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ABSTRACT OF THE DISSERTATION

Towards Minimizing the Environmental Impacts of Fossil Energy: Oil-Sorbent Materials
and Next-Generation Lithium Ion Batteries

by

Daisy Patino

Doctor of Philosophy, Graduate Program in Materials Science and Engineering
University of California, Riverside, March 2019
Professor Cengiz Ozkan, Co-Chairperson
Professor Mihri Ozkan, Co-Chairperson

The fossil energy industry has caused drastic environmental impacts which have
inspired researchers to develop sustainable technologies that can minimize those impacts.
Here we explore two types of sustainable technologies: the first aims to directly mitigate
environmental impacts after they have occurred, the second aims to prevent environmental
impacts by replacing fossil energy sources.

First, we explore the application of a carbon sponge in oil recovery from water.
With sustainability in mind, the sponge is derived from sucrose and is synthesized via a
facile and scalable three-step process. The sponge offers versatility in absorption properties;
both bulk and pulverized forms are capable of absorbing contaminants of various densities.
Moreover, the sponge was engineered to be multi functional via minor modifications to the
structure.

Next, we explore the sponge’s application in next-generation lithium ion batteries

as a power source to replace fossil energy. Due to market demands for high performing

vi



batteries, we take a minimalist approach towards materials-research and focus our investi-
gations on the understudied applied-research areas which can help accelerate commercial-
ization of lithium-sulfur technologies. This involves the exploration of scalable production
methods such as large scale optimization of slurry densities, a redesign of full cell architec-
tures, and cell operation investigations towards stable interfacial chemistries on the cathode

and anode of lithium-sulfur batteries.
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Chapter 1

Introduction

1.1 Fossil Energy and Drawbacks

Fossil fuels have dominated global industries for energy systems throughout vastly
changing centuries. Fossil energy may have begun as a spark for the industrial revolution,
yet it quickly grew to inspire the momentum towards new consumer technologies that are
an integral part of modern society. However, the fruits of modern technology have aided us
in identifying the shortcomings of fossil energy within the industrial sector. The life cycle
for oil industry includes several stages: mining, transportation, refining, and consumption.
Each of these stages contribute to the global ground and air pollution that are inspiring

new technologies to combat our dependence on fossil energy [69, 127, 151, 24, 122].



1.2 Technologies for Mitigating Environmental Impacts

For simplicity, we will focus on efforts to reduce environmental impacts in marine
oil spills. Current technologies implemented for the task include dispersants, booms &
skimmers, in situ burning, and absorbents. Dispersants consists of a surfactant which
reduces the surface tension between oil and water, thus leaving behind finely dispersed oil
droplets that can be more easily collected or degraded by other methods. However, the
application of dispersants has limitations for example, the formula to be cautious to not
create a mixture of dispersant and emulsified oil that is more toxic than oil itself [136, 73].
Booms are used to control the areal spread of oil spills, and concentrate it in dense form so
that it will be easier for collecting or burning. However, its effectiveness is hindered by waves
higher than 11.5 metres and tides faster than one knot per hour [69, 121]. Lastly, burning
is typically used in conjunction with boomers and is considered as an emergency response
method since air pollution from smoke, smoke particulates can have acute respiratory effects
if the burn is near residential areas [69, 16].

Hence, researchers has been encouraged to develop new and novel oil sorbent
materials[54, 53, 20, 187, 157]. Owing to their high surface to volume ratio, very low
density and desirable electrical properties as well as chemical and mechanical stability, three
dimensional (3-D) graphene-based architectures such as foams, sponges and aerogels have

been considered as multifunctional viable candidates for oil absorbing materials [97, 154].



1.3 Technologies Aimed to replace Fossil Energy Sources

Mitigation alone is not a viable remedy towards globally reducing the impacts of
fossil energy, nor does it address the issue of limited energy sources. In response, there has
been national incentives to encourage the production of renewable energy sources that can
both slowly reduce the adverse effects of fossil fuels, and provide a naturally and continually
replenishable energy. Solar and wind energy are have garnered the most attention in recent
years owing to their advantages in sustainability [139, 48, 161, 115].

However, renewable energies need to be dispatchable; lithium ion batteries (LiBs)
have been widely adopted for this purpose and for replacing fossil fuels in consumer vehicles.
The driving mechanism for LiBs is the intercalation of lithium ions through the active
materials within the electrodes. Each battery contains a negative electrode, the anode, and
a positive electrode, the cathode. Commercial LiBs typically use graphite as the anode, and
a transition metal oxide, such as lithium cobalt oxide (LiCoOs) or lithium nickle manganese
cobalt oxide (NMC) as the cathode. Although LiBs are the power source of choice for
consumer electronics and electric vehicles, market demands for cost reduction and improved
performance exceed the capabilities of current LiB technologies [155, 142, 36].

Accordingly, researchers have turned towards next generation battery materials to
procure cheaper, higher capacity batteries [191, 51, 33, 197, 152, 111]. One of the primary
materials under consideration for next generation of LiBs is sulfur. Sulfur is a high capacity,
energy dense, and abundant cathode material with a theoretical capacity of 1675 mAh/g and
energy density of 2600 Wh/kg. However, lithium-sulfur’s (Li-S) electrochemistry presents

several challenges that inhibit it from being commercialized. Li-S batteries face three major



challenges: detrimental volumetric changes, poor electrical conductivity, and polysulfide
shuttling [17, 124, 21]. An 80% volume change mechanically expands and contracts the
electrode, degrading its structure and conductive network with each cycle. To prevent
mechanical pummeling in sulfur electrodes, researchers have proposed using the structures
engineered with void spaces [114] The engineered void spaces accommodate expansion of
sulfur while reducing the overall volumetric energy density of the cell. Sulfurs poor electrical
conductivity requires extensive carbon additives to achieve practical current rates greater
than C/10 or 1.675 mAh/g. Various carbon hosts in the form of carbon nanotubes (CNTs),
graphene, reduced graphene oxide (rGO), and other assorted highly conductive carbons
have been implemented to help combat poor conductivity of Li-S batteries [91, 129, 153, 71].
However, excess additives decrease an electrodes sulfur content and create dead weight in the
electrode. This limits the cells potential energy density, making it impractical for industry.

Polysulfide shuttling in Li-S results from the long chain polysulfides (LiaSg - Li2Sy)
being highly soluble in ether electrolytes, which are commonly used in Li-S batteries due to
their preferred high ionic conductivity. Once (LizSg - Li2S4) dissolves in the ether electrolyte,
polysulfides shuttle from the sulfur electrode across the separator collecting on the counter
electrode (lithium metal). These polysulfides form an insulating layer during delithiation,
reducing ionic conductivity and causing capacity loss [117, 167]. To suppress polysulfide
shuttling, several groups have employed various thin films or core shell structures such as
graphene paper and pomegranate like carbon structures [29, 100, 8, 114]. These structures
trap polysulfides within the cathode, and improve performance. However, the methods

utilized to achieve this are impractical for commercialization.



Chapter 2

Multifunctional Technologies:
Carbon Sponge for Oil-Spill

Recovery & Energy Storage



2.1 Overview

Carbon foams are composed of a cluster of carbon atoms webbed together in a free-
standing three dimensional porous network. Depending on the specific allotrope of carbon
and thus the resulting key physical properties such as surface area, porosity, conductivity,
and mechanical integrity, carbon foams have been developed for various applications includ-
ing gas sensing [188] and adsorption [137], biological applications [92], thermal management
[132], radiation shielding [31], and energy storage [137, 109, 181]. In particular, the low den-
sity and high surface area to volume ratio of carbon foams make them attractive candidates
for oil recovery applications [154, 61, 14]. It is imperative for such a candidate however,
to have a low affinity to water and a high oil absorption capacity [37]. In this regard,
static contact angle measurements are employed to measure the hydrophobicity of carbon
foams; wherein, a surface is hydrophobic when its static water contact angle is greater
than 90°. Likewise, a contact angle of or greater than 150°is considered superhydrophobic.
Accordingly, researchers have implemented various secondary methods to improve these
properties via means of chemical etching and carbon nanotube growth [44, 97] in addition
to the base methods for fabricating foams which in often involve hydrothermal reduction
and assembly of graphene oxide sheets [97, 108, 180]. In effect, the water repellency of foams
reach superhydrophobicity yet the overall process requires high control over experimental

conditions,and is not scalable as the end product is often limited to a single application.



2.2 Sponge Development

To combat the complexity of effective foams, we developed a practical synthesis
method for a superhydrophobic foam, reffered to simply as ”Sponge”, capable of serving
multiple functions including oil recovery and energy storage. The sponge is a free standing
structure with exceptional surface area and porosity that can easily be tailored per desired
application. One particular advantage of the sponge, is that it does not require an additional
chemical activation treatment to enhance the surface area or porosity; the developed sponge
has multimodal porosity including macro, meso and micropores. The sponge and synthesis

process have been thought out to be practical, inexpensive, and scalable.

2.2.1 Synthesis Process

Sponge is synthesized via a simple three step process involving just three precursors
(Fig 2.1). First, equal molar amount of sucrose and polyvinyl alcohol (PVA) are mixed with
iron nitrate (FegOs) in a 4:1 ratio within an aqueous solution (sol). As the aqueous solution
of the precursors stirs at 90°C, nitric acid droplets are added to reach a solution pH of 3
and to initiate the polymerization. The heated mixture forms a resin (gel) within a few
hours and is then dried in a vacuum oven at 120 °C to extract excess moisture and nitrogen
compounds, and to initiate porosity upon expansion of the resin (step 2). Lastly, the dried
resin is annealed at (500°-1000 °C) under argon and hydrogen gas to induce growth of

graphite sheets and nucleation of nanoparticels.
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Figure 2.1: Illustration of the sol-gel synthesis method for Sponge.

