadings in excess of 75 wt. % are consistently achieved in less than one hour with a reversible
sulfur capacity of over 1200 mAh/g. These results pave the way for designing low-cost, simple

electrode fabrication process for exceptional Li-S performance.

9.2 Materials and Methods

To fabricate single-component carbon films, mixtures of SWCNTSs (Nanolntegris) and
CNHs (Carbonium, Dahlia type) were solubilized in N-Methyl-2-pyrrolidone (Aldrich, 99.8
5anyhdrous) at a concentration of 100 pg/ml. For hybrid films, SWCNTs and CNHs were
combined at a ratio of 7:3 and 3:7 to achieve a total carbon concentration in solution of 100
pg/ml. The suspensions were sonicated using a probe sonicator (Sonics, VCX750, 30%
amplitude) for 30 minutes with a 3 second ‘on’ pulse and 3 second ‘off” pulse to avoid excessive
heating. All solutions were left overnight before use.

EPD on stainless steel (SS) mesh was performed using a Keithley 2400 Sourcemeter
integrated with LabView data acquisition software to apply a constant voltage and record the
flow of current. A pristine stainless steel mesh electrode (MTI) was placed 0.5 cm from a
stainless steel counter electrode before adding 10 ml of the desired solution. A bias of 100 V was
applied to the system for 10 minutes before the solution was slowly drained from the Teflon
container with the voltage left on. To infiltrate sulfur vapor into the fabricated carbon films, the
coated mesh electrodes were placed on a raised surface inside a sealed stainless container with a
reservoir of 20 mg sulfur powder (Sigma Aldrich, 99.98%). The entire vessel was heated to

155°C for 45 minutes before being removed from the oven to cool at room temperature. The
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sulfonated carbon electrodes were directly employed as a cathode in a CR 2032 stainless steel
coin cell (MTI) with a lithium foil anode and a Celgard 2500 separator wetted with a 1M LiTFSi
(Aldrich, 99.95 %), 0.25 M LiNO3 (Aldrich, 99.99 %) in a 1:1 mixture of DME (Aldrich,
anhydrous 99.5 %) and DOL (Aldrich, anhydrous 99.8 %). The coin cell and electrolyte were
prepared in an argon glove box with < 0.5 ppm O.. Galvanostatic testing of the assembled coin
cells was performed using an MT1 8 channel battery analyzer and Cyclic VVoltammetry was
carried out on a NOVA Autolab system. Raman analysis was performed using a Renishaw inVia
Raman microscope with a 532 nm excitation. Zetasizer measurements were performed using a
Malvern Zetasizer Nano ZS instrument. I-V measurements were performed by doctor blading a
solution of the specified carbon material on a glass slide before infiltrating the film with sulfur
using the method described above. I-V testing was performed using a Keithley 2400

sourcemeter.
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9.3 Current Collector Design
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The fabrication process for the composite materials used in this study is outlined in
Figure 9.1a. Single-walled carbon nanotubes (SWCNTSs) are combined with single-walled carbon
nanohorns (CNHSs) in 1-methyl-2-pyrrolidone (NMP) solution at varying ratios to produce a
composite film with a density of sp* hybridized carbon atoms proportional to the content of
CNHs. Raman analysis of the individual structures reveals the large intensity of the carbon D-
peak for CNHs indicative of a high defect content compared to the SWCNTSs (Figure 9.1b) that

increases for an increasing concentration of CNHs. CNHs were chosen as the source for
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defective carbons due to their large size and promising performance at high loadings compared
to conventional carbon blacks or activated carbons. 148184

To ensure a uniform dispersion of the defective carbon materials with the more
conductive SWCNTSs, ultra-dilute solutions of SWCNTS, in which the SWCNTSs exist as small
bundles and individually solubilized structures,'® were combined with CNHs and assembled
using electrophoretic deposition (EPD). EPD is a proven technique for assembling conformal
films of ultra-dillute carbon nanomaterials on 3-D structures and guarantees a high-quality,
homogenous coating over the entirety of the substrate material %8 128186 |n this study, EPD was
implemented to form a conformal coating of carbon material over a 3-D steel mesh electrode. As
emphasized by previous studies employing a mixture of SWCNTs and CNHs in NMP solutions,
the similar mobilities of these two solutions (Figure 9. 2), ensures the composition of the
assembled film closely matches that of the solution.®® To study the impact of film morphology
and composition on electrode performance, films comprised of individual structures of
SWCNTs, denoted ‘10T’ and CNHs, denoted ‘10H” were fabricated and the assembly and device
performance compared with two hybrids synthesized at varying ratios. To isolate the role of
CNH concentration in the material, composites with a majority CNHs, namely 70% CNHs and
30% SWCNTs denoted ‘7T3H’, were compared against composites with a majority of SWCNTs,
namely 70% SWCNTs and 30% CNHs denoted ‘3T7H'. A schematic of the role of defective
CNHs is presented in Fig. 1C along with SEM images of the assembled composite materials in
Fig. 1C-F. In these images, it is clear that both the CNH content and openness of the electrode

