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Abstract

Decoupling our reliance on fossil fuel as the primary energy source emphasizes battery
technology to store intermittent renewable energy such as solar and wind for sectors
including grid energy storage, electric transportation, and machine operation. In view
of the limitation in the theoretical energy density presented by lithium-ion batteries,
other electrochemical systems are being pursued. Li-S and Li-O, batteries are among the
strong potential candidates. However, both battery systems are plagued by poor capacity
retention, subpar Coulombic efficiency, low rate capabilities, and unsafe operation of

lithium anode.

This dissertation document presents strategies to resolve some of the aforementioned
problems, from the perspective of electrode and electrolyte design. Considerations of
confining polysulfides and stabilizing the cathode architecture for Li-S batteries are dis-
cussed. A novel cell design on Li-O, batteries that leads to new oxygen electrochemistry
is introduced. A new synthesis method to coat a solid-state electrolyte material as a

protective layer on lithium metal is proposed. Projects presented in this thesis include:

1. A holistic view in the fundamental surface mechanism and its correlation to the
stability of Li-S cells. As some metal oxide host materials are known to mediate sulfur
conversion via the surface-bound thiosulfate/polythionate complexes, it is worth inves-
tigating the condition of the activation for such a process, which can serve as a guide
for host material selection. It is revealed that the activation process is triggered by the
redox potential of the host material that sits within a targeted window. It is further

shown that the capacity retention in Li-S cells is directly correlated to this activation
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process, demonstrated by long-term cycling experiments using high surface area oxide

cathodes with redox potentials below, above, and within this window.

2. Uncovering the complex surface chemistry in MXene to entrap polysulfides. The
interactions between MXene and polysulfides are revealed to be a two-step, dual process.
Namely, the formation of thiosulfate/polythionate complexes arises from the consump-
tion of surface hydroxyl group on MXene by polysulfides, followed by the reported Lewis
acid-base interactions between the underlying Ti atoms and the remaining polysulfides
in electrolyte. Carbon nanotubes are further incorporated between MXene layers to
support high sulfur loading (5.5 mg-cm~2) Li-S cells by realizing a high-surface-area and

conductive network within the cathode composite.

3. Selecting an appropriate binder material to maintain the architectural integrity
of high-loading sulfur cathodes. Two cross-linked polymers may have very different cy-
cling performances, despite their similarities in polysulfide adsorptivity. A key factor
often overlooked is the compatibility between the monomer and cross-linker. Proper
cross-linkages are necessary for binders to maintain good polysulfide binding effects and
mechanical properties, evidenced by mechanical tests, microscopic images, deep cycling,
and impedance studies on sulfur cathodes fabricated with these binders. The opti-
mized cathode architecture enables Li-S cells to feature a low electrolyte/sulfur ratio of

2

7:1 (pL:mg) yet high areal capacity, up to 5.6 mA-h-cm™*, at a high sulfur loading of

6 mg-cm 2.

4. A new Li-Oy battery design that enables a reversible four-electron conversion in

oxygen electrochemistry. By operating the cell at 150°C and utilizing a bifunctional



metal oxide host that catalyzes O-O bond cleavage on discharge, an inorganic Li-O, cell
can cycle via a highly reversible four-electron redox conversion that forms crystalline
Li,O as the discharge product. Extensive chemical quantification experiments confirmed
that Li,O oxidation involves a direct transfer of 4 e /O,. A discharge mechanism is also
proposed. This work shows that the Li-O, battery cycling stability is no longer intrin-
sically limited once problems revolving around electrolyte, (su)peroxides, and cathode

hosts are overcome.

5. A facile and scalable route for the in-situ formation of a Li anode protection layer.
Lithium phosphorus oxynitride - a class of solid-state electrolyte materials that forms a
stable interface with lithium metal - is a promising candidate for protecting lithium an-
ode. Its traditional synthesis route (atomic layer deposition), however, requires complex
and stringent conditions. A new synthesis method via solution-mediated chemistry is in-
troduced. The lithium phosphorus oxynitride layer prepared in-situ protects the lithium
anode from polysulfide corrosion in practical Li-S cells, leading to an average Coulombic

efficiency of at least 80 % without the aid of the conventional LiNOj electrolyte additive.
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Chapter 1

Introduction

1.1 Battery as Energy Storage Device

One of the fundamental laws in the natural world is that energy cannot be created or
destroyed, it can only be transferred or converted from one form to another. From the
time where humans first harvested energy using fire to keep us warm few million years
ago to today where we send spacecrafts to the universes for exploration purposes, the
sources of the energy that enable us to do these works remain unchanged and are still
fairly limited.[1] That is, chemical energy stored in materials, for example, fossil fuels.
By harvesting the chemical energy stored in the bonds in these substances, we obtain

mechanical or electrical energy to do work.

