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Abstract

+

The contents of this thesis focus on how organic materials can be applied to improve Li
based batteries. There is specific focus mostly on cathode materials and a single project
involving electrolytes. For cathodes the main focus is how quinone polymers can be applied as
Li* cathodes and results in a 4e” cathode with record breaking capacity. We then go on to do
some minor mechanistic and fundamental studies. The second cathode focus is how organic
materials can augment existing technology. In this regard we investigate how alkyl
phosphonates can form monolayer coating on Lithium Manganese Oxide cathode particles to
suppress Mn dissolution during cycling. Finally we modify Li-S cathodes by chemically
crosslinking poly-sulfide with conductive poly aniline to increase cycle life and cathode sulfur
loadings. To improve Li* electrolytes we demonstrate that persistently porous organic cages can
serve as host structures to form solid-liquid electrolyte nano-composites. Taken together this

work demonstrates the innovative impact Organic materials can have on battery technology.
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Chapter 1
Energy Storage Devices to Meet Global Energy Challenges
1.1 Global Energy Challenges

The two main driving forces behind energy storage research are the need to address
environmental concerns related to energy production and technological limitations related to
portable devices. The limited supply of fossil fuels and increasing concern over the effects of
global warming have driven an increased interest in renewable environmentally benign fuel
sourcest. While clean renewable technologies exist many suffer from issues involving intermittent
weather driven supply? and logistical difficulties in grid intergration®. To facilitate wide spread
implementation of renewable energy sources, efficient energy storage devices and innovative
solutions to decrease energy use must be developed.

In addition to problems associated with intermittent green energy, the rapid advance in energy
demands of portable devices necessitate more efficient storage. The processing power of portable
computing devices follows an exponential curve increasing over time*. These more powerful
device coupled with consumer trends towards thinner and lighter devices require energy storage
which is more efficient with respect to both mass and volume. The resurgence in interest in the
electric powered car® has further driven demand for efficient storage.

Li-lon batteries have emerged as a promising energy storage technology and have already
seen wide spread implementation in portable electronics® , vehicles®, and hold potential for grid
based storage?® 7. While Li-lon batteries have proven robust in initial application, progress in their
development has been outpaced by increase energy demands. In particular storage capacities have
been limited by failure to safely implement Li metal andoe® and poor capacities of commercial

cathodes® while the safety of Li-lon technology has been limited by current electrolytes.°



1.2 Specific Challenges Facing Li-lon Batteries
1.2.1 An Overview of Li-lon Battery Chemistry

A battery is a device used to store electrical energy in the form of chemical potential. A
more familiar analogy would be that of rocks (symbolizing electrons) stored atop a hill and held
back by a gate (an incomplete circuit). The rocks by virtue of their height have a large degree of
potential energy just as electrodes when different enough in electrochemical potential have a large
degree potential energy. When the gate atop the hill is opened (circuit is connected) the rocks flow
down the hill from an area of large potential energy to and an area of low potential energy.
Similarly, when we turn on our phones electrons flow from the battery and power the device until
we once again break the circuit by turning the device off.

In a technical sense, reversible energy storage is achieved by selecting two electrochemical
reactions with sufficiently different reactions potential and assembling them in such a way that
when attached to an external circuit electricity spontaneously flows in one direction (discharge)
and requires a source of energy to remove in the reverse direction (charging) (typical cell depicted
in Figure 1.1). In a rechargeable cell there are three main components an anode which undergoes
redox at a reducing potential, a cathode which undergoes redox at a more oxidative potential, and
an electrolyte responsible for shuttling ions between electrodes during charge and discharge. The
amount of energy held in a chemical cell (Watt-hours) is governed by how much current it can
supply for a given time (Ampere-hours) multiplied by the difference in potential between the
cathode and anode (Voltage)

Li-lon chemistry was identified early on as a promising candidate for an anode material in
rechargeable cells as its redox potential is one of the most reducing for known materials (~ -3 V

vs NHE).1? Additionally its small atomic size and low atomic weight means it has a very high



gravimetric and volumetric theoretical capacity. (3861 mAh g! and 2062 mAh cm?
respectively)®. Unfortunately due to safety concerns Li metal cannot be directly used as an anode
and substitutes had to be developed.

1.2.2 Challenges of Modern Li-lon Anode Technology

The fundamental tension in developing high performance anodes is that the material must
simultaneously react at a reducing potential to increase cell voltage, store a high degree of charge
per unit mass or volume, and be stable over a long device lifetime. The first two qualities (chemical
potential and energy density) are both inherently at odds with stability and as such usually involve
either stabilizing unstable systems or increasing energy density of stable systems.

As mentioned above, modern Li ion materials don’t use Li as their anode material. Lithium is
both unstable chemically against many conventional electrolyte systems and under high current
loads deposits in the form of branch like dendrites which can short circuit the cell. The most
widely used anode material, and the one which has been successfully implemented in commercial
products, is graphitic carbon®®. Graphic carbon is cheap and widely available and safely
intercalates Li-lons at a potential similar to Li metal there by satisfying the condition of low
chemical potential. Unfortunately, carbon’s inherent limitation is that its theoretical capacity is
low compared to Li metal (372 mAh g?). This low capacity has led to extensive research in
alternative high-capacity anodes'?*® with silicon based materials being most promising due to
large capacities (over 1000 mAh g). These anodes suffer from poor cycle life due to volumetric
expansion and particle cracking.'? Despite the advances in practical anode materials, the goal of

anode chemistry is to move to Li metal anodes



1.2.3 Challenges of Modern Li-lon Cathode Technology

Cathodes face conceptually similar problems in that they must be at as oxidizing a potential
as possible to enable large cell voltages, must store a large quantity of charge per unit mass or unit
volume, and must be stable over the lifetime of a device. Once again storing a large amount of
charge at high potentials is at ends with stability and cathodes must strike a balance between the
three goals.

The majority of commercial cathode technology has focused on metal oxide cathodes
including, lithium cobalt oxide (LCO) , lithium manganese oxide (LMO), lithium iron phosphate
(LFP), lithium nickel cobalt manganese oxide (NCM), and Lithium nickel cobalt aluminum oxide
(NCA).*® These metal oxdies are all of the class of “intercalation cathodes” as their basic chemical
mechanism for Li* storage is for the metal center to undergo redox with minimal structural change
and Li* occupy and vacate sites within the lattice.* The intercalation cathodes generally have high
levels of stability (less than 20% capacity loss over hundreds of cycles) and their redox potential
is determined by the metal center and ranges from 3.5-5.0 V vs Li/Li*.*® These materials lack high
levels of charge storage generally averaging around 125mAh g and becoming less stable when
attempting higher levels of charge storage.®® 15

In commercial batteries capacities of the anode and cathode are matched as to ensure the most
gravimetrically and volumetrically efficient fabrication. Because of this, the mismatch between
current cathode capacities and the graphitic anode severely hampers the efficiency of battery
design and the search for higher capacity cathodes is of great interest.

1.2.4 Challenges of Modern Li-lon Electrolyte Technology
The function of an electrolyte in a Lithium ion battery is to shuttle Li* from anode to

cathode and back in the presence of external discharging and charging loads respectively.



Electrolytes must contact both the anode and cathode to effectively shuttle ions and therefore must
stable at both reducing and oxidizing potentials. They must also show chemical compatibility with
electrode materials and maintain high ionic conductivity and low electric conductivity throughout
device life.

The most common composition for a Li* electrolyte is a lithium containing salt dissolved
in organic solvent®®. The solvent is chosen depending on its compatibility with electrodes and
ability to dissolved and transport lithium salts'’. The most common solvents are linear or cyclic
ethers and carbonates as the oxygen containing molecule allow coordination to Li ions and facile
transport. The most common salts used are lithium hexafluorophosphate (LiPFs), lithium
bistrifluoroimide (LiTFSI), and lithium perchlorate (LiCIO4). LiPFs has emerged as the leader for
commercialization as it is much cheaper than LiTFSI and much less dangerous to work with than
LiClO4. LiPFs is not without its own problems as trace water can hydrolyze the salt generating HF
and degrading the cell.

Modern liquid electrolytes have adequate conductivities for applied purposes but all share
two common problems which still need to be addressed. First they liquid electrolytes generally
have low transference numbers which results in polarization of anions and cell degradation.
Second, Litium metal plates in a dendritic fashion at high current loadings for almost all liquid
electrolytes resulting in shorting and cell failure.'% '8 Solid electrolytes are generally viewed as the
future solution to both these problems as they often have larger transference numbers and can have

the mechanical durability necessary to suppress dendrite growth.°



1.3 An Overview of Organic Quinone Cathode Materials
1.3.1 Preface

The second chapter of this thesis will address advances made in organic quinone cathodes.
While quinone cathode materials have slowly been gaining traction in the scientific literature?,
they remain an unfamiliar concept to many materials scientists. It is therefore appropriate to
provide a brief over of both fundamental principles behind the relevant chemistries as well as an
overview of the field.

1.3.2 Fundamentals of Quinone Redox

The basic principal behind Li* storage is that a material is reduced taking on a net negative
charge therefore encouraging the uptake of positively charge Li* ions. The chemistries most battery
researchers are familiar with is the reduction of a metal center and subsequent intercalation of Li*.
Organic carbonyls are a reductively labile functional group and are the basis for quinone
electrochemistry.

A carbon double bonded to oxygen is referred to as a carbonyl (Figure 1.2a) and is capable
of undergoing a one electron reduction forming and oxygen anion and a carbon centered radical.
Carbon centered radicals are unstable species except in specific cases and as such would not make
for robust electrode materials. If instead of a single carbonyl two carbonyl are located adjacent to
one another (Figure 1.2b) the product of the reduction of both carbonyls would result in a di
radical which can quickly recombine into a carbon double bond. Simple alkyl dicarbonyls are still
too unstable for practical use but addition of conjugated vinyl groups and acid salts can allow for
stabile reversible redox ( Figure 1.2c). The reduction of these conjugated acid salts are
energetically unfavorable and therefore reduce at potentials more useful for anode chemistry. If

instead of linear conjugation, the dicarbony is conjugated through a six member ring system, the



resuting product of the reduction will have aromaticity and provide an energetic driving force for
the reaction. (Figure 1.2d). These cycling dicabonyls which form aromatics upon reduction are
known as quinones are they make up the basis of carbonyl based cathode materials.

Quinone cathode materials are fundamentally interesting as they are capable of high
gravimetric capacities albeit at lower voltages than metal oxide cathodes. (Figure 1.3).
Gravimetric capacity is a measure of how much charge can be stored in a material per unit mass

and its theoretical value is given by equation 1.1.

Cgravimetric = M_W (1.1)

Where C gravimetric IS the gravimetric capacity, N is the number of electrons transferred in the
reaction, F is faradays constant and My is the molecular weight. Quinones have a unique
advantage over most oxides in that their chemistry stores two electrons/Li* and can be further
enhanced by the addition of more carbonyl groups resulting in capacities in excess of 500 mAh g’
1 21_
1.3.3 Monomeric Quinone Cathode Materials

The first reports of quinone cathodes for lithium ion batteries utilized monomeric materials
in traditional carbon and binder containing compostites.?°® 22 The inherent problem with utilizing
monomeric organic materials, is they are soluble in many common organic solvents including
those used for Li ion battery electrolytes. The result is rapid capacity fade and lack of practically
utility of these materials. Monomeric materials do deliver on the promise of high gravimetric
capacity with the highest performing material being Li Rhodizoate which has a first cycle capacity
of 580 mAh g-1%! To overcome the problem of dissolution multiple solutions have been proposed

including chemically linking monomers to the binder phase?® or current collector 24, Both these



method are relatively new and underexplored. Polymerization of monomeric redox active
Quinones has emerged as the premier solution to insolubility.
1.3.4 Polymeric Quinone Cathode Materials

Polymerization of monomeric redox active quinones can in theory decrease solubility and
increase stability of organic quinone cathodes.??® Additionally polymers hold the potential to
impart favorable materials properties as they can be cast as free standing films? or increase the
electrical conductivity of an electrode.?® Polymeric quinones have delivered on their promise of
increased stability with multiple examples of insoluble cathodes with multi-hundred cycle
lifetimes with minimal fade.??®: 28> 27 \While polymerization has increased the stability of these
cathodes, energy densities lag behind their monomeric counterparts due to incorporation of non-
active mass in the polymer and remains an important challenge.
1.4 Thesis Outline
1.4.1 Chapter 2

Chapter 2 will cover the work | have done on polymer organic cathodes. It will begin with
my synthesis and characterization of LIDHAQS a four electron redox quinone polymer with record
breaking gravimetric capacity. This material exhibits outstanding battery performance and pushes
the boundries of what is possible for stable polymer organic cathodes. Chapter 2 will then cover
and unpublished study of how polymerization methods affect the battery performance properties
of various polymer cathodes. Finally, I will describe work done in conjunction with the Gewirth
group on understanding stress and strain in PAQ Quinone cathodes. Importantly this will include
my procedure for the synthesis of PAQ which, while similar to published procedure will include

notes for increased success for anyone wishing to continue the study



1.4.2 Chapter 3

Chapter 3 will cover my work in collaboration with the Moore group on macroscopically
solid electrolytes utilizing porous organic cages. These materials represent a novel class of
electrolytes which exhibit great conductivity although suffer from poor thermal stability and low
Li concentration preventing facile plating and striping of Li
1.4.3 Chapter 4

Chapter 4 will cover my work in collaboration with the Gewirth group on alkyphosphonic
acid coatings on metal oxide cathode materials. These coatings provide interesting insight into
how cathode-electrolyte interfaces operate and exhibit interesting materials properties.
1.4.4 Chapter 5

Chapter 5 will discuss work on hybrid Li-S cathodes with increased stability in sulfur
loading through adhesion to electrically conducting polymers. Once again a procedural guide to

continuing this work will be described therein.
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" 0 0 Lit .
|_I+ o u PF6- O 0 PF6 0 p PF6 |_I+
PR _J T \f 0 PN
. p Lit . ﬁ “-O,—u\ ; A
LiCg Ce 2 PE.- oo Co0, LiCoO,
o S o 0" o 6 PFe A S
—— T . PFg ) o PFg ., L.f‘"’
e Yy i+ 7 L |
e
Y

Figure 1.1. Typical Li ion cell chemistry




9 +1e” + 1Li" OLi
%08 Jeoar mES
c) N
1.4V vs LilLi*

-2e - 2L1"

b)
@] O +2e + 2Lt LiO
-
Th e -2e - 2Li*
d)

O 2.8Vvs LilLi* OLi

M o v2e + 2Ll L e _OL +2e + 2Li* 4
Lio N LQ™ ™ ™ ] e ! W “‘ﬁ
o oL -

g
w0
T

»
=}
—

o
@0
—

od
o
—

N
o
—

‘Organic Cathode
Materials

Voltage / V vs Li'/Li
e
o wn o
———r——

o
12
—

e
=
v

o
-
o
o

200 300

400 500 600

Specific Capacity / mAh g

Figure 1.3. Performance space of anodes, metal oxide cathodes, and organic cathodes

10



Chapter 2
Polymer Organic Cathodes

2.1 Towards a Four-Electron Redox Quinone Polymer for High Capacity Lithium lon
Storage
2.1.1 Abstract

Despite recent advances, current polymeric organic cathode materials have failed to
incorporate a high degree of lithium storage in a small molecular framework, resulting in low
capacities relative to monomers. This report discloses the development of a lithium salt polymer
of dihydroxyanthraquinone (LiDHAQS) capable of storing four Li* per monomer. The
combination of storing four Li* per monomer and a low molecular weight monomer results in a
capacity of 330 mA h g*, a record for this class of material. The additional redox events
responsible for added Li* storage occur between 3.0-3.6 V vs Li/Li* resulting in an average
discharge potential of 2.5 V vs Li/Li*. These metrics combined yield a high energy density of 825
W h kg which is a 55% improvement over commercial lithium cobalt oxide (LCO). The high
performance of LIDHAQS makes it a promising material for next generation Li* cathodes.
2.1.2 Introduction

Lithium-ion batteries are the focus of continual performance improvement efforts due to
their utility in areas as diverse as portable electronics,® transportation,® and stationary energy
storage.?> 7

A present-day lithium-ion battery consists of a graphitic anode, a lithium salt electrolyte in
an organic solvent, and a metal oxide cathode. Anode technology has advanced tremendously over
the past decade, and now boasts high capacities (300 mA h g for commercial graphitic anodes

and over 1000 mA h g* for more experimental technology) using inexpensive, abundant, and
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environmentally benign elements such as C and Si.??* 28 The performance capabilities of the
corresponding metal oxide cathodes are much less impressive, affording practical capacities of
100-150 mA h g while relying on toxic and/or increasingly scarce elements for their synthesis.®
Anode and cathode capacities are typically matched in real batteries, this means that the full
benefits of the higher capacity now achievable in the anode are not accessible. Consequently,
substantial efforts are being expended to develop higher capacity cathode materials that might
displace current commercial technologies with ones that are both robust in use and more
environmentally benign over their service lifetime.