2.2.2 Morphology Characterization

Figure 2.2.a reveals the microstructure of the sponge which appears to be a maze
of interconnected macropores. Higher magnification SEM (Fig 2.2.b) shows that the surface
of the sponge seems to be very porous and may be considered as possible connected meso-
pores and channels. TEM images reveal that sponge is consisted of convoluted graphitic
sheets as well as dispersed iron nanoparticles (Fig 2.2.c). Higher magnification TEM imag-
ing demonstrates that iron nanoparticles are encapsulated within the structure by few layers
of graphene (Fig 2.2.d). HRTEM images show interplanar distances of 0.34 nm which cor-
responds to the stacking of sp2-hybridized layers of carbon (Fig 2.2.d inset). As pointed
out in Figure 2.2.e, the structure seems to comprise numerous minuscule graphene domains
and randomly oriented flakes which attain a rough microstructure encompassing microchan-
nels. HRTEM image resolved from the surface of the sponge indicates the existence of very
small graphene-based domains with random orientation and complex stacking as well as

sub-nanometer channels separating them (Fig 2.2.f).



In this sense, the width of the microchannels separating the graphene domains
seems to deviate slightly from the measured interplanar distance of 0.34 nm. Moreover,
measured interplanar spacing of the stacked layers appeared to conform to that of graphitic

structures[132].



Figure 2.2: SEM image of the sponge microstructure. (b) High magnification SEM image
acquired from the surface of the sponge roughly where the white arrow is pointing at.
(¢)) Low magnification TEM image of Sponge (d) High magnification image of the Fe
nanoparticles encapsulated in graphene-based sheets (inset: HRTEM image showing the
graphene layers with the interplanar distance highlighted). (e) Low magnification image
around the surface of sponge. (f) HRTEM image showing the microstructure of the surface
of Sponge.

10



2.2.3 Porosity € Surface Area

BrunauerEmmettTeller (BET) surface area measurements have been carried out
to quantify the surface area and porosity of sponge architecture. Figure 2.3.b,c summarize
the results of adsorption-desorption isotherms and BET pore size distribution, respectively.
It seems that the structure exhibits a combination of type I and type IV N2 adsorption-
desorption isotherms [120, 147]. The adsorption in relative pressures less than about 0.1
implies that micropors or microchannels can be found in the sample, whereas the hysteresis
loop from relative pressures of about 0.5 to 1.0 is related to the mesopores [190]. The
average pore diameter was calculated using DFT model to be about 1.4 nm. The Langmuir
and BET surface area of sponge sample were measured to be 1356.30 and 823.77 m?g~!,
respectively which implies that there is no predominant concern for chemical activation in
order to enhance porosity and surface area. Besides, the density of sponge was calculated to
be 0.017 gcm 3. It may be inferred that the majority of the surface area should be attributed
to the micropores and microchannels. Nonetheless, this cannot contradict the actuality and
contribution of the mesopores which can be identified in high magnification SEM image.
While the mesopores may contain a portion of the total volume of the condensate, the

amount of micropores and microchannels significantly prevails. Thus mesopores do not

contribute to the pore distribution as might be expected [6].

2.2.4 Chemical Characterization

X-ray Diffraction (XRD) and Raman spectroscopy were carried out on sponge

samples prepared at different temperatures To characterize the details of the microstruc-
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Figure 2.3: a) BET surface area measurement of sponge with I and IV type N2 sorption.
b) Pore size distribution of sponge.

ture and overlook the structural changes and phase evolution. XRD patterns of sponge
samples heat treated at 500°- 1000 °C are demonstrated and compared in Figure 2.4.a.
According to characteristic diffraction angles, sp2-hybridized layers in form of graphene as
well as a-Fe [172] and FegOy [131] can be identified at different temperatures. The peak
at 24°may correspond to (002) reflection and the peak at 43°can link to superposition of
(101) and (100) reflections in sp2-hybridized graphitic lattice structure[179]. It has been
reported by other researchers that these two peaks can be related to graphene sheets and
flakes[28, 49, 50, 199]. In addition, syntheses at higher temperatures yield to higher crys-
tallinity of the structure since the XRD peaks appear to be sharper with higher relative
intensities. As seen in Figure 2.2.c,d, it is most likely that the dispersed nanoparticles in
the microstructure are a-Fe nanoparticles with diameter of about 20 nm. While some of
these nanoparticles are encapsulated with few layers of graphene, some nanoparticles can
be found unprotected on the surface of the sponge. It is critical to note that the final heat

treatment of the sponge precursor is done under argon and hydrogen atmosphere which
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Figure 2.4: a) XRD plots of sponge heat treated at different temperatures. b) Raman
spectra plots of sponge heat treated at different temperatures.

prevents the oxidation of Fe nanoparticles. Nevertheless, as soon as the sponge is removed
from the reducing environment of the furnace and subjected to air, the nanoparticles are
highly prone to surface oxidation. Consequently, trace of FezO4 is observed in the XRD
pattern from 700°C (Fig 2.4.a).

Figure 2.4.b shows Raman spectra of sponge heat treated at different temperatures.
Three characteristic Raman peaks of graphene, D, G and G’, respectively at 1335, 1580 and
2680 cm-1 can be observed in the spectra [57]. Since G’ peak of graphite is believed to be
asymmetric and split into four peaks [56, 58], the peak centered at about 2680 cm-1 can be
associated to G’ peak of graphene. The broad D peak in the spectra infers the high level of
disorder in structure. To investigate the changes in the sponge structure, D to G (ID/IG)
and G’ to G (IG’/IG) peak intensity ratio at different heat treatment temperatures have
been plotted separately. As the temperature ramps up, ID/IG which refers to the disorder

in graphene layers, follows a general ascending trend except from 600 °C to 700 °C, where

13



it plummets. Similarly, IG’/IG as a measure for the number of stacked graphene layers,
increases with temperature. It seems that the formation of graphene-based sheets starts at
about 700 °C, since G’ peak emerges at this temperature. Evolution of the system from 600
°C to 700 °C can be interpreted as incubation for amorphous to crystalline transition. Since
the graphene-based sheets are starting to nucleate and grow, the degree of disorder seems
to drop temporarily. Afterwards, the formation of the spatially convoluted graphene sheets
yields to higher degree of disorder. The ascending trend of IG’/IG implies that the growing
graphene layers are not stacking or possibly forming a turbostratic structure, where the
stacked layers are slipped sideways relative to one another to create micro-channels [18].
The presence of D’ peak at 1608 cm ™!, accentuates high degree of disorder in graphene
domains and also convey that graphene-based sheets may have been doped with nitrogen

[110].

2.3 Sponge for Oil Recovery

2.3.1 Hydrophobicity and Oleophilicity

Figure 2.5.a represents the contact angle measurement of water on the sponge
which was evaluated to be 154.72°. Such an exceptional hydrophobicity is a result of
numerous microscopic and nanoscopic voids of air and surface roughness at the interface
with water as well as the possible absence of hydrophilic groups on the surface of the sponge.
To investigate the uptake behavior of sponge structure with time, a sample was exposed
to compressor oil, and its weight change was monitored over the course of one minute (Fig

2.5b). The oil was absorbed into the sponge upon contact, and in about 4 to 6 seconds

14



the maximum absorption was reached. To enumerate the absorption capacity (c=15.57)
of sponge, the mass change after oil uptake (mf=327 mg) is divided by the initial mass
(mi=21 mg) of the sponge. As a result, the maximum weight of compressor oil that can
be absorbed by sponge is about 15.57 times of its weight. Meanwhile, sponge manifested a
similar trend for ethanol sorption, displaying an absorption capacity of 22.69. Figure 2.5.c
shows snapshots of spreading and absorption behavior of compressor oil in contact with
sponge surface, acquired at 60 millisecond intervals. It reveals that the sponge is oleophilic
since the oil is penetrated into the structure upon contact and completely absorbed by the
sponge in about 300 ms.

Sponge offers micro-, meso- and macro-pores at the same time and the high intrin-
sic surface area of sponge can be attributed mostly to the meso- and micro-pores. These
pores and channels may not contribute to oil absorption due to surface tension restriction
of oil which could explain the setback in oil absorption capacity of sponge compared to car-
bon nanofiber, carbon nanotube and graphene aerogels. Alternatively, this setback can be

compensated by the facile fabrication process, multi-functionality and scalability of sponge.

2.3.2 Sponge Sustainability

To put the recyclability of sponge to test, a sample was soaked with toluene and
then subjected to a flame. The sample containing the absorbed toluene was combusted
until all of toluene was consumed. The fire was self-extinguished due to the absence of fuel,
and the sponge sample remained intact and could be used again. Similar studies have been

carried out to demonstrate the fire-resistivity and recyclability of graphene-based sponges
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[133, 198]. However, the recovery of the absorbates such as oil and organic solvents from
the sorbent after uptake remains a priority. A simple process can be implemented to heat
up the sponge with the contained absorbate to evaporate the absorbed contaminant. The
vapor can then be condensed to liquid form and recycled [174]. To further quantify the
cyclic recovery, the weight changes of a sponge sample has been evaluated. In this instance,
the sample was saturated with ethanol and the ethanol was evaporated by annealing at
500°C for 30 min. Sponge dry weight was consistent within 10 cycles and was measured to
be 20.78 mg. Sponge post saturation weight was 469.8 to 471.2 mg and no evident decrease

in absorption capacity was observed.