While there is absolutely no argument that fossil fuel is our primary energy source
today - World Bank estimates fossil fuel accounts for 80 % of the world energy con-

sumption - its greenhouse gases emissions pose a great threat to our environment and



health.[2] A recent report released by the Intergovernmental Panel on Climate Change,
United Nation explicitly states that the global temperature could only be stabilized in
the next few decades if there are immediate, rapid, and large-scale reductions in green-
house gas emissions.[3] A fossil fuel-based economy and society is clearly not sustainable.
With increasing demands on alternative energy sources such as solar and wind, technolo-
gies to convert these renewable energy sources to electricity are hence under intensive
developments.[4] However, energy storage technologies that offer high energy and power
densities and long service life are required to store these intermittent sources for future
use. Rechargeable batteries have conquered in this particular landscape due to easy
installation and pollution-free operation. Many rechargeable battery systems, such as
lead-acid, nickel-cadmium, nickel-metal hydride, and lithium ion batteries (LIBs), have

already served various terrains in the modern human society.[4]

Rechargeable battery is a device that can reversibly convert chemical energy to elec-
trical energy through a controlled redox chemical reaction. In general, a battery consists
of two materials that are of different chemical potential energies. The material with
higher chemical potential energy is referred to as the positive electrode material (P)
whereas the lower one is referred as the negative electrode material (N). As shown in
Figure 1.1, the two electrodes are separated by an ionic conductive medium called elec-
trolyte, and an electrical insulating material called separator. During battery discharge,
the negative electrode material donates an electron (e) and a metal cation (M*, M =
Li), serving as the anode. As the metal cation migrates to the positive electrode through
the electrolyte under an electrical field, the electron also heads to the same destination

through an external circuit to provide electricity. The positive electrode that accepts the



e-
- - ' -
Electron - +
flow Electrolyte
— A \/\A,’— \_Y\/\_/ A —
Negative Positive
electrode electrode
Porous separator

Figure 1.1. Schematic of a battery. Modified from [5].

Li+/ e pair is the cathode. The reverse process takes place during charge. The terms
positive electrode and cathode will be interchangeably used in this thesis; the same ap-
plies to negative electrode and anode. This is to avoid confusion in the nomenclature
change between discharge and charge state. The half reactions on discharge are shown
in Equations 1.1 and 1.2, and the redox state of these substances are labeled in the
subscript:

Cathode: P, + ne +nLit — P,y 1.1
Anode: N,oq = ne +nLit 4+ N, 1.2

which gives rise to the net equation:

Net: POX + Nred — Pred + Nox 1.3



1.2 Charge Storage Mechanism in Battery

Intercalation and conversion mechanism are the two main methods in battery to store
charge (Li*) in the active material. The electrode material functions as host material
to hold the lithium ions in intercalation mechanism, whereas the active material in

conversion undergoes a phase transformation during redox.

Intercalation Mechanism

The most acknowledged battery system that follows intercalation mechanism is the Li-
ion battery (LIB) whose design is based on a lithium transition metal oxide (LiCoO, for
example) cathode coupled with a graphite anode.[6] As shown in Figure 1.2A, lithium
ions travel between the two electrode materials during battery operation, much like a
rocking-chair and hence the nickname. Charging of the cell leads to delithiation of
LiCoO, material as Co®" oxidizes to Co*". The carbon atoms in the graphite anode is
lithiated upon receiving the Li* /e” pair. Discharging the cell reverses the aforementioned
process. Hence the term Li-ion is a reflection of the fact that Li*, not Li metal, is

involved during electrochemical processes (Equation 1.4):

LiCOOQ + 6C =— Lil,XCOOQ + LiXCG 1.4

Because there is no structural transformation to the active material (LiCoO, and
graphite) during cell operations, these rocking-chair batteries have a long cycle life and

low maintenance cost; earning their reputations as the leading technology in the personal

4



electronics, transportation, and grid energy storage sectors.[6, 7] However, the intrinsic
single ion storage mechanism in combination with the high molecular weight in these
transitional metal oxide hosts limit the theoretical specific capacity of these LIBs to
~150mA-h-g=!. As a result, despite their high cell potential of 3.5V, low specific energy

is obtained.[7]

INTERCALATION

G 00000
Lit 000000

ﬁ
L Li* conducting Li, ,CoO,
Anode electrolyte Cathode

B CONVERSION

Li metal Li* conducting
Anode electrolyte

Figure 1.2. Charge storage mechanisms in battery. (A) Li-ion batteries represent inter-
calation mechanism and (B) Li-S batteries represent conversion. In intercalation mechanism,
Li-ion are inserted /withdrawn into a layered structure material whereas conversion chemistry
involves the active material transforming to a different phase in redox.



Conversion Mechanism

With the ever-increasing sophistication in portable electronics and demands for longer
mileage in electrical vehicles, post LIB technologies that offer higher energy densities
are required. The lesson learnt from the development in lithium ion battery technology
is that any further large increase in energy density should be achieved through invoking
higher ion/electron storage per active material mass, and not cell voltage. In particular,
those based on conversion mechanism such as sulfur (Li-S) and oxygen (Li-O,) elec-
trochemistries show great potentials because of their low molecular weight.[8] However,
(de)lithation of these materials changes their phase entirely. For example, in Li-S bat-
tery, elemental sulfur (a-Sg) adopts an orthorhombic structure, and the crystal structure

of its discharge product (Li,S) is a cube (Figure 1.2B).