Organic cathodes are a promising class of materials as they hold the possibility of replacing
metal oxides with less environmentally impactful materials, while also improving performance
metrics.5 2% Many different organic cathode chemistries have been explored and are the subject
of recent reviews.?® Organic carbonyl compounds have emerged as the most promising class of
organic cathode material due to their high energy density and electrochemical stability.2% Small
molecule carbonyl based cathodes such as pyrene-4,5,9,10-tetraone® and lithium rhodizoate?! can
provide capacities of up to 580 mA h g?, yet frequently suffer from dissolution in common
electrolytes leading to capacity fade. Recent reports have successfully addressed dissolution of
monomers by chemical interactions with either the binder?® or current collector phase?, but these
methods are not yet sufficiently developed to allow adoption in commercially relevant contexts.

Polymerization is a more general technique for preventing active material dissolution.
Recent advances made in the synthesis of polymeric quinone cathodes as well as an exhaustive list
of studied materials can be found in literature reviews.?¢ 22029 \While the problem of quinone
cathode dissolution has largely been solved by polymerization, polymer quinone cathodes have

yet to achieve capacities similar to high performance monomers. The disconnect in performance
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between monomeric and polymeric quinones stems mainly from the incorporation of only two Li*
per monomeric unit in the polymers reported to date. The only reports of a quinone polymer
cathode incorporating more than two Li* per monomer is the four-electron redox of polymer bound
pyrene-4,5,9,10-tetraone®™ and the four-electron redox of poly(anthraquinone norbornene).® In
both examples of a four-electron redox quinone polymer, the large molecular framework of the
monomer results in only modest capacities of the polymer (ca. 230 mA h g for pyrene-4,5,9,10-
tetraone®™ and 205 mA h g for poly (anthraquinone norbornene)®!). To our knowledge, the
current record for highest capacity in a stable quinone polymer cathode is 275 mA h g* obtained
using poly (benzoquinonyl sulfide) as the active material .2

This report focuses on the synthesis, characterization, and electrochemical performance of
a polymeric quinone cathode which can store four Li* in a small molecular framework. Lithiated
poly (dihydroxyanthraquinonyl sulfide) (LIDHAQS) (Figure 2.1) is chosen as it contains a high
degree of quinone functionality allowing four-electron redox from the fully oxidized poly
(anthratetronyl sulfide) (ATQS) to the fully reduced lithiated poly (tetrahydroxyanthraquinonyl
sulfide) (LITHAQS) with concurrent storage of four Li*. This report demonstrates the
effectiveness of incorporating a high number of redox active sites in a small molecular framework

as a strategy for the design of high capacity cathodes.

2.1.3 Results and Discussion
2.1.3.1 Characterization of LIDHAQS and DHAQS

Table 2.1 reports the elemental analysis obtained for poly (dihydroxy-anthraquinonyl
sulfide) (DHAQS), the protonated form of LIDHAQS. The table shows good agreement between

the experimentally determined and predicted values for this material. Elemental analyses of
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LiDHAQS were more problematic in consequence of the high Li content in quinone salt polymers,
which causes interference during combustion analyses due to the formation of Li salts.®

Figure 2.2a shows cross-polarization magic angle spinning (CPMAS) 13C solid state NMR
data obtained from DHAQS. The figure shows the presence of peaks a-g which are associated with
different C centers. While direct comparison with the monomeric 1,4-dihydroxy-5-
mercaptoanthracene-9, 10-dione is not possible as its spectra is unavailable in the literature,
assignment is made by reference to peaks in the solution spectra of monomeric di-
hydroxyanthraquinone (DHAQ).>* Peaks d, e, and f in Figure 2a are all within 1.0 ppm of the
corresponding peaks in the spectrum of the di-hydroxyanthraquinone monomer (Table 2.2). Peaks
for carbon positions a, b, and ¢ in the DHAQS monomer unit are expected to vary slightly relative
to the equivalent carbons in the di-hydroxyanthraquinone monomer due to their proximity to the
S% and are present as a broad resonance between 120-150 ppm. Peak g is also found in this region
in the DHAQ monomer and is unresolved.

Figure 2.2b shows ‘Li EchoMAS solid state NMR obtained from LiDHAQS. The
spectrum exhibits a single broad peak with a maximum at 0.89 ppm. The single broad peak and
small chemical shift are those anticipated for Li in a polymeric solid in a single environment.*
Other possible sources of Li in our sample would be the LiCl left from the synthesis, or LiOH from
contact with moisture in air. We can rule out LiCl and LiOH by comparison to spectra of LiCl and
LiOH solid standards. (Figure 2.6)

Figure 2.2c reports the results of gel permeation chromatography (GPC) analyses of
LIDHAQS and DHAQS. GPC shows that both polymers exhibit bimodal mass distributions
centered around mass 2800 and 5300 Da. In LIDHAQS, these masses correspond to chain lengths

of 10 and 19 monomers, respectively. Relative abundance of the 19mer, as compared to the 10mer,
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drops when converting LIDHAQS to DHAQS, suggesting the polymer is cleaved by the HCI
treatment. GPC shows masses as large as 25000 Da, which is equivalent to a polymer with 88
monomeric units. The molecular weight and chain length of the 10- and 19-mers in the LIDHAQS
is larger than those reported for similar polymers which exhibited no dissolution of active material
and long cycle life.33 337
2.1.3.2 Cyclic Voltammetry of LIDHAQS and 1,4-PAQS

Figure 3a reports the cyclic voltammogram of first five cycles of LIDHAQS. The
voltammogram shows two sets of broad, multi-featured redox waves, one at a lower (1.5 V-2.5V
vs. Li/Li*) and another at a higher (3.0 V- 3.6 V vs. Li/Li") range of potentials. In an acetonitrile
solution containing 0.1 M tetrabutyl ammonium perchlorate, monomeric anthraquinone (AQ)
exhibits two distinct voltammetric peaks centered at -1.75 V and -1.2 V vs Ag/Ag* corresponding
to the AQ/AQ*®" and AQ®" /AQ? redox couples respectively.*® These potentials roughly scale to
1.8 V and 2.3 V vs. Li/Li*.*® Slurry cast cathodes of monomeric AQ using typical Li* containing
electrolytes exhibit a single redox wave centered between 2.1-2.3 V vs. Li/Li* (depending on
electrolyte). 0 Dissolution of AQ, as is typically found with these slurries, results in additional
features being seen in voltammograms of the monomer.*® Polymerized anthraquinone typically
exhibits a set of redox waves with multiple unresolved features centered between 2.1 V-2.3 V vs
Li/Li*.?> 3 The multiple features in the voltammograms of the polymer are the result of both
sample heterogeneity and electronic effects of the redox of one monomer unit on its neighbors.2%
Based on these literature precedents, the broad, multi-featured wave seen in our data between 1.5
V-2.5V vs Li/Li" is assigned to the anthraquinone-like redox of the b ring of LIDHAQS.

The LIDHAQS cathode material also exhibits redox waves at higher potentials. A slurry

cast cathode of monomeric 5-amino-1,4-dihydroxyanthraquinone (ADHAQ) exhibits the typical
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voltammetric peaks between 2.1 and 2.3 V vs. Li/Li* described above for AQ and an additional
two sets of peaks centered at 3.0 and 3.2 V vs. Li/Li*. The higher potential peaks are assigned to
the additional redox made possible by oxygen functionality on the ¢ ring.>” Unfortunately,
polymerized ADHAQ does not access this higher potential redox wave and cannot be used for
comparison. A broadening of the peaks and the possible appearance of additional features,
however, would be expected in analogy to the changes observed between monomeric and
polymeric AQ. For this reason, the broad multi-featured redox wave between 3.0 V- 3.6 V vs.
Li/Li* in LIDHAQS is assigned to the additional redox centers on the ¢ ring of LIDHAQS. To our
knowledge, the redox of the ¢ ring of LIDHAQS represents the highest voltage redox couple ever
observed in a polymer quinone cathode.?%¢ 2% 41 The high potential of this redox pair is attributed
to the increase in local aromaticity, as described by Clar theory,*? upon reduction of the fully
oxidized poly (anthrateronyl sulfide) (ATQS) to the partially oxidized LIDHAQS. An increase in
local aromaticity upon reduction has been shown in earlier reports to increase redox potentials in
quinone cathode materials.*®

The first five cycles of the cyclic voltammogram of LIDHAQS exhibit little decay of
activity for both the oxidation and reduction associated with the lower voltage redox couple (1.5
V-2.5V vs. Li/Li*) and the reduction wave of the higher voltage couple (3.0 V- 3.6 V vs. Li/Li").
The oxidation wave of the higher voltage couple decreases in peak current density over the first
five cycles. The decrease in oxidation peak current could be the result of irreversibility manifested
in the sloping baseline or the presence of an apparent corrosive side reaction near the upper limit
of the cyclic voltammorgram.

Figure 3b reports the cyclic voltammogram of 1,4-poly(anthraquinonyl sulfide) (1,4-

PAQS). The voltammogram shows a complex redox wave between 1.8 -2.4 V vs. Li/Li*
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characteristic of an AQ polymer (vide supra). The absence of an additional high voltage redox
couple suggests that the high potential wave in LIDHAQS is a result of the additional functionality
on the ¢ ring as that is the only chemical difference between the LIDHAQS and 1,4-PAQS
monomer units. We note that other polyaniline type quinone polymers exhibit polymer backbone
reactivity,?’* 3" and reported sulfur base polymers have not been cycled to such high potentials.3
35,44
2.1.3.3 Galvanostatic Cycling of LIDHAQS

Figure 2.4a reports the galvanostatic cycling performance of a LIDHAQS half-cell at rate
of 0.5 C. The Coulombic efficiency measured for the first cycle is 94% and increases upon cycling
before stabilizing at 97%. The discharge capacities also increase upon cycling before reaching a
maximum of 330 mA h gat cycle 31. The experimentally determined capacity of 330 mA h g*
is the largest reported discharge capacity for an organic polymer cathode and represents 87% of
LiDHAQS theoretical capacity (380 mA h g) or an average of 3.5 out of a possible 4 Li* stored.
Over more extended cycling, the discharge capacity slowly decays, reaching a final value of 263
mA h g*at cycle 400. This decay represents a 20% loss over ca. 370 cycles corresponding to an
average capacity loss of 0.05% per cycle. We believe that the capacity loss observed with cycling
is closely related to Coulombic efficiency being below 100%. The Coulombic efficiency and
capacity fade could be attributed to three possible phenomena. As seen from the voltammetry
(Figure 2.3a) there may be slight irreversibility in the oxidation of LIDHAQS to ATQS.
Alternatively the relatively low molecular weight of the polymer (Figure 2.2¢) could fail to fully
prevent dissolution of all oxidation states of LIDHAQS. Finally the side reactions involving the

current collector could compromise the integrity of the cell over a long cycle life.
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Figure 2.4b reports the charge and discharge curves at different cycles of a LIDHAQS
half-cell cycled at a rate of 0.5C. After a minor change in charge and discharge profile from cycle
1 to cycle 10, the charge and discharge profile of LIDHAQS stays constant through cycle 400.
LiDHAQS lacks a defined voltage plateau during both charge and discharge. Sloping charge and
discharge curves have been observed previously in high performance polymer quinone cathodes,
and are attributed to the electronic effect of one monomer unit on its neighbor upon redox.2%: 32 45
The average discharge potential of LIDHAQS is 2.5 V, corresponding to a gravimetric energy
density of 825 W h kg. The 825 W h kg value is the highest gravimetric energy density yet
found for a polymer cathode and represents a ca. 55% improvement over commercial lithium
cobalt oxide (530 W h kg1).%
2.1.3.4 Long Term Cycling of LIDHAQS

Figure 2.5a reports the long term cycling behavior of LIDHAQS half cells at 1C and 2C.
At both 1C and 2C, LiDHAQS exhibits an initial gravimetric capacity of 300 mA h g. Over the
first 500 cycles the cell ran at 1C decayed to 220 mA h gt and the cell ran at 2C decayed to 210
mA h g. These values correspond to 0.05% and 0.06% capacity loss per cycle at 1C and 2C,
respectively. This rate of loss is virtually the same as obtained in the 0.5C cycling experiment.

Figure 2.5b reports the discharge capacity as a function of C-rate for a LIDHAQS half-
cell. The LiDHAQS system displays an exceptionally high rate capability, with capacities of 350,
320, 294, 276, 260, and 236 mA h gt at 0.25, 0.5, 1, 2, 5, and 10C, respectively. We further found
that the LIDHAQS cathode recovers 83% (290 mA h g*) of the initial capacity (350 mA h g?)
upon returning to a 0.25C rate. The loss of capacity over the 80 cycles reported in Figure 5a

corresponds to an average loss of 0.2% per cycle, somewhat larger than that found when cycling
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at 0.5C, suggesting that cycling at 5C and 10C yields a more hysteretic performance relative to
that seen at the slower rates.
2.1.3.5 Discussion of the 4 e, 4 Li* Storage Mechanism of LIDHAQS

The strongest evidence for a4 e, 4 Li* storage mechanism in LIDHAQS is the capacity
obtained during galvanostatic charge and discharge. LIDHAQS delivers 330 mA h g* at 0.5C
(Figure 2.4a) and 350 mA h g at 0.25C (Figure 2.5b), which correspond to 3.5 Li* and 3.7 Li*
stored per-monomer, respectively. The larger capacity of LIDHAQS as compared to
anthraquinone-based polymers ¢ is attributed to the additional redox event seen in the CV data
between 3.0 V- 3.6 V vs. Li/Li*. As shown in Figure 3a and 3b, these data strongly suggest that
the additional redox event in LIDHAQS is the result of the additional O functionality present in
the c ring, findings that strongly support the 4 e*, 4 Li* storage pathway described in Figure 2.1.

The experimentally determined 3.5 Li* per monomer capacity is less than the ideal 4 Li*
capacity predicted from the monomer structure. The origin of this capacity drop could be the result
of an inability to access the full mass of material upon charge and discharge, possibly due to the
intrinsically poor electrical conductivity of the material. Additionally, ionic conductivity of Li*
within the composite cathode may also be non-ideal with features of this transport limitation
precluding access to the full 4e theoretical capacity of the storage process.

We note that a 3 Li*, 3e" redox in LIDHAQS is unlikely as it would result in a free radical
semi-quinone. It is well known that free-radical semi-quinones are unstable and readily
disproportionate into quinone and hydroquinone species®. In fact, the stabilization of semi-
quinones is the subject of extensive research, requiring complex organometallic or
metalloprotein scaffolds*®#’. We therefore believe it is unlikely that our system invokes a 3-

electron mechanism.
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2.1.4 Conclusion

In conclusion we synthesized a polyphenyl sulfide polymer of 1, 4-dihydroxy-9, 10-
anthraquinone (LIDHAQS) for use as a lithium-ion battery cathode material. We find that
LiDHAQS is capable of undergoing redox on both the b and ¢ ring of the monomer allowing
storage of up to four lithium ions per monomer. Half-cell cycling of LIDHAQS shows this material
is capable of 330 mA h g of reversible capacity with minimal fade over 400 cycles. The average
discharge voltage of the LIDHAQS cell was 2.5 V vs. Li/Li* which results in an energy density of
825 W h kg*. This represents a record high energy density for a long lived organic polymer
cathode. These results taken together suggest LIDHAQS is a promising candidate for next
generation cathode materials, and that increasing Li* storage capability per monomer will be a
valuable design principle moving forward with organic cathodes.