2.4 Sponge for Energy Storage

Inspired by the incentives to reduce the adverse impacts from fossil energy, and
to reduce our dependence on it, we wanted to test the multi-functionality of the sponge in
the field of energy storage. As stated previously, a core area of research for next-generation
lithium-sulfur cathodes is the mitigation of polysulfide shuttling via entrapment in a porous
carbon host. Hence, we hypothesize the mesoporosity of sponge can be a suitable candidate

for trapping polysulfides.

2.4.1 Synthesis of Sponge-Sulfur Cathodes

Prior to preparing sponge-sulfur cathodes, iron nanoparticles were etched via hy-
drochloric acid (HCI) treatment on bulk sponge samples. As a result of acid treatment,

the amount of Fe in the structure was decreased from 12.69 to 5.55 wt% by dissolving the
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unprotected Fe nanoparticles. Therefore, about 5.55 wt% of the structure is believed to be
graphene wrapped a-Fe nanoparticles. Next, powdered sponge and elemental sulfur were
combined in a heated dimethyl sulfoxide solution to prepare the active material for the

electrodes. For details, see electrode synthesis methods in the following chapter.

2.4.2 Results and Discussion

Cyclic Voltammetry (CV) is a electrochemical technique commonly used to study
the reduction and oxidation processes of molecular species; wherein, the current peaks
observed indicate redox reactions signature to the electrode material. CV measures current
generated by the battery in response to an applied potential. When sulfur electrodes are
cycled by CV, the reduction of sulfur causes current to increase, forming cathodic peaks
as observed in the bottom profiles for CV Figures 2.6.a,c which are read from right to left.
As the surface layer of sulfur is reduced, lithium ions diffuse through to continue reducing
the entire electrode, thus causing the peak current to drop (typically to -.3 mA). The two
cathodic peaks observed indicate the reduction of sulfur to long chain polysulfides (starting
at 2.4 V), followed by further reduction to form short chain polysulfides and solid lithium
sulfide (starting at 2 V). In general, an electrode with better ionic conductivity will reduce
surface material faster, thus causing the cathodic peak to shift upward in potential (to the
right along the x-axis).

After the reduction process is completed, the potential-scan direction is reversed
to initiate oxidation of lithium sulfide (read from left to right at the top of CV profiles).
Oxidation profiles for sulfur electrodes under CV typically show one signature anodic peak

corresponding to the re-formation of elemental sulfur. Overall, an electrode with a greater
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cathode. c¢) Cyclic Voltammetry of a new sponge-sulfur cathode displaying stable reactions.
d) Specific capacity corresponding to the preliminary sponge-sulfur cathode

quantity of active material (sulfur) will yield greater peak intensities.

Figure 2.6.a shows the initial CV for preliminary sponge-sulfur electrodes. The
noise observed in the anodic spectrum are indicative of unwanted side reactions between
sulfur and residual iron nanoparticles depicted 2.2.c,d. However, the specific capacity for
this battery is comparable to that in literature, approximately 600 mAhg~', despite the lim-
ited life cycle for the battery. Therefore, it was expected that a thorough etching treatment
would remove all traces of Fe nano particles and improve the performance of the sponge-
sulfur cells. CV analysis for the new sponge-sulfur battery in Fig 2.6.c depict smoother
profiles, indicating only the signature redox reaction for sulfur batteries, and reassuring

that all Fe particles have been removed. It is inferred that the resulting weight reduc-
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tion enabled higher weight loading of sulfur, as quantified by thermogravimetric analysis
(58.4 wt% vs 30 wt% of sulfur). The cathodic peaks show higher intensity than those for
the battery in Fig 2.6.a, reconfirming the higher sulfur loading. Additionally, the anodic
curves reveal more of the oxidation transition from lithium sulfide first to polysulfides, and
ultimately to sulfur. However, specific capacity for this battery is significantly affected
the removal of Fe nanoparticles. It is proposed that the removal of graphene-wrapped Fe
nanoparticles effectively destructed the graphitic properties of the sponge, leaving behind
mostly amorphous carbon with minimal crystallinity in comparison to graphite. The lack
in crystallinity disables intercalation lithium ions into the carbon host, thereby impairing

the available capacity as seen in Fig 2.6.d.

2.5 Highlights

Mitigating the environmental impacts of fossil fuel industries is a primary motive
towards developing novel materials for sustainable applications. Here we present a practical
synthesis method for a carbon sponge derived from sucrose. The sponge displays exceptional
hydrophobicity with a contact angle of 154.72 °against water, as well as oleophilic properties;
thus, making it a viable candidate for oil recovery in industrial spills. The application of
sponge can be extended to broader water decontamination applications, as it is also capable
of absorbing liquid contaminants of various densities. Furthermore, minor modifications to
the sponge enable a proof of concept for its use in energy storage. Although sponge is an
attractive host for sulfur electrodes, owing to both their advantages in sustainability, there is

a need for an in-depth understanding of the working mechanism in Li-S batteries including
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lithium ion intercalation, and redox reactions upon cycling. It is recommended to approach
this task with commercially available materials to minimize the complexity of characterizing
new electrode material systems. The following chapter provides a comprehensive study of

sulfur electrodes and explores their applications in full cell battery architectures.
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Chapter 3

Applied-Research Tools for
Expediting Next-Generation
Technologies: Sulfur-Silicon

Batteries
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3.1 Overview

Lithium-ion batteries (LiBs) have been replacing power sources for numerous ap-
plications in recent years. The momentum for this trend is not expected to decline given
the unique advantages in energy density for LiBs relative to other rechargeable batteries.
Beyond consumer electronics, LiBs will continue to shift global sectors of transportation
and grid storage for renewable energies as society becomes more invested in reducing our
dependence on fossil energy. Despite the bright future for LiBs, two critical issues need to be
addressed: performance and safety. Performance is especially important for transportation
applications, whereas electric vehicles need to compete with combustion engines in order
to meet national incentives to reduce carbon emissions in the atmosphere. Safety is at
the forefront for LiB research as concerns of battery fires are most hazardous in congested
scenarios as in commercial airlines.

Therefore, research into LiBs should go beyond finding the highest capacity from a
given material system. Research should focus on understanding the key failure mechanisms
signature to specific battery chemistries in effort to develop safe LiBs for next generation
technologies. Here we go beyond the standard materials-research approach and explore
how practical electrochemical characterization techniques can be used in parallel to cell
operation techniques to retrieve more information about the driving and failing mechanisms

in lithium-sulfur batteries.
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3.2 Conventional Electrochemical Characterization Tools

The theoretical capacity of a new electrode material is the primary motivator for
researchers who seek to develop next-generation batteries. However the real amount of
electric charge that a battery can provide, measured in units of Amp-hour (Ah), is contin-
gent on variables including ambient temperature, rate of charge/discharge, and various cell
parameters such as weight. Accordingly, galvanostatic (constant current) cycling of a new
electrode material is the first experiment a researcher will conduct in pursuit of interpreting
its performance. Galvanostatic cycling can be performed at various charge/discharge rates
to generate potential vs. time plots (Fig 3.1) which can be used to calculate a cell’s exper-
imental capacity in response to a controlled variable. Wherein, the most common control
variable is the current rate (C-rate) at which a cell is cycled, and is calculated relative to the
cell’s theoretical capacity. For example, a lithium cobalt oxide (LiCoOsg) electrode with a
theoretical capacity of 140 mAhg_l cycled at C-rate of 1C will take one hour for 140 Amps
to completely discharge or charge all of its capacity. Similarly, if the battery is cycled at
C/10, a current of 14 mA is required to fully discharge the battery within ten hours.

Typically a higher C rate will result in a lower experimental capacity that a cell
can deliver. This decrease in capacity is observed as shortened voltage plateaus in galvano-
static plots, as depicted in regions A-D in Fig 3.1. Thus, capacity dependence on C-rates
is a common use of galvanostatic plots. However it is not very insightful in regard to the
mechanisms that fail upon high C-rates which contribute to the lower capacity. Here we ex-
plore a combination of electrochemical techniques in a manner which can be more insightful

to failure mechanisms.
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The galvanostatic intermittent titration technique (GITT) is an electroanalytical
tool commonly used in lithium ion technologies which uses transient and steady state mea-
surements to obtain kinetic and thermodynamic properties of electrodes materials. The
GITT procedure applies short current pulses to a cell, followed by rest periods until a
desired equilibrium potential limit is reached. This causes causes equilibrium voltages to
rebound from the applied current; the time stamp between these two potentials are used to

calculate diffusivity coefficients for the electrode via the following expression:

Do 4(E) Sy o)

Wherein, L is the diffusion length of the electrode, 7 is the time duration of the pulse
current, AFEReq. 18 the change of equilibrium voltages at the end of two sequential open-
circuit rest periods, AFEpyse is the change in the cell voltage during the current pulse. For
an in depth explanation of GITT analysis, readers are recommended to read [146, 201].