Table 1.1 compares the theoretical gravimetric and volumetric energy densities of
Li-S and Li-O, batteries to other popular electrochemical storage systems, showcasing
their advantages. The focus of this thesis is the development of these two battery
systems from the aspect of electrode and electrolyte design. The history, current status,

and challenges for these batteries will be discussed in the following sections.

Table 1.1. Comparison of the theoretical gravimetric and volumetric energy den-
sities of commercial and in-development battery technologies.

System  Gravimetric [W-h-kg™'] Volumetric [W-h-L™1]

Li-S 2500 5200
Li-O, 3500 6200
C-LiCoO, 400 1140
MH-NiOOH 100 430
Pb-PhO, 170 380




1.3 Li-S Battery

Li-S battery exploits lithium oxidation at the anode and sulfur reduction at the cath-
ode to induce a current on discharge (Figure 1.3A). Separating the two electrodes is
conventionally a polypropylene separator (Celgard) and a Lit conducting electrolyte
comprised of 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and 2 wt. %

LiNOj3 dissolved in an equivolume of 1-2,dimethoxyethane (DME) and 1,3-dioxolane

(DOL).[9]
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Figure 1.3. Li-S battery based on polysulfide dissolution-precipitation chemistry.
(A) Diffusion of polysulfide to anode results in anode corrosion and material loss during dis-
charge. (B) Redox shuttling of polysulfide between cathode and anodes gives rise to poor
Coulombic efficiency and precipitation of Li,S at the exterior of cathode/anode surface.

In Li-S chemistry, the reversible conversion of 16-electron per octasulfur molecule

(a-Sg, or 2 electrons per S atom) to form LiyS results in a cell potential and theoretical



capacity of 2.2V wvs. Li/LiT and 1675 mA-h-g~!, respectively (1.5):

16Li" + Sg + 16e- = 8Li,S 1.5

However, just as outstanding as the energy density that the Li-S electrochemistry
presents (2500 W-h-kg™!), there are several challenges unique to this battery system.[10,
11] Li-S battery is plagued by a convoluted and notorious phenomenon, known as poly-
sulfide shuttle, that found its origin in the formation and diffusion of sulfur redox inter-
mediate species called lithium polysulfides (Li,S,, 2 < n < 8).[9, 12] Sulfur reduction
pathway in DOL/DME involves a two-step process. Lithation of octasulfur results in the
formation of high-order Li,S, (4 < n < 8) that are soluble in the ether-based electrolyte,
featuring a discharge plateau at 2.3 V. This is supported by the work of Cuisinier et al.
on probing the sulfur speciation in Li-S battery with respective to its electrochemical
profile using operando X-ray absorption near-edge structure (XANES, Figure 1.4).[13]
In the work, the weight component of each sulfur components (Sg, S, S¢, and Li,S)
was fitted using linear combination fit, and the evolution of polysulfides during the course

of (dis)charge is shown in the upper panels of the figure.

The formation of high-order polysulfide is evidenced by detecting the signals that
correspond to hexasulfide (S¢) and tetrasulfude (S{7). As discharge continues, the
conversion from Sg into high-order Li,S, ends at a supersaturation point; LiyS then
slowly precipitates out of solution from the low-order lithium polysulfides (Li,S,, 2 <
x < 4) with a second discharge plateau of 2.1 V (left panel, Figure 1.4). Li,S is

monotonically consumed and converted back to Sg via the transformation of the soluble
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Figure 1.4. Li-S battery redox mechanism. Typical electrochemical profile of a Li-S
battery (bottom panels) and its corresponding evolution of sulfur species (Sg, S£, S¢, and
LiyS upon discharge (left) and charge (right) at C/10 rate. The top panel shows the linear
combination fit for various sulfur species during the course of sulfur redox. Modified from [13].

tetra- and hexasulfides upon charge (Figure 1.3B and right panel, Figure 1.4).

The polysulfide dissolution-precipitation chemistry that enables the current Li-S bat-
tery to function is a double-edged sword. These soluble intermediate sulfur species serve
as redox mediators to drive their own electrochemical reaction.[14, 15] However, they are
highly toxic for cell cyclability because of polysulfide shuttle.[16] Since polysulfides are
soluble in glyme, some of these materials can diffuse out of the cathode, migrate to the
anode where they are reduced by Li metal to form low-order Li,S, (Figure 1.3A). The
consumption of polysulfide by Li draws additional redox intermediate species (Li,S,)
into the electrolyte and onto the anode surface. However, the polysulfide concentration

gradient between the two electrodes causes some of the Li,S, in the electrolyte to diffuse



back to the cathode (Figure 1.3B) and are oxidized to long-chain of polysulfides again
during charge. This repeating parasitic process, called polysulfide shuttle, continuously
occurs in the cell unless polysulfides are properly confined at the cathode. As polysulfide
shuttle is driven by the polysulfide concentration gradient between the two electrodes,
the most direct consequences include (a) self-discharge and rapid capacity fading; (b) un-
desired cathode/anode surface passivation due to uncontrolled deposition of discharge
products that originate from this unique dissolution-precipitation chemistry; and (c)

infinite charge in extreme cases.[16]