2.1.5 Experimental Section
2.1.5.1 Synthesis of LIDHAQS

All chemicals were purchased from Sigma Aldrich unless otherwise noted and were used
as received. Reactions were carried out under dry, inert atmosphere unless otherwise noted.
Synthesis of the lithium salt of poly (1, 4,-dihydroxyanthraquinonyl sulfide) (LIDHAQS) was
carried out using a modified Philips method previously describe for related quinone polymers
(Scheme 2.1). Inside an Ar filled glovebox, 5, 8-dichloro-1, 4-dihydroxyanthraquinone
(DCIDHAQ) (0.250 g, 0.81 mmol) was added to 3.2 mL of anhydrous N-methyl pyrrolidinone
(NMP) in a 10 mL round bottom flask with a stir bar. To this Li»S (0.083 g, 1.8 mmol) was added
and the flask was capped, removed from the glove box, and placed under N2. The flask was then
heated to 160 °C for 18 h. The reaction mixture was then cooled to room temperature and the
resulting viscous liquid was poured into three centrifuge tubes each containing 10 mL of Et.O.

These tubes were then sonicated, cooled to 0 °C, and centrifuged. The Et,O supernatant was
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removed and the product washed with fresh Et2O once more. The mixture was then washed twice
with acetone after which a solid formed. The solid was washed with EtOH, H20, and then once
with acetone. The solid was then dried in a vacuum oven overnight at 80 °C. The resultant solid
was a dark blue brittle powder and yields were typically 80% or above. Poly (1, 4 anthraquinonyl
sulfide) (1,4-PAQS) was synthesized by a similar procedure starting from 1, 4-

dichloroanthragquinone and details are discussed in the Supplementary Information.

A few notes to experimentalists, the quality of Li»S used in the reaction is paramount to its
success. | have found that Li.S present in our glovebox for prolonged periods produced inferior
results. | never developed or worked on purification of the Li.S and buying the salt in small
samples then using it soon after opening provided consistent results. Additionally the “anhydrous”
label of the NMP purchased from sigma is inconsistent and reliable results are best obtained with
freshly dried and distilled NMP as described in the literature.®® The washing steps involving
ethanol and water are important to stability of the product. You will see a lot of blue supernatant
washing away during these steps and washing should continue till the supernatant runs clear.
(while not studied | always assumed this was soluble smaller oligomers) This washing in
centrifuge tubes can go on for a while and become tedious and while I never revisted and optimized
this procuder after gaining more experience with polymer purification | suspect a better method
would be a prolonged stir of the resulting solid in a large quanitiy of ethanol followed by filtration

and then a similar procedure with water
2.1.5.2 Conversion of LIDHAQS to DHAQS

To 100 mg of LIDHAQS, 2 mL of 1M HCI in H20 was added and the mixture stirred under

N> for 12 hours (Scheme 2.2). The resulting product is then washed three times with ice cold water
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and once with acetone. The product is then dried at 80 °C in a vacuum oven overnight. The
resulting solid was violet-red.
2.1.5.3 Elemental Analysis

C, H, N, S, Li, and CI elemental analyses were carried out in the University of Illinois
School of Chemical Sciences Micro-analysis Laboratory.
2.1.5.4 Solid State *C and 'Li MAS NMR Spectroscopy

All 3C and "Li solid-state NMR spectra were obtained in the SCS NMR facility using a
Varian Unity Inova 300 NMR spectrometer (7.05 T) operating at a resonance frequency of vo (**C)
= 75.47 MHz and vo (Li) = 116.6 MHz at room temperature. A Varian/Chemagnetics 4 mm
double-resonance APEX HX magic-angle spinning (MAS) probe was used for all experiments at
a spinning rate of 10 kHz and two pulse phase modulation *H decoupling. Samples were ground
in a mortar and pestle and packed into 4 mm zirconia rotors.

Experimental carbon chemical shift referencing, pulse calibration and cross-polarization
condition were performed using powdered hexamethylbenzene (HMB), which has a chemical shift
of 17.3 ppm (for the methyl peak) relative to the primary standard, trimethylsilane (TMS), at 0
ppm. For cross-polarization MAS (CPMAS) experiments, the *H 90 degree pulse width was 2.5
us, the contact time was 8 ms, and the recycle delay was set to 2 s. 8000 scans were acquired with
an acquisition time of 5 ms.

Experimental lithium chemical shift referencing, pulse calibration and setup were
performed using 1M LiCl, which has a chemical shift of 0.00 ppm. Specific ’Li pulse widths of
1.5 us and recycle delays of 10 s were used, while 864 scans were acquired for the sample. The
Hahn-echo pulse sequence ((n/2)- t-(w)-t-acq, with t=interpulse delays set to 100 us for rotor-

synchronization, i.e., the inverse of the spinning rate) was utilized as opposed to the regular one-
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pulse sequence because this sequence yields spectra with a less distorted baseline due to the extra
refocusing pulse.
2.1.5.5 Gel Permeation Chromatography

GPC analysis was carried out by Polymer Standards Service (Amherst, MA). Samples of
LiDHAQS and DHAQS were dissolved in 0.01 M LiCl in NMP at 160 °C for 5 hours before being
analyzed. The GPC system was equipped with PSS SECcurity 1260 HPLC-pump, a PSS
SECcurity 1260 refractive index detector, and a set of PSS Gram 10 um columns (30 A, 100 A,
and 300 A, 8 mm x 300 mm) The samples were analyzed at a concentration of 3 mg mL™ at a flow
rate of 1.0 mL min* at 80 °C.
2.1.5.6 Potentiostatic Evaluations of LIDHAQS and 1,4-PAQS

Cathodes were prepared by grinding with a mortar and pestle equal parts by weight
LiDHAQS powder and conductive carbon (Super-P Li, Timcal Inc). The resulting powder was
then ground with 10 wt% polytetrafluoroethylene (PTFE) in a mortar and pestle and the resulting
material pressed onto an Al mesh current collector. Typical loading was ~1 mg cm™.
Potentiostatic experiments were performed in a cell made of a modified Swagelok tube fitting
inside a glove box. The cell was assembled by layering Li metal (counter/ reference electrode),
Whatman glass fiber paper (GF/F) as a separator, and electrolyte (1M
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) in 2:1 v: v dioxolane: dimethoxyethane)
before finally adding the cathode and sealing the cell. The experiments were conducted by using
a CH Instruments (Austin, TX) electrochemical workstation. Cyclic voltammograms for
LiDHAQS were conducted between 1.5-3.8 V vs. Li/Li* at a scan rate of 1.0 mV s . Cyclic
voltammograms for 1,4-PAQS were conducted between 1.7-3.75 V vs. Li/Li* at a scan rate of

1.0mV st
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2.1.5.7 Galvanostatic Evaluations of LIDHAQS

Cathodes were prepared similarly to section 4.6 with two notable changes. First, the type
of carbon used was Ketjenblack (EC-600JD, AkzoNobel). Second, in place of hand grinding,
carbon and polymer were mixed by planetary ball mill for 30 minutes.

Galvanostatic experiments were made using CR2032 coin cells obtained from MT]I Corp.
(Richmond, CA). The cell was assembled by first placing a 0.5 inch diameter circular piece of
lithium in the base of the cell. A Whatman glass fiber paper (GF/F) was then place on the lithium
as separator and soaked in electrolyte (LM LiTFSI in 2:1 v:v Dioxolane : dimethoxyethane). The
cathode was then placed on top of the separator and a stainless steel disc is placed on top as a
spacer before placing a spring (MT] stainless steel wave spring for the CR2032 case) and the top
cap. The cell was then sealed closed using an MTI hydraulic crimper. An MTI cycler (Richmond,
CA) was used to cycle the cells. C rates were calculated using the mass active material in the
cathode composite, assuming a working capacity of 330 mA h g*. Capacities are reported as a
function of active material in the cathode. Blanks of carbon and PTFE were run to evaluate the
contribution of carbon to the capacity and that value (typically 20-30 mA h g*) was subtracted
from the overall capacity to obtain the reported results. Galvanostatic experiments were run
between 1.6 V and 3.8 V vs Li/Li*. The lower limit was chosen as the galvanostatic curves exhibit
a steep increase in slope indicative of full discharge. We note that a similar change in slope is not
present for the charging cycles. 3.8V was chosen as a practical limit, as above this potential

significant background reaction of the solvent occurs.
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2.2 Evaluating Polymerization Methods Effect on Electrochemical Properties of
Anthraquinone Polymer Cathodes
2.2.1 Abstract

The high capacity nature of polymeric quinone based organic cathode materials requires a
deeper understanding of design principals for high performance materials. This report focuses on
polymerizing the same redox active monomer (anthraquinone) by three different methods and
evaluating the activity of each as a Lithium ion cathode. We find that Nickle catalyzed
polymerization provides the best performance in terms of both capacity and stability.
2.2.2 Introduction

Quinone based cathodes for Li* batteries have attracted great interest due to their high
gravimetric capacities.?®® ® 22 The general focus for the research has been increasing the energy
density of these materials*® while maintaining practically useful stability. The result has been
individual reports been polymers generated by a variety of methods including polythioethers3?-33
49 polyanilines?’® ¥, poly aromatics®, polyimides®, and alkyl side chain bound polymers?™ °,
While all these polymers present interesting advances in the field, the reports are conducted by
different labs with differing experimental conditions making direct comparison difficult. Herein
we polymerize an anthraquinone monomer by three different polymerization methods (Scheme
2.3) and compare their performance as Li* cathodes.
2.2.3 Results and Discussion
2231 Galvanostatic Cycling of Polyamino Anthraguinone (PAQN)
Polyphenylanthraquinonyl Sulfide (PAQS) and Polyanthraquinone

Figure 2.7 displays the galvanostatic cycling of PAQ, PAQS, and PAQN. PAQ exhibits

an initial capacity of 237 mAh g and exhibits 102% of this capacity after 50 cycles. This intial
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increase in capacity is consistant with the literature report for this polymer®. PAQS exhibits an
initial capacity of 223 mAh g* and retains 69% of this capacity after 50 cycles. We note this is a
high degree of capacity loss as compared to literature examples?-33 49 of poly phenyl sulfide
polymers. PAQN exhibits and initial capacity of 231 mAh g* and retains 83% of this capacity
after 50 cycles. This is consistent with literature reports of polyaniline based quinone cathodes.

It is apparent from a cycling standpoint, that the direct C-C linkage of PAQ is superior both
in terms of overall gravimetric capacity, and capcity retention. As the polymerization method used
to synthesize PAQ does not incorporate any additional atoms (and consequently non-active mass)
into the monomer it makes sense that PAQ should have the highest gravimetric capcity. What is
less clear is why this polymerization method yields the most stable cycling, but can possibly be
attributed to the increased stability of C-C vs C-N or C-S bonds.

Figure 2.8 displays the charge and discharge curves of the final cycles of PAQ, PAQS,
and PAQN. PAQ exhibits an average discharge potential of 2.2 V vs Li/Li* and has the flattest
discharge plateau of the three polymers studied. PAQS exhibits an average discharge voltage of
2.2 V vs Li/Li* and exhibits a multi-feature charge and discharge curves. PAQN exhibits an
average discharge voltage of 2.1V and displays a single voltage plateau.

The mutli-feature nature of the PAQS can be attributed to the redox of a single center
effecting neighbors as has been previously observed?, but may also indicate greater heterogeneity
in synthesis products. It is unclear as to why PAQS and PAQS have such flat discharge curves as
many polymer cathodes tend to redox across a wide range of voltages “°.
2.2.3.2 Galvanostatic Rate Studies of Polyamino Anthraquinone (PAQN)

Polyphenylanthraquinonyl Sulfide (PAQS) and Polyanthraquinone
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Figure 2.9 displays the galvanostatic cycling of PAQ,PAQS, and PAQN at different C
rates. The fading behavior of PAQS and PAQN make comparison of capacity loss with increase

of rate difficult, but we find that the rate performance of all materials similar .

2.2.4 Conclusions

While this section by no means constitutes a complete study on the different effects that
polymerization methods have on cathode performance it represents a useful starting points. It is
clear the Ni catalyzed direct C-C bond forming polymerization offer both the highest capacity,
stability, potential, and rate capability, but the reason as to why remain unclear. This section can
serve as an interesting starting point for future work.
2.3 Understanding Stress Behavior in Poly-Anthraquinone Cathodes
2.3.1 Abstract

In this section we synthesise literature reported PAQ. We demonstrate that PAQ-SuperP-
CMC cathodes can be successfully cast on cantilevers and stress measurements obtained. We
obtain data for stress cycling the cell in a Li based system and show the competence of the cathode
in a NA based system. Most importantly the experimental section will include details of how to
synthesize these polymers and cast the cathodes for any future students wishing to continue the
project.
2.3.2 Introduction
The majority of research surrounding Quinone cathodes has focused on their outstanding battery
performance and practical application. Little is known about the fundamental underpinning of their
storage mechanisms or materials properties. Electrochemical stress is an analytical technique

which has proved a rich source of information for probing a variety of battery systems.*! The
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organic quinone cathodes provide an interesting system to study through stress as their materials
properties and storage mechanism should be substantially different than the previously studied
metal oxides. Additionally unlike metal oxides the storage in quinone polymers is lon nonspecific
so for the first time it should be possible to study the stress response of intercalating different
cations into the same system.
2.3.3 Results and Discussion

Figure 2.10 displays cyclic voltamagrams of PAQ-SuperP-CMC cathodes run at 1 mV/s
in using two different cations. Figure 2.10a shows a system using a Li metal counter/reference
electrode and 1M LIiTFSI electrolyte and Figure 2.10b shows a system using a Na metal
counter/reference electrode and 1M NaTFSI electrolyte. The difference of redox potential of ~
0.5V (2.2 V vs Li/Li" and 1.5 V vs Na/Na*) between the two systems. From the standard reduction
potentials of the two reference electrodes (-3.045 V vs NHE for Li and -2.714 V vs NHE) we
would expect a difference 0.33V meaning there is ~ 170mV of unexplained shift suggesting a less
facile reduction in the Na system. This is further supported by the greatly increased over potential
between reduction and oxidation observed in the Na system (800mV) than in the Li system
(100mV). Additionally we observe a splitting of the reduction peak in the NA reduction wave and
repeatable noise in the oxidation wave. We do not have a current explanation for the noise. We
hypothesize that the redox is less facile in the Na system as Na* are much alrge than Li* and as
such their incorporation into higher order polymer sturcutres may be more difficult. The difficulty
in Na incorporation may also cause increase differentiation in energy levels of the each of the one
electron reduction which constitute the reductive wave resulting in the observed second feature.

Figure 2.11 Displays Voltamagrams, electrochemical stress, and electrochemical stree

derivative measurements in the Na and Li PAQ cathode systems. In the Li System (2.11a) we
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observe the stress derivative being synchronous with the voltamteric peaks. In the Na system there
is asynchroniscity between the stress derivative and the voltammetry suggesting mechanical
change in the polymer does not directly coreclated with Faradaic processes. While the oxidative
wave is difficult to interpret due to its poor resolution, in the reduction it is clear that there is
significant stress evolution prior to reduction. We hypothesize that this is due to the fact that unlike
in the case of Li* where the small ionic radii allows a simple expansion of the native polymer
conformation to acomidate the cation, the bulkier Na* requires significant conformation change
and therefor a mechanical event must preceed reduction and lon incorporation.

Figure 2.12 Displays stress studies of PAQ cathode in a LiTFSI system vs Li
Counter/Reference at 1 mV/s and 0.05 mV/s. We observe that at slower scan rates we can
differentiate thte two one electron processes in the reductive wave but still result in one wave in
the oxidative case. Further there appears to be increased asynchronicity in the oxidative stress as
compare to voltammetry and while the voltammetry at slower scan rates displays multiple
reductive featuers there is only one reductive stress derivative feature.

2.3.4 Conclusions

While more studies must be conductive we have clearly shown some initial results that the
PAQ cathode system can accommodate both Na and Li ions and successfully run stress on both
systems. There significant differences between he Na and Li systems in both stress and
voltammetry although the exact cause is yet unknown. Imporant additional experiments include,
understanding the origin of the oxidative noise in the Na system, additional system containing
another cation for comparison, and spectroscopic evidence for the proposed mechanical events
which may occur when incorporating the larger Na* cation.