In conventional lithium ion cells, current pulses induce concentration changes
within the host electrodes. In lithium sulfur batteries however, the concentration change
occurs within the electrolyte due to the reduction of sulfur to electrolyte-soluble polysul-
fides. Hence, it is a complex procedure to quantify values such as the chemical diffusivity
coefficient of lithium ions and the resistivity through the electrolyte in lithium sulfur cells,
as opposed to conventional solid state lithium ion cells. Accordingly, research efforts to
utilize GITT for lithium sulfur cells, omit the polysulfide shuttle mechanism to obtain a
semi-solid state model. Herein, we explore GITT analysis in a qualitative manner to enable
a complete lithium sulfur model to depict lithium diffusivity despite the polysulfide shuttle

effect.
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3.3 Understanding Li Ion Mobility in Response to Electrode

Loading

An increase in consumer demands for longer lasting and better performing batter-
ies has turned researchers towards sulfur and silicon electrodes as next-generation lithium
ion batteries. A majority of LiB research focuses on optimizing the chemical composition
of these electrodes to yield improvements in capacity and longevity of batteries. However,
the benefits from experimental variables which alter chemical compositions are often con-
strained to strict conditions such as specific materials compatibility. Here we explore a
universal approach towards improving the performance of sulfur and silicon electrodes that
does not interfere nor rely on specific materials synthesis processes. Specifically, we want
to investigate the effects slurry density in half cells via a practical processing technique.
Calendering tools are used in various fields to tailor the density of a deposited material on
a substrate. In this case, we use a calender machine to vary the packing density of sulfur

and silicon slurries on the current collectors for half cell batteries.

3.3.1 Electrode synthesis

The sulfur cathode was made with 20 wt% Poly(acrylic acid) (PAA, 1800 g/mol,
Sigma-Aldrich) and 80% wt% acetylene black sulfur composite(ABS). The aforementioned
ABS was made by dissolving 200 mg of Sulfur (S, 99.998% trace metals basis, Sigma-
Aldrich) in 20 ml of Dimethyl Sulfoxide (DMSO, Fisher Chemical) at 90 C, heated by a
heating jacket (Brisk Heat). 129 mg of Acetylene black (Alfa aesar, 50% compressed) was

then added to the solution, the solution was stirred for 3 hours before the heating jacket was
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removed and the solution was allowed to cool while stirring. The resulting ABS composite
was then washed by anhydrous ethanol (Decon Labs, Inc.) several times to ensure the
removal of DMSO and dried at 60C for 24 hours. To make the sulfur electrode, Poly(acrylic
acid) (Sigma Aldrich, 450,000) and ABS were mixed with 1-Methyl-2-pyrrolidinone (NMP,
Sigma-Aldrich) and then casted on a large piece of aluminum chip (Alfa Aesar, 0.025mm
thickness, 99.45% purity) by a doctor blade (MTI Automatic Thick Film Coater, BYK
Doctor Blade). The casted electrode sheet was then dried in a convection oven (Cole-
Parmer, Stable Temp) at 60C for 24 hours. The silicon electrode was made with 40 wt% of
commercial silicon (GNM Silicon nanoparticles 80nm), 25 wt% Acetylene black (Alfa aesar,
50% compressed), and 35 wt% Poly (acrylic acid) (Sigma Aldrich, 450,000). The materials
were mixed and sonicated in ethanol and then casted on a large copper chip (Alfa Aesar,
0.025mm thickness, 99.8% purity) with a doctor blade (BYK) and was then dried at 60C

for 24 hours.

3.3.2  Slurry Density Processing

Slurry-casted electrode sheets are passed through a calender machine (IRM) which
compress the sheets between two rollers at varying settings denoted by the gap spacing
between the rollers. The calender settings are shown Figure 3.2. Individual coin shaped

electrodes are then cut out of the post-calendered sheets to assemble coin cell batteries.
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Calendaring Gap Material Loading Si Density Sulfur Density
(mg/cm) (mg/cm)

30 um S, Si (2.4-2.5 mg/cm ) 481 483
40 um S, Si (2.4-2.5 mg/cm’) 471 463
50 um S, Si (2.4-2.5 mg/cm’) 461 419
60 um S, Si (2.4-2.5 mg/cm’) 440 405
70 um S, Si (2.4-2.5 mg/cm’) 425 380

Figure 3.2: Various calender settings for altering the densities of slurry loadings: silicon
and sulfur.

3.3.3 Results and Discussion

Standard galvanostatic cycling discussed earlier was used to calculate and plot
the specific capacities per cycle, as shown in Figure 3.3a,b. At a glance, it is clear that a
calender setting of 40 pum yields the highest capacity for sulfur half cells. However, a clear
conclusion cannot be drawn directly from the capacities for silicon half cells. A setting of
50 pm appears to yield the best capacity momentarily between cycles 30-80, yet a setting
of 40 pm prevails at the end of cycling. Additionally, the 30 ym setting shows irregular
capacity fluctuations which cannot be explained for by galvanostatic cycling alone. Hence,
we utilize GITT to further interpret the chemical interactions occurring in the batteries.

GITT uses a series of current pulses, each followed by a relaxation period. Herein,

electrodes were pulsed at C/50 for 10 minutes, immediately followed by 10 minutes rests.
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This interval was repeated until complete discharge. Oscillations in the voltage profile repre-
sent changes between the pulsed voltages and steady state voltages [40]. Shorter oscillations
throughout the voltage profile are ideal, indicating minimal voltage excitation during the
relaxation period; this represents a homogeneous material reduction and improved lithium
diffusivity. However, small oscillations may also be indicative of poor material access to the
conductive network [130]. Ideally, ionic diffusivity in Li-S batteries should remain consistent
throughout cycling. Consistency in diffusivity indicates steady active material utilization,
minimal polysulfide shuttling, and electrode mechanical stability. The continuing changes in
diffusivity results from active material loss, mechanical changes in the electrodes, decreased
material participation, or changes in the concentration of polysulfides in the electrolyte.
Figures 3.3.c,d reveal that the improved capacity from 40 pum calendering stems
from improved diffusivity of lithium ions through the densified electrode. The tight packing
of sulfur slurry enables better mechanical integrity of the electrode which is better equipped
to withstand volumetric expansion upon cycling. Likewise, the loosest density packing
resulting from 70 pm calender gap permits voids in the electrode during cycling which

interfere with lithium intercalation, thus impeding lithium ion diffusivity.
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GITT profiles for the silicon half cell provide more insights into the capacity fluc-
tuation for 30 um in 3.3.a. The elongated discharge plateaus for 30 ym in 3.3.c represent
severe fracturing in the silicon electrode which inhibit uniform current densities upon cy-
cling and cause localized short circuits. Furthermore, a comparison of GITT profiles for 40
and 50 pm setting for silicon reveal that 40pm maintains steady kinetics throughout the

discharge cycle, which coincides with the least capacity fading found in 3.3.a.

3.4 Redesigning Sulfur-Silicon Full Cell Architectures

Half cell research is great tool for optimizing individual next-generation electrodes.
However, in order for electrodes to be deemed as viable technologies, they need to be
tested in the full-cell format with a limited amount of lithium. Conventional full-cells rely
on the cathode as the source of lithium ions; for example, NMC (Lithium Nickle Cobalt
Managanese Oxide) cathodes are commonly paired with graphite anodes to complete a
full-cell. Per this principal, the lithiated form of sulfur cathodes (lithium sulfide) should be
paird with a compatible anode to complete a full-cell. However, processing of lithium sulfide
is prone to releasing hydrogen sulfide gas which is poisonous, corrosive, and flammable [185,
64, 104]. In effort to reduce hazards and promote scalability, researchers seek alternatives
to a prelithiated sulfur full-cells. Here we pair sulfur cathodes with silicon anodes in a novel

battery architecture which bypasses the challenges of prelithiated materials.
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3.4.1 Methods

A full cell using sulfur and silicon electrodes is attractive for several reasons. Sulfur
and silicon are environmentally benign and abundant. Furthermore, the theoretical energy
density of a sulfur silicon full-cell (SSFCs) is 1982 Wh/kg, far exceeding the theoretical
energy density of current LiBs while only potentially costing $13/kWh. This presents
a great advantage over commercial NMC-graphite batteries which peak at a theoretical
energy density of 605 Wh/kg, and cost approximately $180/kWh.

Electrodes for SSFCs were constructed using a facile process. Shown in Figure
3.4, the silicon electrode is patterned to create an access point for the lithium chip to make
contact with the current collector. The access point allows the silicon slurry and lithium
chip to act as one electrode, creating a complete circuit, allowing current to travel through
the lithium. The patterned silicon electrode is engineered to only expose a small surface area
of the current collector, thereby maximizing silicon slurry loading, causing only a small area
of the lithium chip to make direct contact with the current collector. Each SSFC requires
roughly 6.44 mg of lithium, accounting for the lithiation of sulfur and silicon, along with
SEI lithium consumption. To ensure enough lithium is available in the system, each cell is
loaded with 8 mg of lithium. Lithium not making direct contact with the current collector
(non-participating lithium) requires repeated cycling to slowly integrate lithium ions into

the system. A schematic of the constructed SSFCs is shown in Figure 3.4.
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3.4.2 Results and Discussion

Figure 3.5.c shows galvanostatic cycling for the SSFC. The initial energy density of
the SSFC is 100 Wh/kg at C/50 then increases to 414 Wh/kg over 10 cycles. The increase
in energy density is attributed to the continuous integration of non-participating lithium,
shown in Figure 3.5.c. The SSFC has an energy density of 350 Wh/kg for over 250 cycles
and a coulombic efficiency of approximately 95%. The fluctuation in coulombic efficiency
from cycle 1 to 150 is due to the process of lithium integration. Lithium integration creates
a unique chemical reaction in the SSFC. During the charge step in a conventional full-cell,
lithium ions from the cathode reacts with the anode. However, in the SSFC, additional
lithium ions from the chip react with silicon in the anode, increasing the charge capacity.
The coulombic efficiency is calculated as discharge capacity divided by charge capacity.
Hence, lithium ions from the chip lower the coulombic efficiency of cycles 1 to 150 despite
the cathode operating with a coulombic efficiency of 99%, shown in Figure 3.5.a. By cycle
150 all the required lithium is incorporated in the SSFC and is actively participating in

the redox reaction, however, excess lithium remains. During charge, lithium ions from the
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Figure 3.5: Specific capacities and coulombic efficiencies for a) sulfur half cell, b) silicon
half cell, ¢) Sulfur-silicon full cell.

cathode plate onto the excess lithium chip while in parallel, lithium ions from the chip react
with silicon which in turn lowers the coulombic efficiency to 95%. Additionally, the wave
like fluctuations in capacity shown in Figure 3.5a,b, & c¢ results from temperature changes
occurring inside the testing room.