structure increases with increasing CNH concentration in solution.
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Figure 9.2. Zeta potential measurements of NMP solutions of the nanostructures used in this
study. Measurements were performed on solutions with a concentration of 50 pg/ml.

9.4 Coating Sulfur into Designed Current Collector

After formation of the composite film, sulfur was infiltrated up to a loading of between
73 and 80 wt% in each composite using a novel isothermal vapor phase infiltration process. In
this process, illustrated schematically in Figure 9.3a, sulfur vapor is provided by a bath of liquid
sulfur beneath the composite electrode and condensation of the vapor is used to initiate a liquid
coating of sulfur in the carbon electrode. The lower energy provided by the nanoscale capillaries
within the composite materials ensures the most porous regions of the electrode are coated first
and further growth of the liquid phase is supported by a lowering of the chemical potential of the
sulfur liquid nuclei and an overall decrease in the free energy of the sulfur-carbon composite.1’®
186,187 By maintaining an identical temperature between the substrate and bath, an equilibrium is
reached at a coating thickness in which the chemical potential of the coating is equivalent to that
of the bath providing a self-limiting mechanism to ensure repeatable coatings amongst the
different materials tested. A study of the mass deposition over time in Figure 9.3b for the

composite electrodes illustrates the mechanism whereby the open porous nature of CNH films
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facilitates the vapor infiltration nucleation process leading to more rapid growth rates and higher
limiting sulfur contents. To calculate these growth rates, fits to the deposition data were acquired

using a decaying exponential indicative of a self-limiting reaction of the formy = b + vt +
exp (%t) where v represents the initial growth rate and 7 the lifetime. '8 From this data, it is

evident that the presence of CNHs facilitates a more rapid, low-energy infiltration of sulfur at

high loadings thereby improving the manufacturability of the composite electrode.
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Figure 9.3. (a) Schematic illustration of the sulfur loading process emphasizing the self-limiting
nature of the sulfur coating. (b) Mass deposition of sulfur condensed on the various hybrid
electrodes over time with insets depicting the growth rate and lifetime of the sulfur coating
process. (¢) I-V measurements for hybrid samples of 30% CNHs and 70% SWCNTSs highlighting
the minimal reduction to conductivity that results from vapor-phase sulfonation processes
compared with conventional melt-infiltration.

The pre-assembly of films prior to the sulfur infiltration process enables a high degree of
film conductivity of the composite at high sulfur loadings. Unlike traditional melt-infiltration
processes, which coat powdered materials in an insulating coating prior to assembly, the ability
to pre-define the nanoscale contacts in a system before sulfonation ensures a conductive carbon
backbone that is not disrupted by the presence of sulfur. In Fig. 3c, I-V measurements performed
on 3T7H films before and after sulfur infiltration illustrate the negligible change to conductivity

that results from the coating of a pre-formed carbon structure. Nearly an order of magnitude

improvement to conductivity is observed for the developed vapor-phase infiltration process
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compared with conventional melt-infiltration - enabling high conductivity at high defect
concentrations and sulfur loadings. Identical conductivity measurements performed over all the

hybrid systems investigated in this study is presented in Figure 9.4.
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Figu_re 9.4. Resistivity measurements of the diﬂ:erent hybrid materials before and after sulfur
coating.

SEM imaging in Figure 9.5a-c illustrates the morphology of the materials after sulfur
loading. As evidenced by the outline of the nanostructures still visible in these images, the sulfur
is evenly distributed across the entirety of the electrode surface and does not form large
aggregates that may severely impede electron transfer. To confirm the conformal nature of the

sulfur coating, SEM EDS analysis in Figure 9.5h-k highlights the uniformity in the sulfur coating

across all device compositions.