2.3.5 Experimental
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Stress, and Voltametry are run using the standard instrumentation and setup as can be found in
previous reports.51°
Synthesis of PAQ

The sysnthesis of PAQ was done following previously reported procedure®. A detailed account

and helpful guidelines for synthesis follows:

Prior to starting the reaction an oil bath equipped with a thermometer and near a shlenk line is

brought to 60 C.

A flame dried flask, stir bar, and septa is brought into an Ar filled glovebox. In the glove box to
the flask in order is added 40mL of anhydrous DMF, 1.1grams ofbis(1,5-cyclooctadiene)nickel(0)
Ni(COD). [0.004mol] , 0.625g [0.004mol] of 2,2’-bipyridine, 0.37mL [0.003mol] of 1,5-
cyclooctadiene (COD), and 0.831g [0.003mol] of 1,4-Dichloroanthraquinone. An additional 10mL

of DMF is used to wash down the sides of the flask of any solids which have stuck there.

Still int eh glovebox the flask is then capped and brought out of the box and placed under dry N2
line before being immersed in the 60C bath and allowed to stir for 48 hours.

(Notes for setup the Ni(COD)2 should be bright yellow. If it is brownish yellow or has significant
black quantities contact supplier and express you are not happy with the as received catalyst.
Anhydrous DMF purchased from sigma works unreliably and should be distilled and dried before

use.)

After 48 hours turn off the oil bath and allow the reaction flask to cool to room temperature. The
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reaction is then poured into 50mL of 0.5M HCI and a yellow precipitate is generated. The solid is
then separated from liquid by filtration and washed with DMF, 0.05M HCI, H20O, and methanol.
The solid is then dried at 80C for 6-12 hours. The resulting solid is dissolved in a minimal amount
of chloroform. An equal amount of methanol is then layered on top of the chloroform by addition
down the side of the flask and that biphasic mixture allowed to stand for 1-2 hours. The phases are

then mixed and filtered and the solid dried at 80C under vacuum.

(Notes for workup don’t get lazy with the molarities of listed HCI using too concentrated can
compromise the reaction. The DMF wash is perhaps the most important since it you will get some
amount of yellow color dissolving here (presumably lower order oligomers). Keep washing with
DMF until the filtrant runs clear. This can also help if the reaction went poorly and didn’t
polymerize as well as it can lower yield but get rid of undesirable smaller chains. Perform the
recrystallization as noted addition of the chloroform solution into a methanol solution results in an

undesirable polymer skin which makes future processing difficult.)

2.4 Figures, Schemes and Tables
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Figure 2.1. Four-electron redox pathway of LIDHAQS polymer
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Table 2.1. Elemental analysis of DHAQS

Element Theoretical Observed
Mass (%)  Mass (%)

C 62.22 62.8
H 2.24 2.28
N 0 0.48
S 11.86 11.1
Li 0 0
Cl 0 0
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Figure 2.2. a) CPMAS 3C NMR of DHAQS, b) EchoMAS ’Li NMR of LiDHAQS, ¢) GPC
analysis of both polymers (n= number of monomers in chain)



Table 2.2. Comparison of 3C NMR of DHAQS and DHAQ

Carbon  Chemical Shift in Chemical Shift

DHAQS (ppm) in DHAQ
(ppm)©H
a 120-150 (broad) 134.5
b 120-150 (broad) 127.0
c 120-150 (broad) 133.4
d 186.9 186.9
e 111.7 112.7
f 157.0 157.8
g 120-150 (broad) 129.4
a) b)
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Figure 2.3. a) Cyclic voltammogram of LIDHAQS, b) Cyclic voltammogram of 1,4- PAQS
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Figure 2.4. a) Galvanostatic charge and discharge of LIDHAQS cathode at 0.5C, b) Charge and
discharge curves for various cycles at 0.5C
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Figure 2.5. a) Long-term cycling of LIDHAQS at 1C and 2C, b) Galvanostatic charge and
discharge of LIDHAQS cathode at various rates
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Scheme 2.1. Synthesis of LIDHAQS from DCIDHAQ
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Scheme 2.2. Conversion of LIDHAQS to DHAQS
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Figure 2.6. Normalized 'Li NMR of LiDHAQS, LiCl, and LiOH
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Figure 2.9. Galvanostatic rate studies of PAQ, PAQN, and PAQS at 0.5C between 1.6 and 3.0 V
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Figure 2.10. Voltametric studies of PAQ cathode at 1 mV/s in a) LiTFSI system vs Li
Counter/Reference and b) NaTFSI system vs Na Counter/Reference
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Figure 2.11. Stress studies of PAQ cathode at 1 mV/s in a) LiTFSI system vs Li Counter/Reference
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Chapter 3
Solid-Liquid Lithium Electrolyte Nanocomposites Derived From Porous Molecular
Cages

3.1 Abstract

We demonstrate that solid-liquid nanocomposites derived from porous organic cages are
effective lithium ion electrolytes at room temperature. A solid-liquid electrolyte nanocomposite
(SLEN) fabricated from a LiTFSI/DME electrolyte system and a porous organic cage exhibits
ionic conductivity on the order of 1 x 102 S cm™. With an experimentally measured activation
barrier of 0.16 eV, this composite is characterized as a superionic conductor. Furthermore, the
SLEN displays excellent oxidative stability up to 4.7 V vs. Li/Li*. This simple three-component
system enables the rational design of electrolytes from tunable discrete molecular architectures.
3.2 Introduction

The development of lithium ion batteries (LIBs) represents one of the most significant
technological advancements for energy storage in recent history due to their high energy density
and operating voltage®?. Although LIBs hold tremendous promise and are used widely in handheld
devices, they typically suffer from substantial practical limitations that restrict their widespread
implementation in larger devices® 52253 |n a practical sense, many of these limitations arise from
the use of conventional liquid electrolytes as charge carriers® > While liquid electrolytes
provide high conductivity and fast ion mobility, both anodic and cathodic instability can lead to
cell degradation. Concurrently, liquid electrolytes pose the threat of dendritic lithium deposition
at the anode - a phenomenon that inevitably leads to short-circuiting and prevents the use of the Li

metal anode'®® %°. Consequently, a major research thrust in the field of LIBs involves fabricating
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solid-state electrolytes that transport lithium ions, yet eliminate the issues involved with using
liquid electrolytes.

Materials comprised of lithium salts dissolved in organic polymers such as poly(ethylene oxide)
were among the first solid-state electrolyte materials studied®. Despite extensive research efforts
for this class of materials, performance remains low, with lithium ion conductivities typically less
than 1 x 10* S cm™ at room temperature. Other inorganic ceramic materials have demonstrated
exceptional conductivities, yet are often unstable at both the anode and cathode with few
exceptions® 7. These complications severely limit application of solid-state electrolytes, since
electrolytes for LIBs must retain high conductivities (at least 1 x 102 S cm™) while remaining
stable at both electrodes.

Recently, researchers have demonstrated the use of porous materials as charge carriers for solid-
state electrolytes. Porous materials including MOFs®®, COFs*°, polymer networks® and molecular
solids®® have all been utilized as a medium to conduct lithium ions at room temperature, with
conductivities as high as 3.1 x 10“ S cm™ 8, A relatively new class of materials, porous organic
cages (POCs), have generated increasing interest due to their unique pore topologies®?, host-guest
chemistry®, and solution processability®*. While only one report has shown proton conductance
within porous molecular cage solids®®, there have been no reports investigating lithium electrolyte
activity within such materials. Toward this end, we hypothesized that nanocomposites constructed
from an electrolyte solution and the open pore structure of a porous organic cage are efficient
lithium electrolytes at room temperature. Herein, we test this hypothesis by formulating and
characterizing solid-liquid electrolyte nanocomposites (SLENS) derived from a POC previously
synthesized by our group. In this contribution we describe a SLEN system derived from a porous

organic cage (POC) that exhibits high ionic conductivity at room temperature (1 x 103 S cm™), a

43



low activation energy barrier for conduction (0.16 eV), and high oxidative stability (up to 4.7 V
vs Li/Li*). We anticipate that results from this study will lead to a search for novel organic ion
conducting composites with tunable environments that are precise in molecular design.
3.3 Results and Discussion

A solid-liquid electrolyte nanocomposite was formulated from a POC previously synthesized by
our group, Tda % (Figure 3.1) resulting in a white, free-flowing powder (Figure 3.2). Briefly, 35

d®® was added as a suspension to a 1M

mg of Tda powder prepared by a literature metho
bis(trifluoromethane)sulfonamide lithium salt (LiTFSI) solution of 1,2-dimethoxyethane (DME)
and stirred overnight in a argon-filled glove box (3.2). The mixture was then centrifuged, the
supernatant was removed, and the collected solid was dried under vacuum at 60 °C for 24 hours.
The composition of the resulting SLEN material was examined via FTIR spectroscopy. Figure
3.3a displays the fingerprint region of the FTIR spectra for samples of a 1M LiTFSI DME solution,
Tda, and SLEN. The spectra show that the SLEN has a high molar concentration of LiTFSI,
resembling the 1 M LiTFSI soaking solution used for fabrication. Characteristic peaks of Tda are
observable at ca. 1520 cm™ and ca. 920 cm™, indicating that the material is indeed a mixture of
Tda, DME, and solubilized LiTFSI. In addition to FTIR, the thermal stability of the SLEN was
investigated using thermal gravimetric analysis (TGA). As shown in Figure 3.3b, the material
exhibits a gradual decrease of mass, likely associated with the loss of DME. This type of TGA
behavior has been observed in MOF-based solid lithium electrolyte materials®. The sharp decrease
in mass (ca. 40 %) at 350 °C is attributed to decomposition of LiTFSI in the composite.

To gain further insight into the environment of the Li* ions in the nanocomposite, we probed the

SLEN using solid state magic angle spinning (SSMAS) ‘Li NMR. As shown in Figure 3.3c, the

SLEN exhibits a narrower linewidth, which is attributed to the more liquid-like chemical
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environment of the Li* allowing more motion and a larger degree of dynamic averaging®’. The
spectra of the SLEN exhibits additional side peaks at -1.9 ppm and -2.1 ppm which we attribute to
additional chemical environments made possible by association with Tda.

Imaging the SLEN via scanning electron microscopy (Figure 3.3d) reveals the morphological
characteristics of the material. The surface of SLEN particles appear rough, resembling the rapidly
precipitated solid of Tda as shown previously®®. Energy dispersive spectroscopy (EDS) of the
material exhibits the presence of C, N, O, F, and S atoms attributed to Tda, DME, and LiTFSI,
along with Au and Pd atoms due to sputtercoating with Au/Pd. EDS mapping (Figure 3.4) indicates
the material is not phase separated on length-scales greater than the mapping’s resolution.

Figure 3.3e displays the *H NMR spectrum of the SLEN upon dissolution in THF-ds. The *H
NMR spectrum of pure Tda in THF-dg (Figure 3.5) confirms that the peaks at 6 7.49, 7.04, 4.16,
2.44, and 1.13 ppm correspond to Tda. The peaks at 6 3.47 and 3.25 ppm are from DME present
in the material®®. We attribute the peak at § 3.08 ppm to hydration of the lithium salt within the
composite. From the ratio of integrals the molar ratio of Tda:DME in the composite is determined
to be 1:11. Combining the NMR analysis with elemental analysis (Table 3.1), the molar ratio of
components in the composite is approximately Tda:DME:LITFSI 1:11:8.

The molar ratio of 11:8 DME:LIiTFSI (mol:mol) is analogous in composition to a 7 M solution
and has 2.75 DME coordination sites per Li*. To our knowledge there are no extensive studies of
the coordination environment of LiTFSI-DME systems, although coordination studies of LiTFSI-
Acetonitrile (ACN)® systems and applied studies of concentrated dioxolane/DME-LIiTFSI
systems have been reported™. In a LiTFSI-ACN system, coordination numbers of 2.88 and 2.65
are observed for 1:5 and 1:4 LiTFSI:ACN solutions respectively®. Additionally in 1:1

dioxolane:DME (v:V) solvent, solubility up to 7 M has been observed®. Despite reports suggesting
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formation of a 7 M solution of LiTFSI in DME should be possible, our own attempts at forming
such a solution resulted only in a saturated solution with persisting undissolved salt. As we
observed no phase separated LiTFSI salt throughout our composite, we performed solid state *C
NMR studies to understand the composition of matter present in the SLEN.

Figure 3.6 displays the solid state 13C NMR studies of the SLEN and various reference systems.
A solid state *C NMR DPMAS spectrum of LiTFSI salt taken on a 300 MHz spectrometer (green)
exhibits a single broad peak at 119.8 ppm. A solution *3C spectrum of 11:8 molar mixture of
DME:LITFSI (saturated solution, vida supre) taken on a 500 MHz spectrometer is displayed in
orange. The spectrum exhibits two peaks (59.1 ppm and 71.0 ppm) which correspond to DME and
a quartet centered at 120.5 ppm with a YJc.e= 321 Hz corresponding to LiTFSI in agreement with
literature’. A 13C NMR CPMAS solid state spectrum of Tda taken on a 300 MHz spectrometer is
displayed in black. The observed peaks show good agreement with those reported in solution®®
although resolution of all the aromatic peaks is obscured by the large line width. A *C NMR
DPMAS solid state spectrum of the SLEN taken on a 300 MHz spectrometer is displayed in blue.
By comparison to our spectrum for Tda, we assign the peaks at 6 13.3, 22.4, 32.9, 88.3, 120.3,
126.5, 130.2, and 140.1 ppm to Tda. We assign the peaks at 3 57.2 and 69.0 ppm to DME and
note that they exhibit a significant upfield shift as compared to those in solution. Two additional
peaks are present in the SLEN spectra: one at 8 112.6 and one at 116.7 ppm. We considered two
possible assignments for these peaks. First, the two peaks could be part of a quartet with the
remaining signals obscured by the signal for Tda. We discount this possibility based on the
separation of the two signals which, if coupled, would have J=307 Hz which is significantly
different than that observe for LiTFSI. Based on chemical shift, we assign these two peaks instead

as two singlets from different chemical environments of LiTFSI. We note both peaks are upfield
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to the peak observed in the solid LiTFSI sample. In the SLEN the peaks for LiTFSI and DME both
appear more upfield than the corresponding peaks in the 11:8 DME:LiTFSI sample or the solid
LiTFSI sample. We attribute this chemical shift difference to interaction between each component
and the cage.

To investigate the utility of the SLEN as a solid-state lithium electrolyte, electrochemical
impedance spectroscopy (EIS) was performed. Figure 3.7a displays the electrochemical
impedance spectroscopy (EIS) of the SLEN at various temperatures. In typical EIS measurements
of ionically conducting solids, the complex impedance plot exhibits a half circle followed by a
sloped line, with the diameter of the half circle corresponding to bulk resistance’. In the frequency
range used here, only a sloped line is observed, except at lower temperatures (black). The same
phenomenon has been observed in gel-polymer electrolytes’®, and is attributed to the liquid-like
environment of the charge carriers, which allows fast dielectric relaxation and prevents dielectric
capacitance throughout the material”®. The resistance is derived from the intercept of the line with
the real axis (Z’). At room temperature, the measured conductivity was 1.0 £ 0.1 x 102 S cm™ for
the SLEN material. To our knowledge, this conductivity exceeds that of known MOF (3.1 x 10*
S cm™)%® COF (2.6 x 10 S cm™)°%, and porous organic (1.0 x 10* S cm™)” based SLENS.

Figure 3.7b displays the Arrhenius plot of the temperature dependent conductivity of the SLEN.
The material exhibits linear Arrhenius-like behavior over the temperature range probed (-10 to 35
°C). From the slope of the plot, the activation energy of conduction was determined to be 16 kJ
mol? (0.16 eV). This exceptionally low barrier is consistent with the SLEN being a superionic
conductor’®.

We note that reliable impedance data could not be obtained for temperatures higher than 40 °C

due to material instability, as evidenced by TGA of the SLEN material. The thermal instability of
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this composite is a significant hindrance to its practical application. Future studies will seek to
address this by investigating other compositions of matter that eliminate the solvent component of
the composite by covalently attaching coordination sites on the cage framework.