GITT, shown in Figure 3.6, was employed to investigate changes in lithium diffu-
sivity within the individual battery systems[60, 17]. The batteries were subjected to current
pulse intervals with a rate of C/50 for 10 minutes, followed by 10 minute rests until complete
discharge/charge. In Figure 3.6, the varying thickness of the voltage profiles represent vary-
ing lithium diffusivities in the system. Thinner voltage profiles indicate improved diffusivity

while thicker voltage profiles represent the inverse [130, 129].
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In Figure 3.6A, the profile for the sulfur half-cell displays a slight decrease in
voltage plateaus from cycles 1 to 2. This occurrence is also observed in Figure 2A & 3A,
and is attributed to the change in ionic and electric conductivity caused by the incremental
SEI formation and polysulfide shuttling[17]. As seen in Figure 3.6B, the silicon half-cell
experiences a voltage shift within the first two cycles; this is attributed to SEI formation.
However, voltage profiles and diffusivity equilibrate by the second cycle, indicating that
the silicon half-cell has faster kinetics than the sulfur half-cell. Hence, it is determined
that the kinetics of sulfur half-cell is the limiting factor for the diffusivity of the SSFC.
Figure 3.6C shows the GITT profile for the SSFC. Figure 3.6C depicts the voltage profiles
of the SSFC resembling the sulfur half-cell, revealing plateaus at 2.3 V and 2.1 V after
reaching equilibrium. However, the first cycle of the SSFC shows a discharge profile offset
from the sulfur half-cell; this is attributed to limited lithium participation in the first cycle.
Additionally, the second cycle shows a drastic shift in voltage profiles. The excess voltage
plateau in cycle 2, at roughly 50% depth of discharge, alludes to the aforementioned issues
associated with the architecture of the cell. The ionic and electric conductivity continue to
improve from cycles 10 to 310 due to SEI formation and polysulfide shuttling. Hence, the
diffusivity of the system improves, and we observe thinner voltage profiles in the subsequent
cycles. The observable change in diffusion in cycle 2 to 10 is a result of total lithium
utilization allowable in the system. Again, at this stage, the SSFC does not have access
to the majority of required lithium. Hence, the cell requires subsequent cycles to integrate
non-participating lithium into the anode. Figure 3.6D compares the diffusivity of SSFC

to the sulfur half-cell, wherein we see a notable difference within the early cycles. At 80 -
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100% depth of discharge, the observable difference in diffusivity from the half-cell to SSFC
is caused by the charge transfer resistance of the silicon anode. Similarly, once the cell
starts to charge, the notable difference in diffusivity profiles at 0-20% depth of charge is
a result of charge transfer resistance in the anode for the SSFC. Ultimately, Figure 3.6D
depicts the SSFC voltage profile continues to coincide with that of the half-cell once it has

developed a complete utilization of lithium.
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3.5 Cell Operation Protocols Towards a Reinforced Solid

Electrolyte Interface in Lithium-Sulfur Cathodes

Lithium-sulfur (Li-S) is one of the most promising next-generation lithium-ion
battery systems due to its high theoretical specific capacity. However, Li-S batteries suffer
from a short cycling life, poor mechanical stability and low coulombic efficiency. Develop-
ing a robust solid electrolyte interface (SEI) plays a critical role in alleviating these issues.
Current approaches for a robust SEI are mostly based on using additives which fall under
three categories: reduction type, reaction type, and morphology modifier. However, ad-
ditive use in Li-S tends to have adverse effects on energy density, internal resistance, and
cycling stability while additive-free approaches to robust SEI formation have not garnered
enough attention[43, 71]. Herein, we explore an understudied area of LiB research: cell
operation effects on working/failure mechanisms of a battery. Specifically, we are interested
in characterizing the effects of cyling rates during the formation phase of a battery which
aims to prepare an electrode to withstand high-rate cycling. Current formation practice
in Li-S research will slowly cycle a cell at steady rates within C/100 - C/20 to allow for
the formation of protective surface films as the Solid Electrolyte Interface before current
rates are increased to test experimental capacity[175, 123, 99, 100, 126], However, forma-
tion practices are seldom understood, yet it has the potential to increase cell performance

at little cost regardless of electrode design.
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Figure 3.7: Formation methods tested for sulfur half cells.

3.5.1 Methods

Herein, we test two formation protocols for a Li-S half-cells. The first protocol,
Method 1 applies a constant current rate of C/50 (0.175 mA) during discharge and charge
for 3 cycles. This models the common formation practice reported by researchers and thus
is used as the datum in this study. Method 2 applies a rate of C/50 during discharge within
2.8 V to 2.1 V and a rate of C/100 (0.0875 mA) during the potential region associated with

SEI formation in Li-S batteries, 2.1 V to 1.7 V, as showin in Fig 3.7.

3.5.2 Results and Discussion

A comparison of specific capacities for sulfur half cells subject to formation Method
1 and Method 2 is shown in Figure 3.8.a. Both methods show fluctuations in capacity due to
temperature changes, it is observed that batteries undergoing condition method 2 fluctuate
the least. This results from the stable and high quality SEI layer created during formation
[86].

Since all batteries have the same sulfur loading, a higher capacity of 652 mAh/g

for Method 2, compared to 612 mAh/g for Method 1 is indicative of more active material
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retained during the cycling routine and more material utilization. Active material loss for
Method 1 can be a result of poor SEI layer permitting polysulfide shuttling into the elec-
trolyte and the counter electrode, or sulfur detaching from the conductive network during
volume expansion/contraction [42]. Additionally, better material utilization for Method 2
can result from a better mechanical structure and SEI layer. A robust SEI layer formed
during formation prevents cracking of the SEI layer during high cyclic expansion. This
reduces material exposure to the electrolyte and prevents the generation of new and excess
SEI. Furthermore, the robust SEI layer creates better mechanical stability and ionic path-
ways, which further stabilizes battery performance, resulting in 494 mAh/g capacity after
the 4 week period of testing. This represents a significant improvement from the battery
subject to conventional formation which ends with 444 mAh/g in capacity.

Coulombic efficiency (CE) for both methods measure capacity retention for the
batteries, Fig 3.8.b. Large spikes in CE up to 103% (1st, 11st, 21st, and the 31st cycle)
represent GITT measurements taken during standard cycling of the batteries. GITT dis-
rupts the CE of the following cycle by overcharging the battery and activating sulfur that
does not participate normally due to limitations in the conductive network. As a result,
the following cycle has an increased discharge capacity and a CE over 100 %. Method 2
batteries have the highest and most stable CE. A stable CE indicates minimized polysulfide
shuttling, consistent conductive pathways, and stability under temperature fluctuations[91]
These advantages are consequential from a robust SEI layer.

We propose the robust SEI layer of Method 2 batteries traps polysulfides inside

the SEI, causing a minimal amount of polysulfides to travel across the electrolyte and to
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Figure 3.8: a) specific capacities for sulfur half cells subject to formation methods 1 and 2.
b) coulombic efficiencies for the corresponding capacities.

the lithium counter electrode. This in turns reduces the damage polysulfides can cause to
the lithium SEI while also reducing temperature impact on the electrolyte. This is in good
agreement with Fig3.8.a, which show minimized capacity fluctuation in Method 2 batteries.

GITT profiles for the two methods shown in Figure 3.9 appear to indicate better
diffusivity for Method 1 batteries during the first week of cycling. Considering that Method
1 batteries lose more capacity, we can infer that a higher amount of polysulfides reside in
the electrolyte; this is reported to increase the ionic conductivity of the battery. Hence,
during this stage, Method 2 battery experiences slower diffusivity since it lacks the con-
ductivity boost from excess polysulfides. However, at the end of week 3 and 4, Method 2
batterys diffusivity increases and surpasses Method 1 batteries. This is because all batteries
experience polysulfide saturation in the electrolyte over time and reach similar ionic con-
ductivity, but Method 2 batterys minimized mechanical degradation due to a robust SEI
layer maintained the best electrical conductivity network. The conductive network is the

predominant variable contributing to ionic diffusivity at week 4; low coulombic efficiency
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Figure 3.9: GITTs profiles for sulfur half cells
galvanostatic cycling.

measured after week periods of standard

degradation further supports this conclusion.

Potentiostatic electrochemical impedance spectroscopy (PEIS) is a non-destructive
method that characterizes the integrity of the electrode-electrolyte interface, passivation
layers, electronic conductivity of electrode material, diffusion of lithium within electrode,
and diffusion of lithium-ions in electrolyte near electrode surface [42]. Impedance was
measured within frequency bounds of 10 kHz and 10 mHz.

One resistance value quantified by PEIS is the resistance associated with the for-
mation of the SEI layer, Rsei. A higher Rsei indicates more robust SEI layers. Sulfur does
not natively form any permanent passivation film similar to SEI layers observed in silicon

or carbon electrodes [114]. We propose the SEI resistance observed in the sulfur electrodes

mainly originate from the carbon additive, but may also be affected by polysulfides and
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electrolyte composition. Similarly, the equivalent series resistance (ESR) represents the
total resistance contributed by solution resistance, charge transfer resistance, and contact
resistance in the batteries [42]. Figure 3.10.b shows the evolution of ESR for the sulfur half
cells.