Other issues residing the sulfur cathode include the 80 % volume change in the cath-
ode due to the large density difference between sulfur and lithium sulfide (ps = 2.06 vs.
pPri,s = 1.66 g-em™3), as well as their electrical insulating nature (oo s = 5 x 1073 &
O Li,s = 1 x 1071 S:em™").[17] The combination of these issues are known to cause (a)
sluggish kinetics due to the large nucleation and dissolution energy barriers for Sg and
LiyS; (b) internal impedance increase in the subsequent cycling due to the uncontrolled
deposition of redox end-members at the cathode, leading to high overpotential that is
amplified in high current densities; and (c) cathode structural deterioration upon exten-
sive cycling due to material disconnection and delamination from the current collector.
For these reasons, polymeric binders and carbon additives are added in the cathode
matrix. The following two sections focus on approaches that the Li-S community has

taken on these fronts.
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1.3.1 Sulfur Host

The principal idea of utilizing host materials at the sulfur cathode is to confine poly-
sulfides in the cathode, to provide the requisite intimate contact for e transfer, and
facilitate and Li* ion egression to both Sg and Li,S. Early developments on sulfur host
materials have been centered on nanostructured porous carbons, including CMK-3,[18]
porous hollow carbon spheres,[19, 20] and multi-modal porous carbons[21, 22, 23], to pro-
vide a physical entrapment of polysulfides. Interwoven 3D conductive network formed
from 2D graphene,[24, 25, 26] or 1D carbon nanotubes (CNTs)[27]/carbon nanofibers
(CNFs)[28] have also been used to serve as a pseudo current collector to improve the
energy density at the cell level. However, Li-S cells fabricated from these carbonaceous
hosts still suffer from rapid capacity fading over long term cycling (> 200 cycles). This
is fundamentally because physical adsorption of polysulfides can only spatially confine
the redox intermediates by limiting their diffusion into the electrolyte.[23, 29, 30] As the
impregnated sulfur is inevitably accessed by the liquid electrolyte during (dis)charge,
the soluble high order polysulfides can still diffuse out of the host materials regardless

of pore structures and designs.

Instead, host materials that chemisorb polysulfides show good capacity retention.
That is because the lone electron pairs in the polysulfide anion (Sn}) render the molecule
as a soft Lewis base. Polysulfide retention can hence be achieved by the electrostatic or
Lewis acid/base interactions between the lithium polysulfide molecule and the surface
charge species of the host materials. For example, compositing sulfur with polymeric

host materials was advantageous in comparison with simple carbon.[18, 31, 32] This is in
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particular the case for electrical conductive polymers, such as polyaniline and polypyr-
role, that have conductivities on the range of 1 x 1072 S-cm™! to 1 x 10*S-cm™!.[33] The
advantages of utilizing polymer as sulfur host materials is threefold. First, polymers are
typically synthesized at temperatures below 100 °C which enable sulfur /polymer cathode
composite to be fabricated in-situ, in comparison with the carbonization process that
is typically conducted at temperature well above 600 °C. Second, the good mechanical
resilience in polymer can combat the drastic volumetric variation (80 %) in the cathode,
and alleviate the pulverization of cathode materials (S + C + binder) during cycling,.
Third, the physicochemical properties in polymer can be tailored and optimized for a
specific use thanks to the unique chain structures and rich variety of functional groups

available.

In fact, studies reveal that nitrogen and oxygen atoms on the functional groups
feature higher electronegativities (N: 3.04; O: 3.44 on Pauling scale) and posses extra
lone-pair electron (N: s?p?; O: s?p*) in relation to the adjacent carbon. These factors
that enable the polymers to exhibit strong Lewis acid-base interactions with lithium

polysulfides.[34, 35, 36, 37]
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Table 1.2. The calculated binding energies of Li,S, and Li,S with common func-
tional groups found in polymer. LiS™ represents Li,S,. Values are tabulated from

[38).