133



A 0% SWCNH [B S30%SWENH 5 5C Z0% SWONH % SWCNH

¥

Cal"bc;n

Sulfur Sulfur

Figure 9.5. (a-d) SEM characterization of sulfonated films for hybrid materials with a CNH
content specified by the inset. Corresponding SEM EDS analysis in figures e-l emphasize the
uniformity of the sulfur coating over the entirety of the film.

9.5 Device Performance

Device testing of the different composite samples highlights the role of defect carbon
materials within the CNHs during operation of the Li-S cell. In Figure 9.6a, galvanostatic
charge-discharge performed on both single-particle and hybrid structures at a rate of 0.1 C (C=
1675 mA/qg) reveals a large disparity in the energetics and efficiency of sulfur reduction that is
dependent on the concentration of CNHs within the material. For all samples tested, during
discharge, two distinct regions are observed. The first at ~2.4 V represents the reduction of Sg to
soluble, high-order polysulfides (HOPSS), Ss> where n = 8, 6, or 4. In this region, without
sufficient anchoring, the HOPS are dissolved back into the electrolyte through the “shuttle
phenomenon” limiting the total capacity and cyclability of the electrode. After reduction of

elemental sulfur to S4%, the retained soluble polysulfides are further reduced to low-order
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polysfulides (LOPSs) comprised of insoluble S;? and S? in a precipitation reaction that is
defined by the region that extends from ~2.1 V — 1.8 V. In this region, the capacity is directly
correlated to the ability of the electrode to retain the HOPS formed during the initial discharge
and nucleate LOPS on the surface. With this in mind, a comparison of the relative capacity of
each region determines the ability of the carbon surface to retain the HOPSs and subsequently
convert them to the insoluble LOPSs.*”® Previous studies suggest that oxygen-containing
functional groups on the surface of carbon help retain the high-order polysulfides during
operation through the formation of C-S bonds.™* An analysis of the ratio of the capacity of
LOPS formation to that of HOPS reveals a 2.5X increase in the ability of hybrid materials to

retain HOPS during discharge at 0.1 C.
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Figure 9.6. (a) Representative charge-discharge curves for each ratio of hybrid material acquired
at a rate of 0.1 C. The high voltage plateau at ~2.4 V represents conversion to high order
polysulfides and the low voltage plateau at ~2.0 V represents the conversion of HOPS to low
order polysulfides (LOPS). (b) Cyclic voltammetry performed on each ratio at a scan rate of 0.1
mV-s emphasizing the difference in peak separations for each material tested. (c) Rate
performance of each system studied at the specified rates. The open circles represent capacities
obtained during the ‘charge’ cycle and the closed circles represent the capacities obtain during
‘discharge’. (d) Cycling performance at 0.2 C for each of the systems studied.

In addition to improved capacities, the energetics of Li-S reduction are similarly
improved through hybridization of the defective and conductive structures. The lower separation
between the discharge and charge plateau is evident from the plot in Figure 9.6a and is further
quantified using cyclic voltammetry (CV) presented in Figure 9.6b. The voltage splitting
between peak currents for 7T3H and 3T7H hybrids during a scan at 0.1 mV-s were 129 mV and

106 mV, respectively, compared to 10H samples with a separation of 141 mV and 10T samples

with a separation of 149 mV. The reduced separations in the hybrid films represent improved
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kinetics of sulfur reduction and a lower barrier to charge-transfer stemming from the presence of
oxygen functional groups that bind strongly to the lithium polysulfide species and the presence
of conductive SWCNTSs that ensure sufficient electrical contact with the current collector. Films
comprised solely of SWCNTSs lack sufficient oxygen-containing groups in their structure to
facilitate effective binding and significant retention of HOPSs formed during charge-discharge
while films comprised solely of CNHs lack sufficient structural and electrical integrity to
efficiently utilize the high loading of sulfur. SEM analysis in S.1. Fig 4 highlights macroscale
interconnectivity of all the films studied at high sulfur loadings. Hybrid films are able to take
advantage of both structures with sufficient structural and electrical integrity from the presence
of SWCNTSs and sufficient anchoring sites from the CNHs.