It is also important to note that applying the same electrolyte preparation to the synthetic
precursor of the cage (Pcarv, Figure 3.8) results in significantly higher resistance. Taken together,
the unique salt environments enabled by the SLEN as observed by NMR, the increased
conductivity seen in the cage composite as compared to the precursor composite, and the thermal
instability suggest that both the cage and trapped solvent contribute to the conduction in the
composite. The exact role and contribution of each component will be the subject of future work.

Figure 3.9a displays a linear sweep voltammogram of a Pt/SLEN/L. cell. The voltammogram
exhibits no significant oxidative current in excess of 4.7 V vs Li/Li* demonstrating excellent
oxidative stability of the SLEN. We attribute the oxidative stability of the SLEN to the ratio of
DME to LiTFSI (11:8) present as high concentration of salt can prevent oxidative decomposition’’.

Figure 3.9b displays cycles 28-33 of cyclic voltammetry run on a Cu/SLEN/L.i cell. These cycles
are the point at which the electrochemistry stabilizes. Initial cycles (Figure 3.10) as well as
tabulated coulombic efficiencies (Table 3.2) can be found in the supporting information.

The cell exhibits two sets of redox pairs. The first, with a reductive wave at 0.6 V and oxidative
wave at 1.0 V, is assigned to the underpotential deposition and stripping of Li on copper, in analogy
to the behavior seen on Ni.”® We assign the redox couple at more negative potentials to the bulk
deposition and stripping of Li on the substrate.

In initial cycles of the cell, the bulk deposition and stripping exhibit poor coulombic efficiency
(Table 3.2), and the deposition peak gradually shifts from normal linear behavior to the diffusive

regime exhibited in figure 5b. Coulombic efficiencies increase with cycling before stabilizing at
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>98% at cycle 23. Current densities are variable between cycles but stabilize at cycle 28. We note
that the current densities for the plating and stripping reactions are lower than those seen for
ceramic solid electrolytes including B-LisPS4, which has a ionic conductivity lower than the SLEN
(ca. 10* S cm?)’, Literature reports often utilize faster sweep rates than that used in this
experiment (ca. 250 pV s?), which results in larger current densities® "% 780 The SLEN does
not reversibly deposit Li* at higher scan rates, a phenomenon we attribute to its low concentration
of Li*. Additionally, we believe the low Li* concentration plays a role in the diffusive behavior
observed in later cycles, as poor stripping efficiencies can create depletion layers in the low Li*
concentration material.
3.4 Conclusion

In conclusion, we have fabricated a SLEN system utilizing a porous molecular cage and LiTFSI-
DME electrolyte solution. The SLEN exhibits exceptional room temperature conductivity of 1 x
10 S cm with a low activation energy of 16 kJ mol™. Cyclic voltammetry demonstrates the
excellent oxidative stability of the composite up to 4.7 V as well as the anodic stability upon
cycling. Materials characterization indicates that the material presents as a solid, and enables
highly coordinated environment of DME and LiTFSI which contribute to its excellent stability.
The exceptional electrolyte properties of this material combined with the novel application of
porous cages as functional materials makes future studies of this system of great interest.

3.5 Experimental Methods
3.5.1 General

All air or moisture-sensitive manipulations were performed under an atmosphere of nitrogen
using standard Schlenk techniques or in an argon-filled glove box. All metathesis reactions were

set up in an argon-filled glove box and run under an inert atmosphere. Reaction vessels were 20
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mL I-CHEM vials fitted with PTFE/Silicone septa purchased from VWR International unless

specified otherwise.
3.5.2 Materials

Unless otherwise stated, all starting materials and reagents were purchased from Sigma Aldrich
and used without further purification. The following compounds were prepared according to
literature procedure: 1,3,5-Tris(4-propynylbenzyl)-2,4,6-triethylbenzene (Pcar), Tda,!

molybdenum(1V) propylidyne precatalyst [Mo].23
3.5.3 Characterization
3.5.3.1 Solution NMR Spectroscopy

'H and *C NMR spectra were recorded on a Varian Unity 400 MHz (298 K). All spectra
were recorded in chloroform-d or tetrahydrofuran-d8 unless specified otherwise. Chemical shifts
are reported in & (ppm) referenced on tetramethylsilane (TMS) or residual solvent peaks (CDCI3:
7.26 for H, 77.16 for *C; THF-d8: 1.72 and 3.58 for *H). Coupling constants (J) are expressed
in Hertz (Hz). Splitting patterns are designated as: s (singlet), d (doublet), t (triplet), or m

(multiplet).
3.5.3.2 Solid State ‘Li MAS NMR Spectroscopy

’Li solid-state NMR spectra were obtained in the School of Chemical Sciences (SCS)
NMR facility at the University of Illinois at Urbana-Champaign using a Varian VNMRS 750
MHz NMR spectrometer (17.6 T) operating at a resonance frequency of vo ("Li) = 291.2 MHz at
room temperature. A Varian 4 mm triple-resonance HXY T3 narrow-bore (NB) magic-angle

spinning (MAS) probe was used for all experiments at a spinning rate of 15 kHz and two pulse
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phase modulation (TPPM) *H decoupling. Samples were packed into 4 mm zirconia rotors in a

glove box to avoid exposure to moisture.

Experimental lithium chemical shift referencing, pulse calibration and setup were
performed using 1M LiCl, which has a chemical shift of 0.00 ppm. Specific Li pulse widths of
6.0 us and recycle delays of 2 s were used, 168 scans were acquired for the SLEN sample and 40

scans for the LiTFSI sample.

13C solid-state NMR spectra were obtained in the SCS NMR facility using a Varian Unity
Inova 300 NMR spectrometer (7.05 T) operating at a resonance frequency of vo (**C) = 75.47
MHz and vo ("Li) = 116.6 MHz at room temperature. A Varian/Chemagnetics 4 mm double-
resonance APEX HX magic-angle spinning (MAS) probe was used for all experiments at a
spinning rate of 10 kHz and two pulse phase modulation *H decoupling. Samples were packed

into 4 mm zirconia rotors.

Experimental carbon chemical shift referencing, pulse calibration and cross-polarization
condition were performed using powdered hexamethylbenzene (HMB), which has a chemical
shift of 17.3 ppm (for the methyl peak) relative to the primary standard, trimethylsilane (TMS),
at 0 ppm. For LiTFSI sample 668 scans were used, for SLEN sample 1932 scans were used, and

for the Tda sample 2584 scans were used.
3.5.3.3 Thermogravimetric Analysis

TGA was performed on a TA Instruments Q50 analyzer. Samples were heated to 600 °C

in a platinum crucible at a rate of 10 °C/min under a nitrogen atmosphere.
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3.5.3.4 SEM and EDS

Characterization of materials was carried out in the Microscopy Suite at the Beckman
Institute for Advanced Science and Technology at the University of Illinois at Urbana-
Champaign. Prior to imaging, the samples were prepared by mounting on a stub using carbon
tape and sputter coated with gold-palladium using a deposition current of 20 mA and a
deposition duration of 70 s. The samples were imaged using a FEI Quanta FEG 450 ESEM
operating at 10.0 kV at a working distance of 10 mm, accelerating voltage of 10.0 kV, extracting
voltage of 5.1 kV, emission current of 10 pA, probe current set to high, and ultrahigh resolution

mode.

3.5.3.5 Fourier transform infrared spectroscopy (FTIR)
Spectra were recorded on a Nicolet Nexus 670 spectrometer with a DRIFTS attachment.

3.5.3.6 Elemental Analysis

C, H, N, Li, and F elemental analyses were carried out in the University of Illinois School

of Chemical Sciences Micro-analysis Laboratory

3.5.4 Preparation of SLEN:

In an Ar-filled glovebox, 35 mg of Tda cage is added to 0.6 mL of a 1M solution of LiTFSI in
DME. The resulting mixture is stirred overnight in the glovebox. After stirring, the mixture is
transferred to a centrifuge tube with 0.3 mL of DME as a wash. The centrifuge tube is capped
and wrapped in Parafilm before being transferred outside of the glovebox and centrifuged at
3300 RPM for 2 minutes. The tube is then transferred back into an Ar-filled glovebox and the
supernatant is removed. The centrifuge tube is then capped with a septum and transferred outside

the glovebox. The septum is pierced with a needle and quickly transferred into a vacuum oven
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where it is dried under vacuum at 60 °C for 24 hrs. (Note: we have observed under higher
temperature and pressure we can remove all of the solvent from the composite at the cost of
decreased ionic conductivity.) The material is then transferred back into a glovebox where it is
pressed by hand (typical pressure between 0.5-0.7 MPa) between 2 stainless steel (SS) disks in a
0.5 in diameter pellet die. We note that high pressured pelletization (>7 MPa) results in
decreased conductivity. In experiments where electrodes rather than the stainless steel disks are
desired, the pressing is done with Al foils rather than steel disks as they are easier to remove.
Additionally while the pellets can be made and manipulated as described, doubling the

preparation produces a large and more mechanically robust pellet.

3.5.5 Potentiostatic Electrochemical Impedance Spectroscopy of Cage SLEN

The resulting SS/SLEN/SS pellet is placed in a cell made of a modified Swagelok tube
fitting. Potentiostatic electrochemical impedance spectroscopy (PEIS) was conducting using a
Biologic (Seyssinet-Pariset France) SP150 potentiostat/galvanostat. PEIS was run between a
frequency of 1 MHz and 1Hz at 0 V vs. working electrode and with a perturbation amplitude of
20 mV. Temperature was controlled by protecting the cell and electrochemical leads in a thin
plastic layer before submerging in a bath of the appropriate temperature and thermally

equilibrating for 1 hr.

The same procedures are used on the synthetic precursor to Tda (Pcarb) as a control and
the results of the conductivity measurement are shown in figure S6. Its characterization of the

resulting composite is listed below.
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3.5.6 Potentiostatic Evaluation of Anode Reaction Using Cage SLEN as Electrolyte

The samples were prepared as described above, but Cu or Pt foil was used in place of
stainless steel discs. One piece of foil is peeled off the SLEN pellet with a razor blade and
replaced with a piece of Li foil. Potentiostatic experiments were performed in a cell made of a
modified Swagelok tube fitting inside a glove box. The experiments were conducted by using a
CH Instruments (Austin, TX) electrochemical workstation. Cyclic voltammograms for the anode
reaction were conducted between -0.4 V and 2.0 V vs. Li/Li* at a scan rate of 0.25 mV s with
Cu foil as the working for the evaluation of the Li plating and stripping reactions. For oxidative
stability, a Pt working was used and linear sweep voltammetry was run from 2.0 V to 5.0V vs

Li/Li* at a scan rate of 0.5 mV s,

3.6 Figures and Tables

No~ON
DME

ut
Q N- O
AN
FQ 87 NS F
FT‘O o’fr

LiTFsSI

Figure 3.1. Conceptual representation of molecular cage based SLEN a) Molecular structures of
SLEN components. b) Visual representation of SLEN half-cell configuration.
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Figure 3.2. a) Preparation of SLEN material b) Image of SLEN in a sealed vial.
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Figure 3.3. Characterization of the SLEN a) FTIR of 1 M LiTFSI DME solution (orange), Tda (black),

and SLEN (blue) b) TGA of LiTFSI (green), Tda (black), and cage SLEN (blue) c) ‘Li SSMAS NMR of

LiTFSI (green) and SLEN (blue) d) SEM and EDS of SLEN e) *H solution NMR of SLEN in THF-ds.
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Table 3.1. Elemental analysis results of the SLEN

Element Wt. %
H 4.83
Li 1.01
43.95
N 2.30
F 17.59

0.5
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Figure 3.6. Solid state *C NMR studies of solid LiTFSI (green), saturated 11:8 (mol:mol) mixture of DME

and LiTFSI (orange), solid Tda (black) and SLEN (blue)
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Table 3.2. Coulombic efficiencies of SLEN cell cycling

Cycle Coulombic Cycle Coulombic

Efficiency Efficiency
2 66% 18 79%
3 81% 19 91%
4 84% 20 91%
5 95% 21 90%
6 88% 22 95%
7 85% 23 99%
8 81% 24 98%
9 76% 25 98%
10 83% 26 94%
11 90% 27 97%
12 89% 28 99%
13 86% 29 98%
14 82% 30 99%
15 92% 31 98%
16 84% 32 99%
17 85% 33 98%




Chapter 4

Controlling Interfacial Properties of Lithium-lon Battery Cathodes with Alkylphosphonate
Self-Assembled Monolayers

This work was reproduced with minor modification with permission of the authors

4.1 Abstract

In this work, we report the preparation and characterization of modified LiMn204 (LMO)
cathodes utilizing chemisorbed alkylphosphonic acids to chemically modify their surfaces. We
utilize electrochemical methods to study ionic and molecular mobility through the
alkylphosphonate self-assembled monolayers (SAMs) for different alkyl chain compositions, in
order to better understand their impact on the lithium-ion electrochemistry. Electrochemical trends
for different chains correlate to trends observed in contact angle measurements and solvation
energies obtained from computational methods, indicating that attributes of the microscopic
wettability of these interfaces with the battery electrolyte has an important impact on ionic
mobility. The effects of surface modification on Mn dissolution is also reported. The
alkylphosphonate layer provides an important mode of chemical stabilization to the LMO,
suppressing Mn dissolution by 90% during extended immersion in electrolytes. A more modest
reduction in dissolution is found upon galvanostatic cycling, in comparison to pristine LMO
cathodes. Taken together, the data suggest that alkylphosphonates provide a versatile means for
the surface modification of lithium-ion battery cathode materials allowing the design of specific

interfaces through modification of organic chain functionalities.
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4.2. Introduction
Over the past three decades, Li-lon batteries (LIB) have become the most important energy
storage technology adopted by the portable electronics and electric vehicle industries due to their

high capacity, stability, and high voltage when compared to other batteries.>

One feature which allows the lithium-ion battery to achieve stable operation at high
voltages is the formation of the so-called solid electrolyte interphase (SEI). The SEI, whose
importance is well established for the anode of LIBs,! forms as a result of degradation reactions
occurring between the electrode and the electrolyte.8! At the anode, these reactions result in the
formation of a thin, electrically insulating, Li*-conductive material. This electrically insulating
layer provides kinetic stability to the battery system.8! At the cathode, these reactions also yield a
protective coating, the nature and function of which depends on specific battery chemistry.8! For
example, it has recently been shown that the cathode interphase can incorporate Mn ions released
from a LixNiosMn1504 (LMNO) cathode into its structure, in the form of complexes with organic
carbonates,®? thus preventing Mn migration to the anode where it negatively impacts battery

performance.®®

The SEI is composed of two different components: a hard, inorganic layer and a soft,
organic layer. The inorganic interphase is believed to be composed of lithium fluoride, lithium
oxide, and carbonate salts formed from the decomposition of the inorganic salts (LiPFe, LiBFa4,
LiClO4, etc.) and organic carbonates (propylene carbonate (PC), ethylene carbonate (EC),
dimethyl carbonate (DMC), etc.®: 8 The organic part of this layer comprises organic polymers,
believed to be a mixture of polycarbonate and polyether molecules.®* Attempts at controlling
growth and composition of the SEI have been made through use of different electrolytes, or by

incorporation of additive molecules.®
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Although the natural SEI affords kinetic stability to the lithium-ion battery system, other
degradative pathways are still present, particularly at the cathode. For example, in lithium
manganese oxide (LMO) cathodes, capacity fade is related to the release of Mn?* into the
electrolyte.®® Several different modifications of the LMO surface have been developed to prevent
this dissolution, including surface oxides,® thin gold shells,®” and graphene sheets. In the current
work, we examine the use of SAMs comprised of covalently attached alkylphosphonate adsorbates
as a means to tune the surface and interfacial chemistry of LMO cathode materials to provide

specific functionality.

The modification of metal oxide surfaces with SAMs has been widely investigated with
notable exemplars utilizing molecules such as silanes, amines, carboxylic acids and
alkylphosphonic acids.®® Out of these different classes of molecules, phosphonic acids have been
utilized extensively in the past to coat metal oxide surfaces (TiO2 and ITO) used in devices such
as sensors and light emitting devices.8% A previous study utilized a fluoroalkyl silane molecule
to modify lithium manganese nickel oxide (LMNO).%! Here we use the flexibility attendant the
alkylphosphonate platform to investigate the effect of different functionalities on LMO battery

properties.