Rsei for both methods increases during week 1, yet Method 2 batteries spike in
Rsei during week 2. This spike can be attributed to delithiated polysulfides; as long chain
polysulfides delithiate into sulfur, sulfur particles gather on the conductive network and SEI
layer. Sulfur gathering on the SEI layer can be mistaken as a contributing factor to Rsei.
As sulfur becomes increasingly densified on the SEI layer with each successive cycle, Rsei
increases proportionally, shown in 3.10.a. This phenomenon occurs in both methods during
week 1 but only exists for Method 2 batteries in week 2. It can be inferred this stems from
a robust SEI layer, which mitigates polysulfide shuttling. It is speculated that amount of
surface-sulfur contributes to the mitigation of polysulfide shuttling in Method 2. Once the

surface layer of sulfur is lost to polysulfide shuttling, Rsei stops increasing.
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Figure 3.10: PEIS measurements of sulfur half cells during cycling: a) SEI resistance (Rsei)
for batteries subject to formation methods 1 and 2. b) Equivalent series resistance (ESR)
for batteries subject to formation methods 1 and 2.
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ESR increases for both methods increase gradually during week 1, but stabilizes by
week 3. In contrast to Methods 1 batteries, ESR for Method 2 battery continue to increase
during week 2. ESR is dominated by solution resistance, or electrolyte conductivity, but
also takes into account changes in SEI resistance.This relationship is highlighted by the
increase in ESR as a consequence to the spike in Rsei during week 2. As suggested by
the previous electrochemical techniques, Method 1 experiences a higher rate of polysulfide
shuttling which ultimately cause the observed capacity fading in Fig 3.8. The increased
quantity of polysuldifes in the electrolyte contribute to ionic conductivity in the cell which

effectively lower the ESR values for Method 1.

3.6 Highlights

Optimization of slurry densities is a practical technique that can be implemented
on any electrode to retrieve the highest capacity given its slurry chemistry. The universality
and of this approach inspires researchers to be mindful of developing scalable laboratory
practices that can easily be translatable to commercialization. However, this technique
needs to be adequately characterized to confidently define the parameters which attribute
to the driving and failing mechanisms in the electrodes. Here we show how GCPL is not
sufficient characterization for the task, yet qualitative GITT analysis proved to compliment
GCPL in effort to highlight the internal kinetics of the electrodes in repose to different
slurry densities. Ultimately, the optimized silicon and sulfur electrodes from this study are
used as standards of performance for further experiments as in sulfur-silicon full cells and

in investigating the effects of formation rates on SEI integrity in sulfur half cells.
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Figure 3.11: Illustration of the electrochemical benefits from the modified formation method
presented.

The sulfur-silicon full cell presented herein serves as a simple alternative to pre-
lithiated sulfur-silicon full cell systems. An additional benefit from this approach is the facile
control over lithium loading to compensate for SEI formation and lithium degradation. As
a full cell configuration for next generation lithium ion batteries, the SSFC demonstrates
an energy density of 350 Wh/kg over 250 cycles. Furthermore, this is the first time to the
best of our knowledge a sulfur silicon full cell has been fully characterized by GITT anal-
ysis. The results presented here show that the SSFC is comparable to other prelithiation
methods demonstrated in research, while offering advantages in scalability.

Lastly, here we explored the effects of formation protocols on SEI formation in
Li-S half cells. It was observed through the testing models, that plateau targeted formation
(Method 2) develops robust SEI layers. We propose that this is attributed to the slower for-
mation rates targeting the second discharge plateau of Li-S batteries which allocates more

time for steady formation of the SEI layer, while reducing time spent in the first plateau
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associated with long chain polysulfides. The resulting SEI layer suppresses the solubility of
long chain polysulfides, improves ionic pathways, maintains mechanical integrity, increases
capacity, and enhances cycling stability of the Li-S battery. An illustration of these im-
provements is shown in 3.11. Additionally, this technique bypasses the use of additives and
their associated adverse effects. Despite the lack of research centered on formation protocols
for next-generation electrodes, this approach can universally be applied to various material

systems.
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Chapter 4

Beyond Materials-Research: Cell
Operation Protocols Towards

Dendrite-Suppressing Surface

Films on Lithium Metal Anodes
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4.1 Overview

Lithium metal electrodes are regarded as the optimal anode for next generation lithium
ion batteries. Unfortunately, the lithium metal anode falls subject to several challenges
such as dendrite formation and low coulombic efficiency, which inhibit its candidacy as a
viable technology. As such, substantial research efforts alter cell parameters in effort to
manipulate interfacial chemistries, mitigate dendrite growth, and improve cyclability. Here
we demonstrate a practical cell operation approach to reinforce the Solid Electrolyte Inter-
phase in lithium anodes via a modified formation protocol governed by the redox reactions
found in Lithium-Sulfur systems. Multiple formation protocols, the galvanostatic proce-
dures for electrochemically preparing a cell to withstand high rate cycling, were applied to
Li-Li symmetrical cells to investigate the effects on SEI integrity and dendrite mitigation.
Comparative galvanostatic and electrochemical impedance data on cells subject to multiple
formation protocols reveal that cell operation during the formation phase plays a critical role
on interface stability of lithium metal anodes. Additionally, scanning electron microscopy
images demonstrate that minor modifications to formation protocols can significantly min-
imize destructive lithium plating, as well as the size and dispersion of lithium dendrites.
The practicality of this approach deviates from the convention of materials exploration,
yet highlights the importance of understanding the nature of interfacial chemistries in re-
sponse to cell operation. We believe the transferability of this approach has the potential

to expedite the commercialization of next-generation lithium ion technologies.
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4.2 Challenges with Li Anodes

The implementation of lithium ion technology has grown exponentially in recent
years over several markets including electric vehicles, power grids, etc. However, commer-
cial lithium ion technologies cannot meet the growing energy density demands from these
markets. Hence, researchers are looking into the next-generation materials that can enable
higher performing technologies. Lithium-Sulfur (LiS) batteries have amassed substantial
attention as a promising next-generation full cell system. Sulfur is regarded as the optimal
cathode owing to its high specific capacity 1675 mAhg~!, high energy density 2600 Whkg~?,
and material abundance [167, 34, 138]. Likewise, lithium metal is widely regarded as the
optimal next-generation anode, owing to its high theoretical capacity of 3860 mAhg~!, low
gravimetric density .59 g/cm~2, and low negative redox potential -3.04 V [22, 101]. The
advancement of LiS systems is hindered however by an unbalanced research effort towards
optimizing each electrode respectively; one third of research efforts towards LiS systems
target to improve on the challenges inherent to lithium metal anodes [178, 22, 38]. Hence it
is foreseeable that a shift in attention to the understudied areas of research could accelerate
commercialization of next generation technologies like lithium sulfur batteries.

For lithium metal anodes, the critical investigations needed are scalable methods
to improve on their high reactivity and excessive volume expansion which lead to poor cy-
clability and safety hazards. It is expected for electrodes to undergo volume changes during
the cycling process. For example, conventional graphite anodes undergo 10% volumetric
expansion [22, 200] and sulfur cathodes undergo upto 80% [22, 163]. However, lithium an-

odes are subject to infinite volume changes [22, 200, 101, 184], and when coupled with their
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inherent high reactivity, this poses several self-reinforcing challenges in regard to the SEI
layer. Due to the very low electrochemical potential of Li, electrolytes are spontaneously
reduced at the surface and develop a mosaic SEI layer with heterogeneous ionic conductivity
and nucleation sites[184, 169, 83]. During cycling, changes in the SEI can cause irregular-
ities in ion flux[101, 184]. Wherein cracks in the SEI locally enhance ion flux by exposing
fresh Li with a lower energy barrier for ion transport; and accumulated SEI impede ion
flux via local blockades for ion transport. Both instances adversely affect the battery by
igniting a continuous consumption of lithium and electrolyte, which leads to an increase in
cell resistance and ultimately, irreversible capacity fading.

The most notable effect of heterogeneous nucleation sites in the SEI is dendrite
formation[165, 144, 103]. During cyclic volume fluctuations, fractures in the SEI can cause
dendrites to lose contact with current collector and remain as dead lithium in the electrolyte.
This in effect, crowds the mobility of lithium ions through the electrolyte, and contributes to
lowering of the coulombic efficiency of the battery. Concurrently, extensive dendrite growth
can protrude through the separator, resulting in an internal short circuit; this ultimately
can lead to thermal runaway and pose safety hazards for consumers. As such, researchers
look towards improving the stability and uniformity of the SEI to mitigate the adverse
effects on cyclability and safety in lithium anodes. Common approaches towards optimizing
the SET alter cell parameters by integrating scaffolds[77, 200, 183] and surface modifications
via gaseous[13, 171, 196], chemical[113, 160, 158, 90], and physical[47, 84, 81, 23] treatments
of the lithium electrode prior to battery operation. However, these approaches hinge on a

strict control over reaction and ambient conditions. Similarly, electrolyte compositions are
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altered via ion selective additives[106, 90, 7, 125] and report greater success in developing
a controlled SEI that reduces side reactions with the electrolyte. These methods, however,
involve a deliberate addition to the conventional cell parameters which adversely affect
energy or power density and ultimately forgo scalability of lithium metal based batteries.
Recently, our group developed a versatile electrochemical approach towards the
reinforcement of SEI layer in LiS batteries which evades the alteration of cell parameters[12].
Our approach optimizes standard cell operation protocols by simply accounting for the
chemical reactions associated with specific voltage regions upon initial cycling, namely,
the second discharge plateau (2.1 -1.7 V) associated with the reduction of short chain
polysulfides and the formation of a solid film in LiS batteries[34, 177, 178]. Standard
formation protocols simply operate a cell at a slow fixed rate within C/50-C/20 for a
few cycles to allow for the formation of surface films[105, 52]. We found that by simply
permitting more formation time (rate of C/100) during the second discharge plateau, LiS
cells develop a noticeably more stable SEI[12]. Electrochemical characterization of LiS cells
subject to the modified cell operation showed significant retention in capacity and coulombic
efficiency which we attribute to the mitigation of polysulfide shuttling via a reinforced SEI
in the carbon-sulfur cathode. This work seeks to extend the investigation to demonstrate
the effects of controlled cell operation on dendrite suppression in lithium metal anodes for
Li-S systems. Two-electrode symmetrical cells were utilized to isolate lithium metal anodes

cycled within standard ether electrolyte (DOL: DME).
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4.3 Methods

4.3.1 Fabrication of Symmetrical Cells

Symmetrical Li/Li cells were fabricated in 2032 type coin cells in an argon filled
glove box. Bare lithium foils of 16 mm in diameter were used as both working and counter
electrodes with Celgard 3501 separators. A conventional lithium-sulfur electrolyte was used
for all cells (1:1 DOL:DME, 1wt% LiNOg, 1M LiTFSI). All batteries were tested under room
temperature with a Bio Logic VMP-3 for electrochemical procedures including galvanostatic

cycling and potentiostatic electrochemical impedance spectroscopy (PEIS).