To further understand the implications of the improved reaction energetics and kinetics
on the battery performance, a rate study performed across 4 separate rates was performed for
each of the systems studied and is presented in Fig. 4C. At a slow rate of 0.1 C, 3T7H exhibits a
reversible capacity of over 1200 mAh/gsuifur cOmpared to 7T3H materials with only ~1000
mMAh/gsuirur attributed to the improved retention of HOPSs in the more defective materials. As
expected, the single-component materials dramatically underperform their hybrid counterparts
with a reversible capacity of 580 and 500 mAh/gsuirur for 10T and 10H films, respectively. At a
higher rate of 1.0 C, similar trends in capacity were observed with a reversible capacity of 390
mAh/g for 3T7H samples (33% retention compared to 0.1 C), 310 mAh/g for 7T3H samples
(31% retention), 180 mAh/g for 10H (36 % retention) and 280 mAh/g for 10T (56% retention).
The poor retention of CNH samples at high rates stems from the poor kinetic behavior of the
LOPS reduction from HOPS in which the capacity at the low plateau region degrades more

rapidly at higher rates.”®
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Finally, the effect of CNH additives on the cycling stability of composite materials was
investigated. The more effective anchoring of HOPSs during discharge results in improved
cyclability stemming from the mitigation of active material dissolution during discharge and
reduced poisoning of the lithium anode. These beneficial factors manifest in improved
cyclability at a rate of 0.2 C, as presented in Fig. 5B. 3T7H samples exhibit a reversible capacity
of nearly 800 mAh/g after 100 cycles compared with 7T3H samples that retain only 600 mAh/g
and single-component materials with ~500 mAh/g for both 10T and 10H samples. The
coulombic efficiencies of all samples maintained over 97 % for the duration of cycling (S.I. Fig.
5). The retention of over 85% of the initial capacity after 100 cycles is the best reported to date
for binder-free electrodes with high sulfur loadings. A comparison with the device performance
of many sulfur cathodes reported over the last two years is presented in S.I. Fig. 6. From this
plot, which charts the total cathode capacity (normalized to the capacity of all cathode
components include binders and additives) against the wt.% loading of sulfur illustrates that the
devices fabricated herein represent one of most promising electrode architectures reported to date

and may be fabricated using a low-cost, scaleable manufacturing approach.

9.6 Conclusion

Hybrid structures of SWCNTs and CNHs were controllably combined using scalable
liquid processing techniques to form conductive films of carbon nanomaterials that possessed
varying degrees of carbon defects with similar conductivities. By pre-forming the carbon films
and using an isothermal sulfur vapor infiltration process, high loadings of over 75 wt. % S were
fabricated that preserved the conductivity of the underlying carbon structure. By independently

modulating the defect density, the effect of different loadings of CNHs was investigated. Due to
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the high concentration of oxygen-containing surface groups of the CNH structure, exceptional
retention of HOPSs was achieved that resulted in efficient conversion to the solid LOPS reaction
products and higher capacities and retention. At a rate of 0.1 C a reversible capacity of over
1,200 mAh/g was achieved for optimized hybrid structures compared to ~600 mAh/g for single-
component structures of SWCNTSs and CNHSs. The retention of over 85% the initial capacity
represents one of the best reported sulfur cathodes to date and a comparison with other electrodes
reported in literature over the past two years demonstrates the exceptional promise of this novel

assembly approach.
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CHAPTER 10

Conclusion and Future Outlook

10.1 Conclusion

The chapters contained in this dissertation have emphasized the ability for controlled
nanomaterial assembly to engineer the performance of energy storage electrodes. Through the
application of EPD, hybrid films of nanomaterials were assembled into electrode-scale films for
Li-ion, Li-O, and Li-S batteries that outperformed identical electrode compositions assembled
using conventional methods. In this chapter, the major findings of each previous chapter will be
summarized in addition to promising research directions inspired by these results.

In chapter 2, the system that enabled controlled EPD assembly was introduced. By
achieving individually solubilized structures of carbon nanostructures in NMP, films with
homogenously dispersed nanoscale components were fabricated with a composition directly
tunable through suspension parameters. Using this system, a mathematical model was developed
that describes the accumulation of nanomaterials on a conducting electrode from solution under
an applied electric field. By accounting for the unique viscosity effects that stem from
concentrated suspensions of high aspect ratio nanomaterials, the unique assembly behavior of
SWCNTSs that deviated from the traditional EPD model was appropriately described. Applying
this model to multi-component solutions of carbon nanomaterials enabled the fabrication of films
with a tunable morphology directly related to the suspension and deposition conditions.

In chapter 3, this approach was extended to material systems optimized for the fabrication

of lithium-ion battery cathode and anode materials. By fabricating hybrid electrodes comprised
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of carbon and silicon or MoS; nanomaterials, full-cell lithium-ion batteries with superior energy
and power capabilities over traditional lithium-ion battery materials were developed. Chapter 3
emphasized the manufacturability of this EPD processing method through the design of a high-
throughput, roll-to-roll EPD system capable of fabricating electrodes for a full cell Li-ion battery
in less than 30 seconds.