In this work we examine different properties of the LMO surface chemistry including
wettability, electronic, and lithium ion conductivity. We tune that behavior by utilizing a series of
alkylphosphonates with increasing chain size (butyl phosphonic acid (BPA), decyl phosphonic
acid (DPA) and hexadecyl phosphonic acid (HDPA), or by utilizing a series of alkylphosphonates
of similar chain lengths but different functional groups: DPA, 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-

heptadecafluorodecylphosphonic acid (DFPA), and (2-(2-(2- Methoxy)-Ethoxy)-Ethoxy)-
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alkylphosphonic acid (G3PA). The structures of the alkylphosphonates utilized in this work can

be found in Table 4.1.

4.3. Results and Discussion
4.3.1. Surface Modification and Characterization of Model Alkylphosphonate Supported on
Lithium Manganese Oxide
4.3.1.1 Effect of Surface Modification on LMO Cyclic Voltammetry

In order to characterize the phosphonate-modified LMO interface, we performed cyclic
voltammetry (CV) measurements in an electrolyte containing ferrocene (Fc). Fc is a probe
reporting on the electrochemical accessibility of the electrode.®? Figure 4.1 shows a series of CVs
obtained from thin LMO film cathodes immersed in a solution consisting of 1 M LiClO4 + 3 mM
Fc in PC. The CVs exhibit two features. The first, in the region marked 1, is associated with the 1
e” transfer which converts Fc (at ca. 3V) to Fc* at more positive potentials. For LMO, the peak
splitting between the anodic and cathodic waves was ca. 140 mV, with larger splitting seen with
different coatings. The second, in the region marked 2, is associated with the lithiation and
delithiation of the LMO. The figure shows that different surface coatings lead to different behavior
in the voltammogram in both regions 1 and 2.

We first address changes in the voltammogram with different surface coatings in region 1.
Figure 4.2 reports on the changes in anodic peak potentials (Figure 2a) and splitting (Figure 2b)
for the Fc probe on the bare and modified LMO surface. Figure 2a shows that the anodic peak
potential associated with the Fc/Fc* couple in this solvent/electrolyte system occurs at 3.27 V vs.
Li/Li* for LMO or a control glassy carbon electrode, and 3.28 V on Au controls (Figure 4.3a).

The plots in Figure 2 demonstrate that as the alkyl chain length increases, the anodic peak

potential becomes more positive and its magnitude increases as well. The magnitude of the
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splitting seen in the Fc/Fc* voltammetry correlates with the kinetic barrier of the electron transfer
event.®® Slowing the scan rate 10x leads to electron transport dynamics across the
alkylphosphonate layer that more closely resemble that associated with a reversible redox couple
(Figure 4.3b). We note that, even without an alkylphosphonate layer, the peak splitting is ca. 140
mV, which is considerably larger than the 59 mV expected for this one-electron couple. This larger
splitting suggests that electron transfer is intrinsically inhibited within the LMO film itself,
consistent with the high resistivity (ca. 5 MQ) measured in the as-prepared thin film. This high
resistivity is due to the insulating properties of LMO, in which conduction occurs via thermally-
activated polaronic hoping between Mn®* sites.% In contrast, peak splitting seen for the Fc couple
at Au and glassy carbon interfaces are closer to the expected (ideal) values (80 mV and 65 mV,
respectively). The origin of the larger split on Au is ascribed to the strong interactions that occur
between the Au electrode and components of the organic electrolytes (which form a blocking layer
inhibiting electron transfer).%

The electrochemical properties of thin film Au electrodes modified with alkane thiol SAMs
have been extensively studied.®® % The peak splitting of Fc is known to vary in alkane thiol
modified electrodes as a function of alkane chain length (n).%® A perfectly crystalline SAM grown
on an atomically flat surface with chain lengths greater than 14 methyl groups leads to full
suppression of Fc electrochemistry.® This suppression arises because Fc cannot closely approach
the Au electrode through a defect-free SAM of that chain length, for which the through-chain
electron tunneling rate is low. The Fc redox activity is not suppressed, however, on electrodes
consisting of SAMs grown on rougher surfaces due to the presence of defects which allow direct

approach of the Fc to the Au surface. In this case, increasing chain length does not result in fully
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suppressed Fc electrochemistry. Nonetheless, the presence of the SAM does impact the Fc redox
activity, which becomes less facile as chain length increases.®

The thin film LMO surfaces utilized in this work exhibit a roughness (peak to valley) of ca.
50 nm (Figure 4.4). Roughness of this magnitude would preclude the formation of densely-packed
phosphonate monolayers, and would allow Fc oxidation to occur in the presence of a SAM. We
note in support of this that there is little change seen in either the peak splitting or the anodic onset
potential between alkyl chains with n = 10 and 16. The current data does not discriminate whether
it is intrinsic defects in the LMO thin film or more complex conformational dynamics in the SAMs

that mediate these structure-property correlations.

Also provided in Figure 4.2 are data for the effect of LMO surface modification by
phosphonate SAMs comprised of fluorinated and polyether chains. For similarly-sized alkyl chains
(C1o alkyl, fluoroalkyl and C7O3 polyether), the Fc/Fc* couple exhibits greater reversibility for the
polyether relative to the alkyl chain, with the fluorinated chain exhibiting a somewhat intermediate

effect. The possible origins of this behavior will be discussed below.

Figure 4.5a shows a plot of the peak splitting measured for the first lithium intercalation redox
pair for both the bare and modified LMO surfaces (i.e., region 2 in Figure 1). The peak splitting
value obtained for the bare LMO surface is similar to that previously reported for thin films
deposited via RF magnetron sputtering.®” As with the Fc/Fc* case, an increase in alkylphosphonate
chain length results in an increase in peak splitting up until n = 10. As with the Fc probe, there is
little difference in peak splitting found for SAMs prepared using chain lengths between n = 10 and

16, likely for reasons similar to those discussed above.
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Further chemical modifications of the chain structure result in behavior comparable to that
observed for Fc. The phosphonate SAMs comprised of Cyo fluorinated chain (DFPA) exhibits a
reversibility for lithiation similar to that found with the alkyl chain of the same length. The
polyether variant, however, exhibits a lithiation activity similar to that of the pristine LMO surface.
We note with interest that the main constituent of the organic speciation of the cathode solid-
electrolyte interphase is in fact poly(ethylene glycol) dimethyl ether formed via an
electrochemically mediated oligomerization process involving the EC solvent. Such moieties are

similar in composition to the long polyether chain.’#
4.3.1.2 Impedance Measurements

The interfaces of the modified LMO films were further characterized with Electrochemical
Impedance Spectroscopy. Figure 4.5b shows Nyquist plots of the measured impedance for
different modified interfaces, obtained at open circuit potential, prior to cycling. The impedance
spectrum obtained for the pristine LMO surface is in agreement with values observed for LMO
cathodes in the past.®® Figure 4.5 shows that in most cases, surface modifications by the SAMs
result in an increase in the measured impedance. The exception to this trend is the surface modified
with a G3PA SAM, which shows behavior very similar to the uncoated LMO. The impedance
spectra were fit to a simplified Randles circuit (see Figure 4.5b inset) and resistivity values were
obtained for each modified interface. The resistivity of lithium battery cathodes in the frequency
range utilized (1 MHz to 10 Hz) is typically attributed to conductivity of both electronic and ionic
(Li*) components through the interface as well as through the solid-electrolyte interphase.®® The
simplified Randles circuit is usually augmented by more sophisticated models;*® the fits made
here are utilized to obtain trends. In the case of an uncycled cell with an open circuit potential

(OCP) lower than the potential of oxidation of the PC solvent,'® the resistivity values are
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associated mainly with electronic and ionic conduction at the interface. The values obtained for
Rcr for pristine LMO, DPA, DFPA, G3PA and HDPA were 230 2, 550 2, 870 Q, 270 Q, and 960
Q, respectively. As expected, the Rcr increases with an increase in the length of the alkyl chain. 1%
The difference in Rct seen between the similar chain length compositional series exhibits a trend
similar to the results observed for the lithium intercalation dynamics (Figure 4.5a): the polyether
chain presents the least resistivity, the alkyl chain an intermediate value, and in this case, the

fluoroalkyl chain presents the highest resistivity.
4.3.1.3 XPS Measurements

The data presented above show that the electrochemical properties of the SAM-modified
LMO substrates exhibit a dependence on both the chain length and composition of the modifying
phosphonate adsorbate. The quantitative behaviors seen there likely arise from changes in the
structure/adsorbate coverage as a result of different phosphonate adsorbates. Such differences
likely lead to the different interface permeabilities noted for the Fc and Li* electrochemical probes

studied above.

We carried out XPS studies to independently establish and correlate the association of
modifications of the electrochemistry of the LMO surfaces with the surface coverage of the
alkylphosphonates present in the SAM. Exemplary XPS data are shown in Figure 4.6a-c that allow
an analysis on this basis. To facilitate comparison, the y-axes of these spectra have been offset and
normalized to reflect the relative atomic concentration of the three elements (see the SI). Figure
4.6a shows the Mn 2p region characteristic of LiMn,04'% and is consistent with Mn present as a
mixture of Mn®" and Mn**.1% The C 1s spectra, shown in Figure 4.6b, indicates the presence of

core level peaks expected for the distinct molecular structure of each alkylphosphonate adsorbate:

72



C-C (285.0 eV), C-O (286.6 eV), CF, (291.4 eV), and CFs (293.7 eV).1* The suggested
assignments of O-C=0 (288.9 eV) and C-O peaks in the HDPA spectrum suggest the presence of
a minor surface impurity within that SAM (likely in part due an adventitious uptake of CO; as a
carbonate moiety). The P 2p spectra shown in Figure 4c establishes that the phosphorous present

is in fact bound as a phosphonate (132.8 — 133.2 eV).10410>

In order to evaluate the surface coverages of the various adsorbates, the thicknesses of the
monolayers were estimated using a procedure similar to that described previously in the
literature.1%® This 2-layer model simplifies the properties associated with a thin attenuating
overlayer (the SAM chain, which is assumed to be thin compared to the mean free path at the
relevant photoelectron energies) to evaluate the intensities of the P 2p and Mn 2p signals, in order
to extract the molecular density of a phosphorus containing SAM adsorbate standing on top of a
quasi-infinite layer of manganese bound within the LMO substrate. This approximation is
sufficient to provide a good qualitative measure of adsorbate related structure/property trends seen

between the different SAM coatings.

Coverage estimates determined using the two-layer model are shown in Figure 4.6d and
summarized in Table 4.2. Within the range of the errors, the adsorbate coverages estimated for all
coatings are within the same order of magnitude, falling within the mid-range of 10%3
molecules/cm?. By way of comparison, alkylphosphonate coverages reported in other studies range
from coverages of 10! to 10 molecules/cm?.2%>¢ From these data we conclude that the
differences seen in the electrochemical properties of the variously SAM-modified LMO electrodes
cannot be simply ascribed to differences in the coverage of the alkylphosphonate adsorbates. This
suggests that, while the SAMs do function as a barrier layer, other features/dynamical effects may

also play a role in mediating the structure/rate andstructure/property correlations seen.
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4.3.1.4 Contact Angle Measurements

We made contact angle measurements to provide information about how the various SAMs
impact the interaction of the LMO substrate with representative LIB electrolytes.’®” The data in
Figure 4.7 represent the contact angles measured for each of the SAMs in two different electrolyte
systems: 1M LiClO4in PC solvent and 1M LiPFs in EC:DMC (1:1) solvent. The images in Figure
5a show representative profiles of electrolyte sessile droplets standing on the same films utilized

for the XPS measurements.

Figure 4.7 b shows a plot of the contact angle (0s) values obtained with a PC/LiClO4
electrolyte on the SAM modified LMO cathodes. The observed 0s values range from 27° (G3PA,
indicating wetting affinity for the surface) to 90° (DFPA, indicating non-wetting condition). The
data in Figure 5b indicates that the contact angle increases as the length of the alkyl chain increases
up to n = 10, which exhibits nearly the same contact angle as the n = 16 SAM. The similarities

between the latter two in wetting behaviors mirror those in their CV data in this electrolyte.

Figure 4.7 ¢ shows the values of 6s measured for the EC:DMC electrolyte system. The
contact angles measured in this case range from 30° (G3PA, highest wettability) to 75° (DFPA,
lowest wettability). Again, 0s (Figure 4.7 ¢) increases with chain length, albeit to a smaller degree
than with PC/LiCIOg. It is important to note, however, that in EC:DMC, an increase in the alkyl
chain from n = 10 to 16 results in an increase in contact angle and consequently a decrease in

electrolyte affinity with the surface.

The contact angles measured show a good correlation with the trends observed in Figures
2 and 3, which suggests that electrolyte affinity with the modified LMO substrate is an important

factor defining the permeability of electroactive species through the barrier-layer SAMs, as
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proposed above. Attentive structure-property/structure-rate correlation would associate poorer
wettability with less effective transport of electroactive species present in the electrolyte, including

Li* ions.
4.3.1.5 Computational Studies of Alkylphosphonate Modified LMO

We used atomistic and first principles modeling to provide further, more quantitative
insight into the formation, stability and wettability of LMO surfaces coated with alkylphosphonate
SAMs. Because the solubility of the phosphonates in the electrolyte determines the relative
stability of the SAM on the oxide surface upon electrochemical cycling, we computed their
solvation free energies in PC with 1M LiClO4 for comparison. Classical molecular dynamics (MD)
simulations were employed to sample the possible conformations of the chains. Snapshots of the
alkylphosphonate geometry from the classical MD trajectory were then computed within density
function theory (DFT) incorporating a continuum solvation model to represent the instantaneous

configuration of the PC electrolyte

Figure 4.8 and Table 4.3 show the calculated solvation energies for different
alkylphosphonates as a function of chain composition. The solvation energy of the phosphonic
acid form of the adsorbate is computed for reference. Figure 6a shows that an increase in chain
length from n = 4 to 10 (BPA to DPA) results in a decrease in stabilization of the respective
alkylphosphonic acid solute due to an increasing cost of forming a cavity in the liquid of the size
of the solute. From n = 10 to 16 (DPA to HDPA), the solvation energy remains roughly constant
since the additional conformations available to the longer chain cause a decrease in energy which
counteracts the increased energetic cost of cavity formation.!%® With respect to alkylphosphonic

acids of the same length, Figure 6a shows that the fluoroalkylphosphonic acid (DFPA) has a similar
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electrolyte affinity to the regular alkyl chain. Alternatively, the polyether based phosphonic acid
(G3PA) shows the lowest solvation energy of all alkyl phosphonic acids simulated, and therefore
the highest electrolyte affinity. These solvation energy results are in good agreement with the
trends observed in the contact angle measurements and electrochemistry reported above. These
results further support the important role electrolyte affinity plays in the modulation of
electrochemical properties of LMO cathodes with the addition of alkylphosphonic acid based

SAMs.

Figure 4.8b shows two stable binding conformations of phosphonic acid on energetically
favorable (001) LMO surfaces.!% Two different cases are shown: lithium poor surfaces and lithium
rich surfaces. In the case of lithium-poor surfaces, two covalent bonds are formed between
manganese atoms and the oxygens belonging to the phosphonate (-1.9 eV), with a third, weak O-
H-O bond slightly stabilizing the configuration. In the case of a lithium-rich surface, a slightly less
stable configuration (-1.6 eV) can also form, consisting of a covalent bond between a lithium atom
and the oxygen atom belonging to the phosphonic acid and a strong O-H-O bond. Independent of
surface lithium concentration, Figure 4.8b shows that phosphonic acid will attach to the LMO
surface through a bidentate or tridentate bond consisting of one or two covalent metal-O bonds
and an O-H-O bond. When a second covalent metal-O bond forms, one of the hydrogen atoms is
found to dissociate from the phosphonic acid and adsorb on an LMO surface oxygen atom. The

binding energies of the phosphonic acid on the surfaces are computed from the expression
Eying = Eimopa + NEivosn — Epa — (n+1) Eivo (Eg.4.1)

where n is the number of H atoms which dissociate from the phosphonic acid. The energies ELwo,

ELmo+H, and Ermo+pa are computed for the LMO surface with no adsorbates, adsorbed H, and
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adsorbed phosphonic acid, respectively. The energy Epa represents the energy of phosphonic acid
in its reference state, either in vacuum or in solution. This expression for binding energy is similar
to the one presented in the literature,'° except hydrogen on the LMO surface was chosen as a

reference state rather than Hz gas, due to presence of the electrochemical environment.