Moiety Ey Li,S,, [eV] E, LisS [eV]
Amine 1.29 1.10
Ester 1.26 1.10
Amide 1.23 0.95
Ketone 1.20 0.96
Imide 1.02 0.88
Ether 1.01 0.71

Disulfide 0.85 0.92
Thiol 0.84 0.76
Nitrile 0.77 0.60
Sulfide 0.66 0.87

Fluoroalkane 0.62 0.40
Chloroalkane 0.46 0.26
Bromoalkane 0.42 0.23

Alkane 0.30 0.23

Metal oxides too are attractive host materials because the surface metal and oxygen
atoms can engage in monolayered, synergistical electrostatic interactions with polysulfide
anions and lithium cations, respectively.[39] The first evidence for the chemical inter-
actions between metal oxides and Li,S,was provided in the work by Evers et al. [40]
Pang et al. presented an electrical conductive Magnéli phase Ti,O; as the host mate-
rial that combines good electrical conductivity with strong chemical binding ability for
polysulfides. The authors showed Ti,O; engages a chemical interactions with LiyS, via
a redox chemistry. This is evidenced by a slightly oxidized bridging and terminal sulfur
environments in Li,S; when the the molecule contacted with Ti,0; (Figure 1.5A).[41]
As a result, impressively low capacity decay rate of 0.06 % per cycles for 500 cycles at

2C rate with 60 wt.% sulfur loading was achieved (Figure 1.5B).
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In comparison with oxides, sulfides bind to polysulfides through a similar concept
but offer several key strategic advantages. These include superior sulfiphilicity, electronic
conductivities that are comparable to carbons, and good Li* ion diffusion properties.[42]
These principles have been beautifully exemplified in a recent report by Xue et al. that
utilized lithiated MogSg as both polysulfide adsorbent and an mix conductor to serve
as Li*-ion and electron conducting vehicle to facilitate the sulfur redox process.[43]
Pioneered by work on CogSg, Pang et al. elucidated how transitional metal sulfides bind
to polysulfides through a dual interaction of LiT — S (of CogSg) and 8,2 — C06+.[44]
Interestingly, a recent calculation work by Zhou et al. suggests sulfides can also lower the

overpotential on the initial charge process by improving Li,S decomposition efficiency.[45]

These early works suggest offering a proper electronic conducting pathway for sulfur
reduction is as equally important as polysulfide binding effects in Li-S cells. Recent
studies done on a variety of host materials, independently by Tao et al. and Peng
et al., further confirmed simply confining Li,S, at the cathode using polar host ma-
terial cannot guarantee functional Li-S cells.[39, 46] Because the charge transfer and
conversion of high-order Li,S, to LiyS is kinetically sluggish, any delay in this pro-
cess would cause LiyS, accumulation on the cathode surface, leading to film-like LiyS
deposition and deteriorated electrochemical performances. This problem can be fur-
ther aggravated at a practical sulfur loading due to limited vertical ion and electron
transport across the thick electrode, and leading to an overpotential penalty due to
activation energy barrier for Li,S growth (Figure 1.5C). This surface chemistry well
explained how Li-S cells fabricated with Al,O03[39] or MggNig4O[47] could only be

served as additives due to their very poor conductivity. In other words, providing

14



an electron-conduit for Li,S nucleation is the key for enabling in sulfur electrocatal-
ysis for hosts materials that have exhibit good reactivity with LiyS, (bottom-panel,
Figure 1.5C). After all, the surface bound polysulfide species need to diffuse to an
electrically conductive substrate for the electrochemical reaction to proceed. For the
same reason, metal carbides[46]/nitrides[48]/borides[49]/phosphides[50] are considered

as effective sulfur host materials.[51, 52, 53]
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Figure 1.5. Polysulfide chemisorption mechanism in Li-S battery. (A) High-resolution
XPS S 2p spectra of LiyS, before (top panel) and after in contact with TiO (bottom panel).
(B) High-rate cycle performance of the sulfur cathode fabricated Ti,O; at 2C. (C) Illustration
of the working mechanism of the polar conductor as it meets the demand for both adequate
binding and fast charge transfer. (A-B) are reprinted from [41] (C) is reprinted from [46].
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Aside from the traditional Coulombic/Lewis acid-base interactions, other hosts en-
able sulfur atoms to be grafted onto its surface. This mechanism provides additional
mediation pathway for sulfur redox in Li-S batteries because of the eradication and re-
construction of S-S bonds during cycling. The surface of 6-MnO, engages in an unique

mechanism — thiosulfate-polythionate conversion.[54].

This process involves a two-step reaction. The surface Mn*t first oxidizes S,2 and
hereby decorate the MnO, nanosheet with surface bound thiosulfate (S,04") intermedi-
ates. The remaining high-order polysulfides (S,>, n > 4) then makes a nucleophilic at-
tack on the S,05 species to form insoluble polythionate complexes ([0395—S,—S,05]*,
Figure 1.6). This process continues until all the polysulfides have been consumed. As
the catenated sulfur are electrochemically active, the resultant sulfur cathode achieved

a low fading rate of 0.036 % per cycles for over 2000 cycles.[54].
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Figure 1.6. Polysulfide redox mediation by thiosulfate/polythionate mechanism.
(A) Schematic of polysulfide entrapment and mediation via thiosulfate-polythionate conversion
by MnO,; (B) High resolution S 2p spectrum of LiyS, after contact with MnO,, showing the
appearance of thiosulfate and polythionate. Reprinted from [55].