Chapter 4 built upon the notion of EPD for nanomanufacturing by demonstrating a one
batch synthesis and assembly process for the layered MoS, nanomaterials that comprised the
cathode of the full cell battery. Through a combination of liquid-phase exfoliation and EPD, a
meaningful mass of purified nanosheets with a controlled size distribution were assembled onto
electrodes when starting from inexpensive bulk materials. In chapter 5, the cathode performance
of these exfoliated MoS> nanosheets was enhanced through the application of a carbon layer that
imparted an interfacial strain to the material and enabled improved conversion reaction
energetics when operated in a full-cell lithium ion battery with conventional anode materials.

In chapter 6, the utility of the EPD solution processing approach was extended from
traditional Li-ion battery materials to next-generation battery systems (i.e. Li-S and Li-O)
through a careful design of an all-carbon current collector. By utilizing a controlled hybridization
of SWCNTSs and graphene materials on metal foam substrates, freestanding all-carbon 3-D
structures were fabricated that exhibited robust mechanical properties and exceptional electrical
properties characteristic of pristine nanocarbon structures. By comparing this method of EPD
hybridization with traditional polymer stabilizing methods, improved conductivity and
electrochemical reactivity were observed.

Chapter 7 extended the application of 3-D carbon current collectors to Li-O systems by

implementing EPD to controllably interface electrocatalyst nanomaterials with the 3-D carbon
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network. The films assembled using EPD were demonstrated to have reduced overpotentials
during the oxygen reduction and evolution reactions when compared to identical films assembled
using the traditional dip-coating approach. The mechanism of enhancement in these films was
elucidated through in-situ EIS measurements that emphasized the improved mechanical stability
and interconnectivity of EPD films that remained after repeated formation and decomposition of
the Li-O discharge product. The comparison with traditional dip-coating coating processes
highlighted the important role EPD will play in fully utilizing the properties of future nanoscale
catalyst designs.

Finally, the advantage of EPD assembly for Li-S systems was demonstrated in chapter 8
through the invention of a sulfur coating process based on the nanocarbon films of previous
chapters. A novel sulfur vapor condensation approach was developed that used the phenomena of
capillary condensation to controllably coat the interior of porous carbon electrodes rapidly and at
a substantially reduced energy cost compared to the traditional melt-infiltration approach. An
analysis of the electrochemical properties of the assembled composite revealed improved charge-
transfer between the carbon current collector and sulfur film that improved the energy efficiency
upon repeated charging and discharging of the device. Chapter 9 extended these results by using
EPD to design all-carbon hybrid electrodes optimized for this novel coating process. By utilizing
the assembly developed in chapter 2, a controlled carbon defect density was implemented on a 3-
D electrode to engineer the performance of the manufactured carbon-sulfur composite. An
optimized ratio of 70% CNH to 30% SWCNT was discovered that resulted in one of the highest
cathode utilizations ever reported for Li-S batteries. By combining this sulfur infiltration
approach with the R2R battery fabrication process from chapter 3, the promise of large-scale

manufacture of these optimized Li-S composites was demonstrated.
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Future work using EPD to assemble energy storage electrodes holds exceptional promise.
EPD uniquely enables the assembly of nanomaterials with a controllable morphology using
scaleable solution processing methods. In order to reduce the cost of film processing using this
approach, an adaptation of these techniques from organic solvents to more cost-effective aqueous
solutions should be investigated. In order to accomplish this, it is likely that surfactants or
polymer functional groups will be required in order to make nanoscale electrode materials
miscible in aqueous solvents. Because the presence of these electrochemically inactive polymer
additives will hinder the gravimetric energy densities of these composites, research must be done
to use the smallest possible quantity of additives to form the aqueous suspensions for EPD.

In regards to next-generation energy storage systems, the fabrication of electrode
materials for Li-O cathodes is critical. Extending the results presented in chapter 7 to nanoscale
catalysts designed and optimized on the lab scale will be necessary to realize the full commercial
impact of newly invented catalyst materials. As work in the realm of nanocatalyst materials has
already emphasized, crystalline catalysts exhibit a facet-dependent overpotential for oxygen
reduction and evolution that must be optimized by controlling the orientation of the catalyst with
respect to the substrate. In this light, electromagnetic properties unique to nanocrystalline
materials, such as a tunable dipole moment, should be investigated as mechanisms to enable
orientation control when using electric field driven assembly.