Table 4.4 reports the binding energies of phosphonic acid in vacuum and in solution, as
well as the bond lengths for the configurations shown in Figure 6b. The solvation energies for the
alkylphosphonates in LiClO4/PC range from -0.5 to -0.8 eV (Table 4.3), indicating that phosphonic
acid in electrolyte is less stable than phosphonic acid bound to the LMO surface. These results
indicate that SAMs formed from bonding of phosphonic acids to LMO are stable in lithium-ion
battery electrolytes, and that the stability is robust (i.e., able to fully saturate the adsorption
isotherm) regardless of the amount of lithium on the surface. Similar results were also observed
when calculating the solvation energies of alkylphosphonates in EC:DMC (1:1)/LiPFs, where the
energies ranged from -0.7 to 0.8 eV (Table 4.3), indicating that these SAMs are stable regardless

of the electrolyte of choice.

The above alkylphosphonate binding conformations and energies are in reasonable
agreement with previous results for alkylphosphonate association with indium tin oxide (ITO) and
other materials.®% 119111 Alkylphosphonate association with ITO is found to occur though oxygen-
indium bonds of length 2.2-2.3 A, with additional O-H-O bonds of length 1.37-1.6 A. These M-O
bond lengths are somewhat larger than those reported in Table 3. Binding energies of phosphonates
on ITO range -1.6 to -1.7 eV, independent of coverage and particular binding configurations®*°.
Both the shorter metal-oxygen bonds and the more stable binding energy for phosphonic acid on
the LMO surface relative to ITO indicate that the ligands are more strongly bound on LMO.

Though it has been found that as coverage increases, the most likely binding configuration may
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change from bidentate to tridentate, the binding energies on ITO are remarkably constant.'° This
limited role of intermolecular interactions in stabilizing the adsorbate provides support for the
approximation to consider only one phosphonic acid per surface LMO unit cell (this coverage is

also still within reasonable agreement with the XPS estimated values above).

When taken together, the calculations suggest that: 1) the stability of the monolayer in the
electrolyte increases as a function of chain length and 2) stable binding configurations for
phosphonate on LMO do exist, similar in type to those found previously for ITO; 3) the binding

energies are sufficient to lead to high adsorbate coverage in the SAM.
4.3.2 Effect of Surface Modification on Battery Behavior

We next evaluate the effects of LMO surface modification with the alkylphosphonic acids
on battery performance. Such coatings may be adventitious for a number of reasons. The coating
may stabilize or alter the SEI. It may also stabilize the electrode material. Lithium-ion batteries
utilizing LMO as a cathode are known to fade in capacity upon galvanostatic cycling.8”# This
capacity fade is attributed to both chemical corrosion by HF species formed from hydrolysis of
LiPFs and the release of Mn?* species into the electrolyte as the crystal lattice of LMO expands
upon discharge. The Mn?* species in the electrolyte interact with the SEI on the anode and/or plate

on the anode itself, causing performance degradation.®®
4.3.2.1 ICP-MS Studies of Mn Dissolution

Table 4.5 shows the concentration of Mn in recovered electrolyte following 72 h
immersion of modified LMO particles in 1 M LiPFs electrolyte in EC:DMC (1:1) solvent at room

temperature.
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Table 4.5 shows that the Mn concentration in the recovered electrolyte decreases drastically
with an increase in the chain length of the decorating alkylphosphonate. We suggest that the longer
chain length leads to less exposure of the LMO surface to the solvent, essentially terminating it as
an insoluble metal oxide phosphonate complex and thus diminishing the amount of Mn?* that can
be dissolved. Interestingly, the contact angle measurements showed a similar trend, with longer
alkylphosphonates yielding higher contact angles. All the alkylphosphonate-modified particles
dissolve less Mn relative to the bare material, with the exception of the G3PA. Apparently, G3PA
enhances Mn dissolution, albeit only slightly. This effect may be due to the increased solvent
accessibility through this material, discussed above. Interestingly, DFPA blocks Mn dissolution to
the same extent as the same chain length DPA, while contact angle measurements suggest that
DFPA decoration leads to minimal solvent exposure. As we posit that Mn?* dissolution in the
SAM-modified LMO is a defect driven process, in that single sites are the locus of Mn dissolution
activity, the contact angle measurements reflect more on the overall passivation of the substrate
towards its interactions with the electrolyte solvent. This result suggests that the defect density in

the DFPA SAMs is likely to be similar to those present in the DPA system.
4.3.2.2 Galvanostatic Cycling

We also compare the behavior of surface modified LMO in a lithium-ion half cells during
galvanostatic cycling. This allows us to observe the impact of surface modification on battery
operation, as well as test the Mn retention observed in the previous section by observing the change
in capacity following 100 battery cycles. Figure 4.9a shows capacity retention curves obtained
from galvanostatic cycling experiments for half-cells utilizing composite cathodes containing the
modified LMO particles. Figure 4.9a shows that the maximum capacity obtained from these

modified cathodes is altered by the presence of any alkylphosphonate coating. Uncoated LMO
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exhibits the highest overall capacity, while BPA-, DFPA-, DPA-, and G3PA-modified LMO
exhibit lower capacities. The lowest overall capacity was obtained for the 16-member
alkylphosphonate (HDPA). Clearly the HDPA is most effective at blocking Li* access to LMO.

The other phosphonates all block Li* access to some degree.

Figure 4.9 also shows the impact of cycling rate on the capacity of cathodes modified with
alkylphosphonates of similar chain length. The magnitude of the capacity loss with increasing
cycling rate is related, in part, to the permeability of the different artificial interfaces. Figure 7b
shows that in the case of galvanostatic cycling, permeability is (most strikingly) higher for
fluoroalkylphosphonates and lower for polyether modifications. Figure 4.9c shows the
galvanostatic discharge capacity as a function of rate for surfaces coated with alkylphosphonates
of different chain length. HDPA and DPA coated surfaces show similar rate performance
compared to the pristine surface. The particles coated with BPA showed the highest improvement

in capacity at a rate of 10 C.

The galvanostatic cycling data indicates that although surface modification will lead to an
overall loss of capacity, one somewhat correlated to the alkylphosphonate chain length, it can also
lead to improvements in other aspects of battery performance, such as allowing fast charging and

discharging of a battery.

Table 4.6 shows the effect of surface modification on the capacity retention upon battery
cycling. After 50 cycles (at a rate of 0.5 C), capacity loss can be observed for all the different
systems studied. We show that there are differences between the capacity retention of pristine
LMO and alkylphosphonate covered LMO. Capacity fade upon cycling was observed independent

of which coating was utilized. The pristine LMO particles show the largest capacity fade after 100
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cycles, with a capacity retention of 82%. The coated LMO particles show slightly improved
capacity retention. The capacity fade observed for all coated particles is reduced by ca. 5%

compared to uncoated LMO, independent of the ligand type.

Comparing these results to those observed in Table 4.5, it is apparent that although the
coatings provide substantial protection from chemical etching, with a reduction in Mn dissolution

of up to ca. 90%, their effects on capacity retention upon long-term cycling is rather more modest.

4.4 Concluding Remarks

This work shows that the interfacial properties of LMO cathodes are tunable by the
decoration of the metal oxide surface with different alkylphosphonates. We showed that the
wettability of the alkyl chain by the solvent plays a key role in facilitating the transport of
molecules and ions through the phosphonate layer. Interfaces crafted from polyether-based
alkylphosphonates allow Li* ion transport similar to that seen with unmodified thin film LMO.
The transport of ions is influenced by the chain length of the alkylphosphonate and the presence

of defects in the film.

DFT calculations show that phosphonic acid association with the LMO surface mimics that
found when these molecules decorate other oxides such as ITO. A bidentate Mn-O bond, further
stabilized by an O-H-O bond, seems to be the most likely configuration out of those studied in this
work. When compared to the solvation energies of the precursor alkylphosphonic acids, the
binding energies obtained suggest that the phosphonic acid modified LMO should be stable when

immersed in the battery electrolyte, consistent with experiment.

Battery cycling studies show that the presence of hydrophobic chains at the surface of LMO

leads to decreased Mn dissolution. During galvanostatic cycling, we found improved rate
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performance for one coating (15-60% higher capacity at 5-10 C), and up to 5% improvement in

capacity retention at 100 cycles for all coatings, compared to the pristine particles.

In conclusion, we demonstrated that modifying LMO cathodes enable interfacial property
tuning through changes in the functional groups present in the precursor molecules. We suggest
that, with careful design choices, it may be possible to create SAMs that further improve rate
performance or capacity retention.

4.5 Experimental Section

Decoration of LiMn204 films and particles with Alkylphosphonate SAMs: Thin film LiMn204
(LMO) cathodes were prepared via RF Magnetron sputtering using a modification of a previously-
reported methods.”” 12 A stoichiometric lithium manganese oxide plate (LTS Research
Laboratories, Inc.) was used as the target. Pure argon was utilized to generate a plasma at a
chamber pressure of 5 mTorr. The RF power applied to the target was 75 W. Polished 0.5-inch-
diameter stainless steel discs were used as substrates for samples utilized in electrochemical
experiments. The stainless steel acts as a current collector and provides a smooth, albeit disordered,
surface for deposition. RF sputtering deposition of LMO on the stainless-steel substrate took place
for a period of 16 hours. The amorphous films obtained were then annealed at a temperature of
700 °C for 1.5 hours. The resulting polycrystalline films were evaluated by profilometry and
scanning electron microscopy. Films exhibited thicknesses of approximately 300 nm and surface

roughness on the order of 30 nm.

Thin films of LMO and LMO particles (Sigma-Aldrich, electrochemical grade) were
coated with alkylphosphonate self-assembled monolayers (SAMSs). Alkylphosphonic-modified
surfaces were prepared by immersion of LMO (films and particles) in 10 mM ethanol solutions of

phosphonic acids for a period of 12 hours. The samples were then recovered and washed with
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copious amounts of ethanol in order to remove any physisorbed molecules from the surfaces. The
resulting modified LMO was then dried under vacuum at of 70 °C. Phosphonic acids used were:
butyl phosphonic acid (BPA, Sigma-Aldrich, 98%), decylphosphonic acid (DPA, Sigma-Aldrich,
97%), hexadecylphosphonic acid (HDPA, Sigma-Aldrich, 98%),
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluorodecylphosphonic  acid (DFPA, Sigma-
Aldrich, >95%), and (2-(2-(2- Methoxy)-Ethoxy)-Ethoxy)-alkylphosphonic acid (G3PA, Sikemia,

>97%).

Electrochemical characterization: Cyclic Voltammetry (CV) experiments were conducted
utilizing a CH Instruments electrochemical workstation (Model 1020C, Austin, TX). The three-
electrode cell configuration utilized the thin film LMO cathodes as working electrode and lithium
foil (Alfa-Aesar) as the counter/reference. A 1 M lithium perchlorate solution in propylene
carbonate was chosen as the electrolyte to minimize the formation of natural solid-electrolyte
interphase.8%: 190 113 C\/ experiments were carried out in an argon atmosphere glovebox, where

both oxygen and water concentrations were ca. 1 ppm.

Potentiometric electrochemical impedance spectroscopy (PEIS) experiments were carried
out utilizing a BioLogic electrochemical station (model SP-150). These experiments utilized an
airtight Swagelok cell configuration, prepared in the glovebox, where the thin film LMO discs
were utilized as working electrodes and lithium foil discs as counter/reference electrodes.!** 1 M
LiClO4 in PC electrolyte was utilized in these experiments. The sealed Swagelok cells were
removed from the glovebox prior to PEIS experiments and the integrity of the cell was evaluated

by CV.
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Galvanostatic experiments were run in CR2032 coin cells obtained from MTI Corp.
(Richmond, CA). The cell was assembled by first placing a ¥ inch diameter circular piece of
lithium in the base of the cell. A Whatman glass fiber paper (GF/F) was then placed on the lithium
as separator and soaked in electrolyte (1 M LiPFs in 1:1 EC/DMC). The cathode was prepared by
grinding the modified LMO particles with 10 wt% PTFE and 20 wt% Ketjen Black carbon in a
mortar and pestle and the resulting material was pressed onto an Al mesh current collector. Typical
loading was ~ 1 mg/cm?. The cathode was then placed on top of the separator and a stainless-steel
disc is placed on top as a spacer before placing a spring (MT] stainless steel wave spring for the
CR2032 case) and the top cap. The cell was then sealed closed using an MTI hydraulic crimper.
An MTI cycler (Richmond, CA) was used to cycle the cells. C rates were calculated using the mass
active material in the cathode composite, assuming a working capacity of 130 mAh/g. Capacities

are reported as a function of active material in the cathode.

Characterization of Modified LMO Surfaces: XPS measurements were made using a Kratos Axis
Ultra X-ray photoelectron spectrometer (Kratos Analytical, Inc., Manchester, UK) using
monochromatic Al K ; radiation (1486.6 eV) at 210 W (15 mA, 14 kV). The samples were affixed
onto the sample holder using double-sided copper tape. High-resolution spectra were collected at
an emission angle of 0° and a pass energy of 40 eV. The binding energy scale was referenced to
the aliphatic C 1s signal at 285.0 eV. Quantitation was done using CasaXPS version 2.3.15 by
determining the area under the curve after applying a Shirley background. Sensitivity factors were
supplied by the instrument manufacturer. Further details regarding the quantification method can

be found in the SI.
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Computational Details: Classical molecular dynamics (MD) simulations using the LAMMPS

softwarel®®

were used to sample the possible configurations of phosphonate molecules in the
electrolyte solution. The construction of the simulation boxes, the non-reactive pair potentials used
to represent the short-range interatomic forces, and the procedure for computing long-range
electrostatic interactions are described in the SI. The systems were brought to mechanical and
thermal equilibrium at 330 K using the NVT ensemble of Nose and Hoover.1!® The systems were
simulated using the Verlet algorithm*!” and a 0.5 fs time step for a series of runs of time 0.5 ns

until the system temperature and pressure could be verified, then the production run consisted of

2 consecutive simulations of time 1 ns to obtain reliable statistics.

To compute solvation free energies of the phosphonates, 64 snapshots were randomly
chosen from the 1 ns classical MD trajectory for each solute in the PC and EC:DMC electrolytes.
The energy of each solute conformation was then evaluated using plane-wave density-functional
theory (DFT) calculations in vacuum and with a continuum description of the surrounding
electrolyte, using the JDFTx software and methodology described in the SI. DFT calculations in
the presence of liquid electrolyte were performed within the framework of joint density-functional
theory,!*8 using an implicit solvent approximation to the full theory known as Nonlinear PCM
(with parameterizations described in Section 1.3 of the SlI). This polarizable continuum-like
solvation approach replaces the fluid by a local dielectric response and can account for dielectric
saturation of the solvent due to high electric field.!!® The solvation energy for each molecule was
then computed by determining the difference in total energy between the molecule in liquid and

the molecule in vacuum taking an average over the 64 snapshots.

DFT optimization of phosphonate binding to the LMO surface was conducted by placing

a phosphonic acid on the low surface energy terminations.’®® A Hubbard U self-interaction
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correction'?® to the PBE exchange correlation functional'® was employed for the manganese d

orbitals with U=3.5 eV. We constructed a slab supercell of LMO within periodic boundary

conditions (as described in the SlI). The phosphonic acid was placed on one side of the slab and

the atoms on the other side of the slab were fixed to their bulk-like positions. The positions of the

free atoms were optimized until total force was less than 10 meV/A.