4.3.2 FElectrochemical Formation Procedure

We investigated three electrochemical formation protocols for a duration of three
complete discharge and charge cycles. To account for the difference in working-mechanisms
in symmetrical cells versus cells with two distinct electrodes, cycling parameters were mod-
eled after the amount of time LiS cells spent to complete a discharge/charge step at a given
C rate.

The standard protocol, P1 models discharge rates of C/50 with a constant current
of 168 pA, for the duration of time which sulfur cathodes completed the discharge/charge
steps at that rate, 28 hours. Likewise, P2 models sulfur cells subject to a modified two-step
discharge protocol (discharge C/50 for 2.8-2.1V, then C/100 for 2.1- 1.7 V) with discharge
currents of 168 pA for 17 hrs, followed by 84 pA for 20 hrs. Charge steps for this protocol
(C/50) are modeled by a current of 168 pA for 28 hrs. Finally, P3 subjects symmetrical

cells to pulsed discharge and charge currents of 168 pA for 10-minute intervals, followed by
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10-minute rests until LiS cells subject to the same procedure at C/50 reached full discharge
or charge (125 repetitions per discharge and charge step).

Each formation protocol was followed by high rate cycling for 100 cycles. Wherein,
LiS cells cycled at C/10 are modeled by symmetrical cells subject to a constant current of

6 mA for 1 hour durations for discharge and charge cycles.

4.3.3 Electrochemical Cycling with PEIS Procedure

The electrochemical formation procedures were repeated with PEIS employed after
each discharge and charge cycle to further characterize the interfacial reactions occurring
at this stage. P1 applied the following sequence for three repetitions before proceeding to
cycling at a high C rate: rest, PEIS, 168 pA discharge, rest, PEIS, 168 pA charge, repeat
two times. The following high rate cycling (C/10 for LiS half cells, 6 mA for symmetrical
cells) employed PEIS every 10 cycles after the discharge and charge steps.

Similarly, P2 applied the following sequence for three repetitions before proceeding
to cycling at a high C rate: rest, PEIS,168 uA + 84 pA discharge, rest, PEIS, 168 A charge,
repeat two times. The following high rate cycling employed PEIS every 10 cycles after the
discharge and charge steps.

Lastly, P3 applied the following sequence for three repetitions before proceeding
to cycling at a high C rate: rest, PEIS, 168 pA discharge for ten minutes, rest ten minutes,
repeat 125 times, PEIS, 168 pA charge for 10 minutes, rest 10 minutes, repeat 125 times,

repeat entire sequence three times.
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4.3.4 Characterization

The morphology of lithium metal surfaces post cycling was characterized by a

NovaNano Scanning Electron Microscope (NNS450) operated within 3-5 kV.

4.4 Results and Discussion

The symmetrical cell configuration is a practical tool for investigating interfacial
chemistries on lithium metal anodes; the stability of potential profiles directly translates
the stability of reactions between the lithium surface and the electrolyte. High rate cycling
profiles for cells that have been subject to the different formation protocols are shown in Fig
4.1. Each profile shown is an average of three batteries subject to that particular formation
protocol. Initial cycling for all protocols shows the largest overwork potential which is ex-
plained by the native surface film formed on lithium metal from the spontaneous electrolyte
reduction. At this state, the film is expected to be the thickest and most homogeneous|[15]
which in effect noticeably hinders kinetics for lithium deposition and dissolution. Cells sub-
ject to the conventional formation protocol, P1, show an irregular evolution of overwork
potential throughout the cycles. By cycle 20, overpotential of cells subject to P1 have de-
creased due to the improved local kinetics stemming from the cracks in native SEI which
attract a nonuniform current distribution on the electrode, resulting in temporary decreased
resistance. However, at cycle 30, overpotential rises again due to the rebuilding of the now
irregular SEI, which slows down bulk kinetics of the cell since lithium deposition is accu-
mulating on concentrated areas. This general trend repeats as the SEI developed during

P1 is prone to cracking upon expansion because it was not formed uniformly enough during
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the formation cycles. At cycle 50 for P1, we see a steady increased overpotential which
can be attributed to an increased amount of dead lithium, surface dendrites observed in
Fig 4.5d, that broke off during expansion of the SEI, and are now crowding the electrolyte.
In contrast, P2 cells show stable voltage polarization throughout 100 cycles, despite the
fast cycling current, suggesting that the two-step discharge formation currents enabled a
more homogeneous surface film that effectively lowers the variability and density of local
currents. However, the improved performance from P2 cannot directly be attributed to
the partially reduced current rate compared to P1. A mere decrease in formation current
does not guarantee improved performance; Fig S.1 shows an increased overpotential in cells
that were subject to a consistent low current of 84 pA throughout the discharge cycles.
This suggest that current rates are most impactful on the stability of interfacial chemistries
during the end of a discharge cycle, as modeled by P2. Furthermore, the optimized local
current density from P2 minimizes the extent of destructive lithium plating as observed
by the decreased thickness of plated lithium compared to P1 (Fig 4.5¢). Sparse dendrites
formed on P2 cells Fig 4.5e are also supportive of a stable SEI which protected the lithium
metal surface from excess side reactions.

P3 exhibits the narrowest overpotential within the initial cycles and between cycles
10-30, presuming to have the most stable interfacial chemistries among the tested formation
protocols. However, the periodic voltage fluctuations observed are representative of local
short-circuits which eventually result in global short circuit by cycle 88. A likely explanation
for narrow overpotentials can be an increase in locally enhanced kinetics that stem from

significant cracks in the SEI and plated lithium (Fig 4.5f) during the pulsed cycling. Similar
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Figure 4.1: Evolution of overwork potentials for Li/Li symmetrical cells during high rate
plating/stripping processes with current density of 3 mA cm™2

to the pulsed cycling nature of P3, standard Galvanostatic Intermittent Titration Technique
(GITT) profiles are shown to allow a cell’s potential to rebound to a new equilibrium during
the pulsed rest periods[146, 201]. This effectively causes strain upon frequent expansion and
contraction within a given discharge/charge cycle. Significantly poor SEI in P3 cells is also
supported by SEM images (Fig 4.5g) depicting dendrites order of magnitudes larger than
dendrites found in P1 and P2. The large branch-like dendrites were able to grow more freely
because less of the lithium metal surface was protected by a native SEI; in other words,
fresh lithium metal was constantly reducing electrolyte and forming larger dendrites.
Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) was employed dur-
ing the different formation protocols to further investigate the kinetics, thermodynamic

properties and diffusion behaviors inside the electrolyte bulk and at the interfaces of sym-
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Figure 4.2: Evolution of overwork potentials for Li/Li symmetrical cells during high rate
plating/stripping processes with current density of 3 mA cm™2

metrical cells. In this study, a voltage signal of 10 mV was used within a frequency range
10 kHz - 10 mHz. Impedance data was acquired at the end of each discharge and charge
sequence for the three formation cycles within each protocol. As shown in Nyquist Plots
of PEIS, Fig 4.3, the diameter of semicircles indicate the charge transfer resistance (Rct)
at the double layers. Although both electrodes of the symmetric cells are lithium metal,
they can never be chemically/electrochemically identical. In order to distinguish, terms
discharge and charge are maintained in this study. Fig 4.3(a-c) isolate Nyquist plots for dis-
charge cycles to highlight the effects of formation discharge rates on lithium metal anodes.
Similarly, Fig 4.3(d-f) depict Nyquist plots for the formation charge cycles for protocols P1-
P3. The decreasing impedance value in all figures are attributed to the gradual transition

from local to bulk reactions, considering that the initial formation cycles depict prelimi-
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nary wetting and development of native surface films. All protocols, with the exception of
P3, have similar starting impedance due to the inert oxidized surface of lithium foils. P3
shows exceptionally higher Rct during the 1st discharge, suggesting that the pulsed cycling
style is destructive upon initial discharging. By the third discharge cycles, P2 cells show
a 4-fold decrease in Rct compared to that of the conventional P1 cells. This suggests that
the discharge rates during formation benefit the surface area of surface films. Besides, all
semicircles for P2 exhibit pronounced diffusion tails relative to the other formation proto-
cols, which is evidence for the formation of beneficial surface area[32] for fast lithium-ion
diffusion. It can be attributed to the more favorable morphology of the SEI layers forming
at the interfaces. The formation of this structure reduces the possibility of the lithium ions
to participate into plating and other parasitic reactions. Instead, most of the lithium ions
diffuse and intercalate in the formed structure which dramatically decreases the impedance

of the cell.
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Figure 4.3: Nyquist plots measured after formation charge cycles for cells subject to (A)
P1, (B) P2, (C) P3; and after formation discharge cycles for (D) P1, (E) P2, (F) P3.