In the realm of Li-S batteries, the limitations of the condensation coating process in the
context of EPD assembled films should be thoroughly investigated. The critical drawback to
current approaches of Li-S cathode design is the focus on optimizing the individual
nanostructure with little-to-no regard on how these materials are assembled into a macroscopic

films. EPD, however, presents a new parameter to control the morphology of the sulfur coating
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by engineering the porosity provided by the morphology of the assembled film. This approach
enables confinement of the sulfur via both the optimized nanostructure and the junctions between
these materials. Due to the mechanism of capillary condensation, junctions between individual
nanostructures serve as nucleation points for the sulfur coating enabling confinement from both
the nanostructure and the macrostructure of the assembled film. Such a combination permits
sulfur loadings beyond what is provided by the nanoscale porosity of individual structures and is
crucial in scaling these systems to commercial applications.

| am excited to see the results of any work that builds upon the ideas presented in this
thesis. EPD for nanomaterials, and in particular energy storage electrodes, is a very promising
field that will increase in relevance as new nanomaterials are introduced and the battery market

expands exponentially in the decades to come.
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APPENDIX

Performance Parameters of Batteries

A.1 Specific Capacity

In order to assess the quality of battery materials fabricated using EPD, it is important to
understand frequently used terms that describe the performance of batteries. In particular, this
work will focus on an evaluation of the specific capacity, coulombic efficiency, cycle life, and
energy density.

Specific capacity is defined as the amount of charge that may be stored per unit mass of
the electrode material. It is a function of the total capacity of both electrodes and is defined

mathematically as follows:

C x C .
Ccell — anode cathode (equatlon Al)

Canode™t Ccathode

Where Canode and Cecathode represent the specific capacity of the anode and cathode, respectively.
To calculate the specific capacity of either electrode material, the following formula may be

used:

_ Fxz
T 36xM

mAh/g (equation A.2)

Where F is the Faraday constant, z the amount of charge transferred per mole of material, and M
the molar mass of electrode materials. This value provides an indication for the total amount of
electricity that may be stored in a given material.

In order to calculate how efficiently a material stores and releases energy, the Coulombic
efficiency of a material is commonly discussed. Coulombic efficiency describes the ratio

between the total lithiation capacity obtained during charging compared to the total lithiation
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capacity obtained during discharge (i.e. charge out vs. charge in). The Coulombic efficiency is
the most common metric to gauge the reversibility of an electrode storage reaction and is
negatively impacted by parasitic side reactions between electrode materials and the electrolyte.

For conventional lithium-ion batteries, Coulombic efficiency is typically over 99%.

A.2 Energy Density
Unlike the capacity term described in the previous section, the energy density of a battery
is a direct measurement of the work that may be obtained from an electrochemical cell. This
value is a product of the operation voltage and specific capacity of a given system:
E= [vdC (equation A.3)
Where V represents the operation voltage and dC the capacity at that voltage. When designing an
electrochemical system it is important to maximize both the voltage and the capacity of a given

pair of anode and cathode materials.

A.3 Thermodynamic Origin of Reaction Voltage

The voltage at which an electrochemical reaction occurs is determined by the
thermodynamics of the electrochemical mechanism. For two given electrodes, the voltage
measured between them is directly proportional to the difference between their electrochemical
potentials — a description of the total energy of electrons in a given state. When electrons flow
from one electrode to the other, the energy provided by the cell is equivalent to the energy
difference of the electrons in both electrodes. During discharge, the free energy of a system is

reduced while charging increases the free energy. The determining factor driving the potential
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for a given reaction is the difference between the free energy of the products and reactants. The
cell potential may be expressed as a function of this free energy change as follows:

AG = —nFE_.y; (equation A.4)
where AG represents the change in free energy between the initial and final states of a given

reaction.

A.4 The Discharge Curve

The main metric used to measure the potential and capacity of a cell is the discharge
curve. The discharge curve presents the cell voltage on the y-axis and the capacity (or total
charge) on the x-axis. As current is drawn from the device, material is oxidized at the cathode
and reduced at the anode thereby changing the electrochemical potential of both electrodes. Once
the potential of the cell reaches the formation potential for a given reaction, the products of that
reaction are generated. The total capacity of a chemical reaction is determined by the amount of
material converted and may be determined from a discharge curve by measuring the amount of

charge transferred at a given potential.
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