16



1.3.2 Polymeric Binder

The cycling stability of Li-S cells is not only not sustained by host materials to retard
polysulfide dissolution, but by polymeric binder to combat material delamination and
large volume change (80 %) also. Poly(vinylidene fluoride) (PVDF) has been convention-
ally utilized as a binder in the Li-ion battery technology; however, it lacks the necessary
functional groups for polysulfide adsorption, as well as adhesivity and mechanical prop-
erties to hold the sulfur cathode components together. In the following, I will briefly
provide a basic understanding in the mechanical properties for polymeric binder and

some of the recent efforts in using alternative polymers as binders in Li-S technology.

Adhesion between two materials is descried using adhesion joint strength theory
developed by Wake et al. in 1982, and it comprises of two parameters: mechanical
interlocking and interfacial interactions as shown in Figure 1.7[56] Mechanical inter-
locking arises from the solidification of binder solution upon evaporation of the casting
solvent, which leads to an embedded polymeric film filling the gaps and pores of the
cathode component particles (Figure 1.7A). Polyamidoamine dendrimer, for example,
follows this mechanism because hyper-branching architecture in the polymer network
provides plentiful pore volume for good adhesion towards both the S/C composite and
the carbon-coated Al current collector.[57] The resultant sulfur cathodes delivered a
high areal capacity of 4.32mA-h-cm™2 at a decent sulfur loading of 4.4 mg-cm~2. Inter-
facial interactions, on the other hand, occurs at the binder/material interface, and its
mechanism is entirely based on the hydrogen/polar bonding between binder, host ma-

terials, and current collector (Figure 1.7B). Thus, the same polar functional groups,
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Figure 1.7. Schematic illustration of binding mechanism in polymeric binder:
Adhesion provided by (A) mechanical interlocking and (B) interfacial interactions.
such as hydroxyl (~OH); carboxyl (-COOH); amine (-NH,); and amide (~-CONH,), that

chemisorb polysulfides also promotes material adhesion (Table 1.2).[38, 58]

While tuning the polymers’ functional group chemistry can improve its adhesivity,
the high Young’s modulus exhibited by linear polymers cannot provide the desired me-
chanical strength and flexibility to withstand the large volume change during cycling.
In contrast, compositing various binders to construct a 3D network is a much more vi-
able avenue. For example, the confluence of the plasticizer carboxymethyl cellulose and
highly elastic styrene-butadiene rubber ensures both uniform material distribution on

the cathode surface and the formation of a continuous robust 3D network. Shaibani et
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al. recently reported an expansion-tolerant architecture using this approach, manifest-
ing a sulfur cathode with loading up of 15mg-cm™2 to exhibit an areal capacity up to

19mA-h-cm™2.[59]

In comparison with polymer blend, however, cross-linking copolymerization poses
two advantages. First, covalent bonds are much more resilient to the stress-strain de-
rived from the volume expansion during cycling. Second, cross-linked polymeric binders
tend to exhibit superior polysulfide adsorptivity because of the moieties are now freed
to engage in electrostatic/polar interactions with the intermediate redox species. Based
on this concept, Pang et al. copolymerized carboxymethyl cellulose and carboxylic
acid together.[60] The in-situ esterification ensures efficient physical/electrical connec-
tion between individual cathode component, while maintaining high elasticity to accom-
modate the large volume expansion (Figure 1.8A). SEM analysis revealed a crack-free
sulfur cathode was successfully fabricated using this binder, in comparison with that
prepared using the standard PVDF materials (Figure 1.8B). Using this approach, a
Li-S cell with 14.9mg-cm~2 sulfur loading was operable, delivering an areal capacity up

to 15.5mA-h-cm~? (Figures 1.8C and 1.8D).

19



RO RO, OR

A {RO OR OR { m\
0 0,
OH JOH 1 OH "
1on! Cross-linking
Eo(cko _ (C
i HO_  oH % on MO o
DI
\w ORO ono OR n

R- Hor —CHZCOONa

CMC-co-SBR |

28

[l
o

26

»
a
,

g
ES

4—— 14.9 mglem'
l—— 10.2 mg/em®

|l
)

Potential (V vs LilLi’)
!\3 n
o N

Potential (V vs LilLi")
N
~n

2
184 8.0 mglcrn2 1.8
—— 5.2 mg/cm
0 200 400 600 800 1000 1200 0 2 4 6 8 10 12 14 16
Specific capacity(mAh g™) Areal capacity(mAh/cm®)

Figure 1.8. Cross-linked sodium carboxymethyl cellulose-critic acid binders for
Li-S cell. (A) Schematic of the in-situ cross-linkage. (B) SEM images the sulfur cathodes
fabricated using PVDF (left) cross-linked binder (right). Electrochemical profile of the sulfur
cathode fabricated with the cross-linked binder with varied sulfur loading as a function of (C)
mass specific capacity and (D) areal capacity. Reprinted from [60].
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1.4 Li-O, Battery

Oxygen - a congener element to sulfur in the periodic table - can also be coupled with
lithium metal anode to fabricate what is known as Li-O, battery. Figure 1.9A shows
the configuration of a typical aprotic Li-O, battery: a Li anode and a porous carbon
cathode, separated by a Li" conducting organic electrolyte. The typical electrochemical
profile is shown in Figure 1.9B.[61] During discharge, molecular O, bound on the carbon
cathode surface is reduced via one electron transfer to form lithium superoxide (LiO,)
as the intermediate species (Equation 1.6). However, the thermodynamic instability
of LiO, species renders the redox intermediate to either be chemically disproportionated
(Equation 1.7) or electrochemically reduced (Equation 1.8) to form the final product:

Liy0,. Liy Oy is directly oxidized to evolve Oy on charge (Equation 1.9).