To further characterize the interfacial variations occurring in the cells during for-
mation protocols, Bode plots of the same PEIS results are shown in Fig 4.4. Compared
with Nyquist plot, Bode plots provide a detailed insight into the phase changes along the
frequency spectrum, wherein, the phase changes from high to low frequency are depicted
as valleys in Bode figures. Valleys that undergo significant changes in depth are indicative
of inconsistent reactions occurring at the electrode surface. The drastic depth change from
-20°to -5 for P2 cells (Fig 4.4 b, e) is therefore telling of unique reactions occurring within
the formation protocol that are not present in P1 formation. Inconsistent reaction during
these formation cycles can be representative of SEI formation since that process is expected
to be more heterogeneous than plating in Li-Li symmetrical cells. Thus, we can infer the
drastic depth change in the Bode valleys for P2 represent formation of robust SEI in com-

parison to P1, which is supportive of the stable high rate cycling of P2 in Fig 4.1. Cells
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that have minimal SEI layer are more prone to homogeneous lithium plating, and thus ex-
perience less diffusion behavior than cells with anomalous morphology due to a developed
SEI layer. Furthermore, the phase angle change observed at the lower frequency range
for P2 cells indicates the existence of the nanostructure which has a semi-infinite diffusion
length. Such behavior cannot be observed for P1 due to the lack of diffusion behavior for
the lithium surfaces that are more prone to plating. The significant phase change during
the discharge cycles of P3 cannot be explained by the same phenomena as P2, as it is a
result of the abnormally high initial impedance. After stabilization, P3 experiences minimal
phase change comparable to P1.

Therefore, it is evident that for P2, the morphology of the SEI layers is beneficial
for the rapid ionic diffusion and thus avoids metallic dendrite formation. Besides, the cycling
data in Fig 4.1 further supports the analysis given above. For protocols P1 and P3, various
voltage fluctuations can be observed, which indicates complicated reactions happening at
the interfaces, including dendrite formation and SEI dissolution. All these reactions lead
to the poor polarization behavior. However, due to the favorable morphology and possibly

nanostructured lithium surface of P2, the cycling behavior is very stable.
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Figure 4.4: Bode measurements taken after formation charge cycles for cells subject to (A)
P1, (B) P2, (C) P3; and after formation discharge cycles for (D) P1, (E) P2, (F) P3.
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Symmetrical cells are inevitably prone to lithium plating on both electrodes, as
illustrated by Fig 4.5a, and are at higher risk than conventional cells to experience an
accumulation of detached plated lithium in the separator thereby, leaving a cell at hazard
of a short circuit. However, an analysis on the effect of formation protocols on plating
in symmetrical cells can guide safe cell operation in full cells incorporating lithium metal.
Wherein, the extent of plating in response to formation protocols can provide further insights
towards the stability of interfacial chemistries within the cells. The morphology of surface
films containing plated lithium and dendrites was characterized post cycling with Scanning
Electron Microscopy (SEM). The widths of plated lithium highlighted yellow in Fig 4.5b,c
were obtained using ImageJ processing; the width of plated lithium decreased to 190 um
when cells were subject to P2, in comparison to the 284 pm plated film for cells subject to
P1. The notable reduction of plated lithium corresponds to an improved balance between
the rate of lithium intercalation and lithium deposition for cells that were activated by P2.
Whereas the increased plating for P1 further explain the overpotential spikes in Fig 4.1.

Furthermore, SEM images taken at the lithium surfaces show a drastic change in
the popularity and size of dendrites for each formation protocol. Images for P1 cells depict
dendrites as small white limbs, dispersed evenly throughout the electrode (Fig 4.5d). In
contrast, dendrites are found in areas of sparse population for lithium surfaces subject to P2
(Fig 4.5e). The surface film morphology of P3 cells differ significantly to that observed for
P1 and P2 cells. Interestingly, the pulsed nature of this protocol prevented uniform lithium
plating, inferring a mechanically unstable SEI layer that cannot withstand frequent volume

fluctuations, thus enabling the large mosaic-like cracks visible in Fig 4.5f which act as kinetic
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A Post Cycling

Plated Li

ey

Fresh Li

Figure 4.5: Tllustrations of plated Li as (A) a schematic, and as cross-sectional SEM images
highlighted in yellow with 500 pm scale for (B) P1 cells, and (C) P2 cells. Surface SEM
images of plated Li with 10 pum scale for (D) P1 cells, (E) P2 cells, (F) P3 cells; and 100
pm scale for (G) P3 cells.
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pathways for lithium deposition[93]. Additionally, the surfaces of the mosaic structures are
covered with nano moss-like lithium which are considered to be reaction limited[3]; the
intermittent cycling style of P3 is likely to have influenced the reaction rates to form mossy
lithium. Studies on Li-Li symmetrical cells have observed that once mossy lithium depletes
electrolyte salt on the anode surface, it ignites sudden growth of branch-like dendrites and
is observed by a voltage spike as seen in Fig 4.1 around 34 cycles for P3. Mossy lithium and
branch-like dendrites found in Fig 4.5g are likely to have caused the cell failures for P3 as
observed in Fig 4.1, either due to electrolyte depletion or cell shortage via piercing of the

separator.

4.5 Highlights

Lithium metal is a promising anode for lithium ion batteries, especially in the
lithium-sulfur architecture. However, both electrodes have their individual challenges which
hinder their commercialization; polysulfide shuttling, dendrite formation and unstable SEI
layers lead to more complex cycling mechanisms than conventional transition metal ox-
ide/graphite batteries. Consequently, conventional cell operation and electrochemical char-
acterization techniques need to be adapted for the new generation of lithium batteries. This
paper showcases a practical approach for controlling dendrite formation, and SEI morphol-
ogy and stability in lithium metal anodes via tailored formation protocols. Symmetrical
cells subject to the tailored discharge rates displayed advantages in steadily enduring high
cycling currents of 6 mA with minimal polarization, and in lowering the charge transfer

resistance at the cell interfaces. Moreover, this approach yields smooth surface morphology
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of lithium anodes which minimize lithium plating and significantly suppress nucleation sites
for dendrite growth.

These findings highlight the impact of deliberate formation protocols on surface chemistries
for a given material system. By fully exploiting cell operation in parallel to optimizing
cell parameters for individual electrode chemistries, stable next generation full cell systems
such as LiS can be achieved. Further developments on this approach are contingent on a
thorough analysis of formation current rates for LiS batteries that can conserve practical
cycling time. It is possible that conventional formation rates of C/5-C/20 are too demand-
ing and can cause micro-localized short circuits given the inert nature of sulfur cathodes.
Although a combination of slow current rates of C/50-C/100 presented here prove to be ef-
fective, it would be beneficial to explore current rates governed by areal capacity to promote

homogeneous activation of electrodes.
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Chapter 5

Conclusions

The primary objective of this dissertation is to present sustainable technologies
that can contribute to mitigating the environmental impacts of fossil fuel industries. Chap-
ter 2 highlights a novel sponge material for oil recovery in marine spills. Despite the sponge’s
effectiveness at separating oil from water, improvements can be made on the structure’s elas-
ticity to broaden its sorption applications. Furthermore, modifications can be made on the
sponge’s crystallinity to improve its candidacy as a conductive host for lithium ion elec-
trodes. This can be achieved by exchanging the iron metal catalysts in the sponge synthesis
process to a metal which would not react unfavorably with sulfur. For example, the use of
silver nitrate as a catalyst would eliminate the need for extensive etching treatments which
disrupt the graphitic properties of the sponge. Hence, the resulting structure would main-
tain higher crystallinity than that of the Fe-based sponge presented here for sponge-sulfur

cathodes.
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The following chapters, 3 and 4, deviate from conventional materials-research for
Li-S batteries to address areas of research which have not garnered enough attention, yet
have equal impact a cell’s electrochemistry. Chapter 3 covers scalable production methods
such as large scale optimization of slurry densities on sulfur and silicon electrodes which are
later used in the redesign of full cell architectures. Cell operation investigations are covered
in Chapter 3 for sulfur cathodes, and in Chapter 4 for lithium metal anodes. In the case
for sulfur cathodes, reinforced solid electrolyte interfaces retain cell capacity by minimizing
excess solubility of long chain polysulfides in the electrolyte. In a like manner, the solid
electrolyte interface on lithium anodes improved cycling stability by suppressing growth of
dendritic and plated lithium.

The applied-research techniques presented herein were employed on base electrodes
composed of standard, commercially available materials merely to isolate the impact of the
methodology. Nonetheless, it is recommended to use applied-research techniques in par-
allel to materials-research to obtain the best performance and fundamental understanding
of electrochemistry in next-generation batteries. Although the applied-research methods
presented here are tailored for lithium-sulfur batteries, they can be modified to fit any of
the up-and-coming lithium battery systems such as solid state, and lithium air batteries.

Finally, given that lithium ion batteries have become widely adopted in interest to
mitigate environmental impacts from fossil energy, the new industry has to be mindful of
sustainable production practices. This includes safe mining of materials including lithium
and other active materials, as well as safe disposal of battery waste to prevent catastrophic

environmental impacts as we are seeing for the fossil energy industry.
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