4.6 Figures and Tables

Table 4.1. Alkylphosphonate structures

Abbreviation Name

Molecular Structure

BPA Butyl Phosphonic Acid

DPA Decyl Phosphonic Acid

HDPA Hexadecyl Phosphonic Acid

DFPA (3,3,4,455,6,6,7,7,8,8,9,9,10,10,10-
Heptadecafluorodecyl) Phosphonic
Acid

G3PA (2-(2-(2- Methoxy)-Ethoxy)-

Ethoxy)-alkyl Phosphonic Acid

FFFFFFFF

P<
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Figure 4.1. Cyclic voltammetry measurements of alkylphosphonate-modified LiMn,O4 thin films
in 1 M LiClO4in PC electrolyte (with added 3 mM ferrocene) measured at a scan rate of 0.2 mV/s.
Two different redox pairs are observed, containing information about the ferrocene oxidation
(region 1) and lithiation/delithiation (region 2).
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Figure 4.2. Effect of the alkylphosphonate SAMs on the Fc/Fc* oxidation (a) potential and (b)
peak splitting, obtained from the CVs of coated LiMn;O4 thin films in 1M LiClO4 in PC
electrolyte, measured at scan rate of 0.2 mV/s, as a function of the ligand’s chain length.
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Figure 4.3. (a) Cyclic voltammogram of Fc/Fc* probe in PC/LiClO4 (1M) on a gold electrode
(black) and a glassy carbon electrode (red), at a rate of 2 mV/s. (b) Cyclic voltammogram of Fc/Fc*
probe in PC/LiCIO4 (1M) on a gold electrode as a function for different cycling rates.
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Figure 4.4. a) 2D AFM image of a 1 pm x 1 pm area of sputtered LMO sample. b) 3D
representation of LMO surface as obtained by AFM. c) Typical height line profile used to obtain
the average peak to valley roughness, calculated from line profiles of the entire measured area.
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Figure 4.5. (a) Effect of alkylphosphonate SAMs on the lithium intercalation reaction peak
splitting, obtained from the CVs of coated LiMn2O4 thin films in 1 M LiClO4 in PC electrolyte,
measured at scan rate of 0.2 mV/s. (b) Impedance measurement results for different coated
interfaces and the Randles circuit (inset).
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Figure 4.6. XPS of (a) Mn 2p, (b) C 1s, and (c) P 2p data from the principal elements of the
alkylphosphonate monolayer surfaces stacked vertically in the following order: BPA-green
(bottom), DPA-gray, DFPA-red, G3PA-blue, and HDPA-orange (top). (d) Alkylphosphonate
monolayer surface coverage as determined using the two-layer model.
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Table 4.2. XPS peak area, relative atomic concentration, and deduced coverage.

Peak Area, count-eV/s  Atomic Concentration, % Coverage
Alkylphosphate (10%

Imn Ic Ip Nwmn Nc Np molecules/cm?

)

BPA ;6148' 604.8 i73' 68.9+57 24.7+6.1 6.4+19 3.0x06
DPA i5910. ;612' 559' 37611 591+14 34+x17 29zx14
DFPA 50160' ;341' 227' 46.0+28 51.1+29 28+19 20+1.2
G3PA 22728' 700.2 946 63.8+52 336+54 26+0.6 13%0.2
HDPA 8973.0 ;770' ;75' 246+06 727+12 26+14 3518
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Figure 4.7. Contact angle measurements on coated LMO thin films in two different electrolyte
systems: 1M LiClO4 in propylene carbonate and 1M LiPFs in ethylene carbonate/dimethyl
carbonate 1:1 solvent. (a) Recorded image of solvent droplets resting on SAM-modified LMO
surfaces; fitted contact angle parameter by the Rame-Hart software for (b) LiCIO4/PC and (c)
LiPFs/EC:DMC.

92



Table 4.3. Solvation energies calculated via a combined classical MD and DFT approach for
different phosphonic acids in PC/LiClO4 and EC:DMC/LIiPFs (also shown in Figure 6b)

Alkyl Phosphonic Solvatio_n Solvatio_n

Acid Energyln Energy in _
PC/LiClO4 EC:DMC/LIiPFg
eV eV

H2POs3 -0.67 -0.73

BPA -0.63 -0.66

DPA -0.55 -0.62

HDPA -0.53 -0.59

DFPA -0.57 -0.56

G3PA -0.80 -0.93
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Figure 4.8. (a) Calculated solvation energy of different alkylphosphonate species in PC/LiClO4
electrolyte, as determined by DFT. The line is provided as a guide for the eye. (b) Binding modes
and energies of phosphonic acid on (001) lithium manganese oxide surfaces as determined by DFT
calculations. Two different surface conditions, lithium rich (right) and lithium poor (left) are
simulated.
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Table 4.4. Phosphonic acid geometries and binding energies for Li-rich and Li-poor LMO (001)
surfaces. Reference states for phosphonic acid in vacuum and solvated in PC/LiClO4 are both

considered.
Surface Binding Binding Binding Bond length  Bond Angle
Energy in Energy in  Mode
Vacuum PC/LIClO4
eV eV A Degrees
Li-rich LMO -1.6 -1.0 1Li-O 1.85 n/a
(001) 1 0-H-O 2.53 176°
Li-poor LMO -1.9 -1.2 2 Mn-O 1.95,1.96 n/a
(001) 1 0-H-0 2.84 120°
Table 4.5. Room temperature Mn dissolution study via ICP-MS
% Less Mn
Alkyl Phosphonic Amount of dissolved
Acid Mn detected  relative  to
pristine LMO
(ng/L) %
Pristine LMO 146 --
BPA 117 20
DPA 100 32
HDPA 13 91
DFPA 104 29
G3PA 163 -11
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Figure 4.9. (a) Cycling experiments on lithium-ion half cells. Cathodes comprised of pristine
LMO, and phosphonic acid (DPA, DFPA, HDPA, and G3PA) coated particles. All cells were
cycled in 1M LiPFes in EC:DMC electrolyte at a rate of 0.5 C. (b) Cycling behavior of three
different SAMs with the same chain length (DPA, G3PA and DFPA) as a function of cycling rate.
(c) Cycling behavior of three different SAMs of different chain length (BPA, DPA and HDPA),
as well as behavior of uncoated LMO as a function of cycling rate.
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Table 4.6. Discharge capacities and capacity retention of the lithium-ion cells for pristine LiMn204

and coated cathode materials

Cycle LMO BEA D!DA D!:PA G_3PA H!DPA

Number Dlscha_lrge Dlscha_lrge Dlscha_lrge Dlscha_lrge Dlscha_lrge Dlscha_lrge
Capacity Capacity Capacity Capacity Capacity Capacity
(mAh/g) (mMAh/g) (MAh/g) (MAh/g) (mMAh/g) (mAh/g)

5 141 115 111 118 110 96

50 122 100 99 109 101 83

100 115 -- 94 102 95 82
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Chapter 5

Li-S Conductive Polymer Hybrid Cathodes for Li-S Batteries
5.1 Abstract
Li-S Batteries are of great interest due to their high theoretical gravimetric and
volumetric capacities. An Inherent problem in these materials Is that sulfur is insulating and
intermediate reduction products are soluble in common electrolytes. Herein we explore how
the chemical cross linking of poly sulfides with conductive polymers can both increase cycle

stability and sulfur loadings in Li-S cathodes

5.2 Introduction

In the pursuit of revolutionary technologies such as grid scale storage and long range
electric vehicles, there is a consensus that moving developing techonoligies radically different
than traditional Li* batteries, so called “beyond Li* technologies” will be necessary to make
the radical improvements in capacity needed. In addition to this techonolgical leap there is a
desire to move away from the use of metal cathodes which have high environmental impact
and can be costly. 12! Li-Sulfur cathodes have the potential to fufil these needs as the material
has an inherent energy density of 1670 mAh g 12! and is fabricated from elemental sulfur and
inexpensive byproduct of petrol refining.

Figure 5.1 shows the net reaction of proposed Li-S cathode. In theory this is ideal
cathode chemistry as both the cyclic Sgallotrope and the reduction product Li»S are stable at
the working potentials of the chemistry and in common electrolytes!?, In practice a concerted
16 electron mechanism is improbable and instead the realized chemistry involves opening of

the ring and reduction and reductive scission of individual sulfur units!?? . While the reduction
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products are stables, the resulting long chain poly sulfides are soluble in most common
electrolyte solvents. This is a problem from the perspective of active material loss, and also can
cause issues through migration to the anode at which they are not stable.?'® 123 Additionally
the inherently resistive nature of Sulfur necessitates high conductive additive loading
contributing to non-active mass and cutting down of realized gravimetric and volumetric
energy densities.?

Recent strategies developed to increase Li-S stability by decreasing solubility is the so-
called inverse vulcanization method.*? In this process elemental sulfur is heated above 165°C
to induce radical ring opening(Figure 5.2a). Left alone the sulfur would polymerize into long
chain poly-sulfides, but with the addition of allyl containg organic molecules cross linking can
occur (Figure 5.2b). It is theorized that he strong C-S bond acts as an anchor during redox and
indeed Simmonds et al observe greatly increased stability.

In their initial report Simmonds et all use the organic cross linking component purely as a
structural element to stabilize dissolution. In this project we theorize that the organic
component of this process can be an electrically conductive polymer (polyaniline) that these
cathodes will not only exhibit excellent stability, but enable igh energy densities by minimizing
non active conductive additives. We propose synthesizing polyaniline, functionalizing it with
an allyl containing side chain via nucleophilic reactions, then using that functionalized

polyaniline as a cross linker for inverse vulcanized Li-S cathodes (Figure 5.3)

5.3 Results and Discussion
Synthesis

Detailed procedure for the synthesis of each step including various conditions attempted will
be given in the experimental section

Synthesis of EB (Polyaniline Emeraldine Base)
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Syntheis of EB was routine and well documented in the literature. Succesful synthesis is
gauged by elemental analysis and comparison with literature IR spectrum.
Synthesis of AEB (Allylated Emeraldine Base)

Synthesis of AEB was carried out under various conditions to see their effect on the percent
functionalization of repeat units (Table 5.1). As the starting material does not contain sulfur, the
%S of the resulting compound by elemental analysis is used to determine functionalization
percent.

Table entries 1,2,3 and three demonstrate that in ethanol at 60C there appears to be a
maximum functionalization of ~15% of repeat units. Moving to forcing conditions such as
refluxing in agueous solution show modest improvements (entry 4), but the largest increase
occurs when refluxing in aqueous pH 4 buffer. This has been shown previously in the literature
and is a result of protonation of the nitrogen activating the ring for nucleophilic attack.

Synthesis of AEBS (Allylated Emeraldine Base Sulfur composite)

While full characterization of the AEBS cathode materials are incomplete, we can measure the
resulting sulfur content as the polymer is thermally robust while the sulfur in the materials will
thermally decompose at ~350 °C. Figure 5.4 Displays thermogravimetric anaylsis of AEB
polymer (black), elemental sulfur (red), AEBS from a reaction with 60% S loading (AEBS 60
green), AEBS from 85% S loading (AEBS 85 blue), and AEBS from 90% S loading (AEBS 90
pink). We can see that while the AEB back bone is thermally robust that sulfur completely
degrades at ~ 350 °C. The degredation happens slightly sooner in the AEBS composites. While
the loading to resulting S content is not linearly correlated, it can clearly be controlled as seen by

the increasing S content of the composite with increasing loadings.

99



Taken together this synthetic work demonstrates that we can control both functionalization
percent of the conductive polymer and the loadings of sulfur in the final cathode. Both of these
should provide useful handles for optimization of electrochemical performance. Further more the
choice of these methods was done with the intention of making this process amenable to all
forms of Poly-Aniline. In theory we should be able to functionalize, nano-structured or electro
polymerized films and investigate what novel properties those may facilitate. Alternative
nucleophiles are another handle as there has been work on functional groups which provide self-
doping and increased conductivity*?® or unique architectures to facilitate ion transport. 2’

Figure 5.5 Shows the galvanostatic cycling of an AEBS cathode from AEBS reactions with
85% sulfur loading and AEB material from a 60C ethanol reaction (AEBS 15%) and AEB from a
refluxed pH4 reaction (AEBS 46%). We can see that while cycling AEBS 46% is yet incomplete
it shows significantly more decay than the AEBS 15% the only difference between the two
samples is the nucleophilic addition reaction conditions with AEBS 15% being under milder
conditions and resulting in 15% functionalization (table 5.1 entry 1) and AEBS 46% being under
more forcing conditions and resulting in 46% functionalization (Table 5.1 entry 4). We expected
that the higher degree of allylation would increase stability due to an increased amount of C-S
bonds, but instead the opposite is true. Some evidence for an explanation can be seen in the
charge and discharge curves (Figure 5.6) where AEBS 46 shows significantly more hysteresis
between charge and discharge. This suggest poor kinetics of either electronic transport or ionic
transport. Furhter test can show which is the case, but poor ionic transport could be the result of
increased crosslinking creating dense networks which inhibit mass transport, while electronic

transport could be inhibit by degradation under the forcing allylation conditions.
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5.4 Conclusions

We have successfully synthesized a Polyaniline-Sulfur hybrid which shows promise as a Li-S
cathode. Reaction conditions allow for the optimization of both PANI functionalization percent
and sulfur loading in the final composite. Contrary to expected results increased
functionalization percent decreases stability which may be the result of decreased ionic or
electronic conductivity. Future work should focus on the optimization of composition as well as
application to novel states of PANI including nano-structures and thin films.

5.5 Experimental
Synthesis of EB (Polyaniline Emeraldine Base) figure 5.3a
Polyanline Emeraldine base was synthesized as previously reported in the literature!?, Ina
typical procedure 200mmol of aniline is dissolved in 200mL of 1M HCI. In a speerate container
70mmol of Ammonium peroxydisulfate is dissolved in 100mL of 1M HCI. The aniline solution
is cooled to OC in ice bath and stirred rapidly. The Ammonium peroxydisulfate is slowly added
and the reaction stirred at RT for 3 hours. The solution quickly turns dark blue to dark green.
After 3 hours the reaction is filtered and washed with 0.1M HCI, EtOH and Acetone. The result
is a Green solid. This is the Emeraldine salt form and is not long term bench stable. The salt is
converted to the base by dispersing the resulting soldi in 400mL of DI water and stirring rapidly.
40mL of NH4OH is added and the resulting mixture stired for 20minutes. A rapid change to blue
occurs. The raciton is filtered then washed with water, ethanol, and acetone before being dried at

60 C overnight under vaccum. The resuling deep blue solid is the PANI- Emeralidne base “EB”

Synthesis of AEB (Allylated Polyaniline Emeraldine Base) figure 5.3b

The nucleophilic addition of allymercaptan was achevied by dispersing EB in the desired
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solvent at a ratio of 10mg EB/ 1 mL of solvent. Ally mercaptan is then added to make the
solution 0.5M in allyl mercaptan. With no special percautions to air or moister the reaction is
then stirred at the temperatures listed in table 5.1 for the times listed. The reaction is then filtered
and washed throughoutly with ethanol, water, and acetone before drying at 60C overnight in

vacuum.. There is change from dark blue to light blue. The product is “AEB”

Synthesis of AEBS (Allylated Polyaniline Emeraldine Base sulfur composite) figure 5.3c

AEB and elemental sulfur flake (Sigma 99.99% trace metal basis) are ground together in a
mortar and pestle in the desired ratio (i.e from AEBS 85 85mg sulfur/15mg of AEB) A 10mL
round bottom is then placed under vaccum and flame dried. The mixed solids are then added to
the flask and N2 and vacuum are cycled on the material 5x to exclude oxygen. The flask is then
submerged in an oil bath at 135 C for 2 hours. (Note submereged as much of the flask as possible
ideally all the way up to thereh the septa meets the neck. During the second heating step Sulfur
has significan vapor pressure and can recrystallize on cool parts of the flask adding variability to
the results). After 2 hours increase the themperatuer to 185C and react for 4 hours. Let the

reaction then cool to RT and the resulting black solid is your product AEBS

Electrochemical measurements

Electrochemical measurements are all covered in other portions of this thesis and were run in the

Same manner.
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5.6 Figures and Tables

/S_S\
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Figure 5.1. Net reaction of Li-S cathodes
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Figure 5.2. Inverse vulcanization chemistry
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Figure 5.3. Chemical outline of proposed Li-S cathode.

Table 5.1. Conditions for AEB synthesis

Sample RxnTime (h) RxnTemp (C) Solvent pH Functionalization %
1 4 60 EtOH N/A 15
2 24 60 EtOH N/A 15
3 48 60 EtOH N/A 16
4 24 100 H,0 (uncontrolled) 20
5 4 100 H,0 4 (buffer) 46
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