LitT + Oy +e — LiO, 1.6
2Li0y — LiyOy + O, 1.7
LiOy + Lit + e — LiyO, 1.8
Li;0y == O,y + 2Li"T 4 2¢ 1.9

Ever since its concept was established by Abraham et al. in 1996,[62] the excite-
ment surrounding aprotic Li-O, battery lies at its highest theoretical energy density of

3500 W-h-kg™! - assuming a 2-electron transfer in O,/ 05 redox couple - amongst all
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rechargeable battery systems. However, with great advantages there must come great
challenges. As the Li-O, battery system enjoys the highest energy density (Table 1.1),
virtually infinite capacity (assuming sufficient supplies of lithium and oxygen), and easy
fuel accessibility as oxygen constitutes 20 % of air, this technology faces many unique
challenges. First, Li-O, cells generally suffer from poor round-trip efficiency (~60 - 70

%). The open circuit potential (OCV) for Li-O cell is 2.96 V vs. Li/Li". While the
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Figure 1.9. Aprotic Li-O, battery. (A) Configuration, (B) electrochemical profile, and
(C) technical challenges. (A-B) are reprinted from [61].
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small activation energy barrier for oxygen reduction reaction (ORR) results in a small
discharge overpotential of 200mV, this is nothing in comparison with the large charge
overpotential (> 1V) typically observed in oxygen evolution reaction (OER). Second,
the cycle life of aprotic Li-O, cells is mostly below 100 cycles, significantly lower than
that in both Li-S and LIB systems. Third, dissolution of LiO, and precipitation of LiyO,
at the end of discharge results in cathode passivation. This leads up to cell voltage drop,
delivering limited capacity. These three issues arise from the tendency of electrolyte and
cathode decomposition by O, "/ O, and the limited surface area/pore volume of the
carbon cathode (Figure 1.9C). Details on the origin of these problems and the efforts

taken to mitigate them are discussed below.

1.4.1 Electrolyte Decomposition

The largest scientific and technical challenge residing in Li-O, technology development
is finding a suitable electrolyte to sustain and support the reversible conversion of
0,/ 05 redox couple. For instance, the donocity of solvents has a large influence on
LiyO, growth and oxidation mechanism.[63, 64] To maximize the cell performance, the
electrolyte also needs to feature high ionic conductivity and high O, solubility and dif-
fusivity - properties shared by many organic solvents. What is not trivial is finding an

electrolyte system that is chemically stable towards (su)peroxides.

Because of their popularity in LIB technology, carbonate-based solvents such as pro-
plyene carbonate were first employed as the electrolyte in the early stages of Li-O, devel-

opment. However, it later became apparent that carbonates react readily with lithium
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peroxide, forming lithium carbonate, acetates, carboxylate etc. as discharge products.
Detail analysis by Freunberger et al. further points out that the accumulation of such
materials blocks the active sites in the carbon cathode over cycling, leading to limited
discharge capacity. Moreover, carbonate oxidation during cell charge results in self-
polymerization reaction that forms an insulating gel-like layer on the surface of lithium
metal anode. At the end of the day, oxygen evolution was never detected when us-
ing carbonate electrolytes.[65] Similarly, dimethyl sulfoxide (DMSO) is susceptible to

(su)peroxide attack to form dimethyl sulfone as the decomposition product.[66]

Ether-based electrolyte has now become the most commonly used electrolytes in
Li-O, batteries because of its relatively lower polarity, and Li,O is found to be the major
oxygen reduction product on first discharge. However, the S-hydrogen in the ether back-
bone can still be abstracted by the superoxide and peroxide moieties (Figure 1.10A),
triggering a cascade of radical reactions that eventually lead to electrolyte decompo-
sition. This is evidenced by the rapid capacity decay and diminishing Li,O, materi-
als just after several cycles, as well as detection of formates, carbonates, acetates, and
polyoxalates.[67, 68] Driving the Li-O, cell to a high oxidative potential (>4 V wvs. Li/Li")
can remove these undesired products, albeit most aprotic solvent may have been also
oxidized at this point. In summary, there is simply no conventional organic electrolyte

is truly stable towards lithium superoxide/peroxide.

Clearly, rational design for new solvent molecule and exploration of novel electrolyte
systems are priorities for the development of Li-O, batteries. Substituting the liable
hydrogen atom, which is the starting point of solvent decomposition, is pioneered by

Adam et al. In that work, they capped all four S-hydrogen in glyme with methyl
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Figure 1.10. Electrolyte challenges in Li-O, battery. (A) S-hydrogen abstraction from
ether solvent by superoxide. Molecular structures of (B) 2,3-dimethyl-2,3-dimethoxybutane,
(C) 2,2,4,4,5,5-hexamethyl-1,3-dioxolane, and (D) 2, 4-dimethoxy-2, 4-dimethylpentan-3-one
as stable solvent candidates. (E) Phase diagram of LiNO3-KNOj showing the eutectic point.
(F) Electrochemical profile of a Li-O, battery operating at 150 °C using LiNO3-KNO3 molten
salt as the electrolyte and carbon as the cathode. (A-D) are reprinted from [61], (E) is reprinted
from [69], and (F) is reprinted from [70].

group, forming 2,3-dimethyl-2,3-dimethyoxybutane as shown in Figure 1.10B.[68] A
10-fold reduction in CO, generation and lack of electrolyte decomposition byproducts
such as lithium formate, in comparison to glyme, clearly suggest electrolyte decompo-
sition has been suppressed. Such electrolyte designs are further adopted by researchers

worldwide. For instance, Huang et al. recently synthesized a fully methylated cyclic

ether, 2,2.4,4.5 5-hexamethyl-1,3-dioxolane, by replacing all the acidic hydrogen in DOL

25



with methyl groups (Figure 1.10C).[71] The excellent chemical stability of their newly
designed electrolyte is evidenced by the lack of CO, evolution during charge. Their resul-
tant Li-O, cell was able to sustain 157 cycles - a 4-fold improvement in comparison with
the conventional DME or DOL electrolyte. Sharon et al. too designed 2,4-dimethoxy-
2, 4-dimethylpentan-3-one.[72] Essentially it is an acetone-derivative with its hydrogen
atoms replaced with bulky methoxy groups (Figure 1.10D), although the high reac-
tivity of the carbonyl moieties requires a protected lithium metal anode for the cell to

function.

Alternatively, binary or ternary inorganic salts that feature a eutectic point at an
evaluated temperature has a long history in Na-S or sodium-nickel-chloride battery sys-
tems as electrolyte systems. Girodani et al. first proposed LiNO3-KNOj eutectic, which
presents a melting point of 125°C (Figure 1.10E) as an electrolyte for Li-O, cells.[70]
At 150°C, the molten salt presents a high ionic conductivity of 88 mS-cm~!. The resul-
tant molten salt Li-O, cell thus exhibited a very low discharge/charge overpotential of
50mV, and a highly reversible ORR/OER process (Figure 1.10F). This finding opens
a door for the reversible 4-electron transformation in oxygen electrochemistry, which will

be thoroughly discussed in Chapter 6.

1.4.2 Cathode Corrosion

In Li-O, electrochemistry, Li,O, is the electron storage material that gets formed and
decomposed in each cycle. In other words, the cathode serves as an electronic conductive

matrix for the oxygen reduction & evolution reactions to take place; and yet, it plays
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a pivotal role in determining the maximum capacity achievable. The accumulation of
Li,O, materials on the electrode/electrolyte interface will eventually occludes additional
O, from reaching the electrode surface. This in turn curtails Li,O, production, resulting
in a voltage drop at the end of discharge. This problem is further amplified by the

formation of decomposition products discussed below.

Carbons are considered as the standard cathode materials in Li-O4 batteries because
of their high electronic conductivity, high discharge galvanometric capacity, and low
cost.[73] In particular, they adopt a variety of morphologies that are of high surface
area and pore volume to support Li,O, formation. However, carbon suffer from Li,O,
corrosion, forming an insulating Li,COj3 layer at the Li,O,/C interface (Equations 1.10
and 1.11):

C + LiyOy + %Og — Li,CO3 1.10

The electrode active surface will be covered by the Li,CO3; materials over extensive
cycling. Using 'C labelled carbon electrode, Thotiyl et al. further demonstrated the
parasitic product (LiglsCOg) can only be removed through electrochemical oxidization
at 4V vs. Li/Tit to evolve 3C0,, a potential at which most decomposed electrolyte
materials are oxidized to evolve CO, (Figure 1.11) also.[74] However, because CO, will
be electrochemically deposited back at the cathode surface as Li,CO3 on the subsequent
discharge procedure, this never-ending parasitic reaction ultimately leads to cathode

passivation and early cell death.
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Figure 1.11. Challenges in the carbon cathode of Li-Osbattery. Determination of
lithium carbonate amount at different stages of Li-O, cell operation based on a carbon cathode
and ether electrolyte. Carbonate amount was determined by treatment of the cathode with
acid to signal Li,COs3, and Fenton’s reagent to signal the Li-carboxylate. Reprinted from [74]

Oxidative corrosion-resistant, non-carbonaceous materials with high electronic con-
ductivity are promising alternative cathode materials for aprotic Li-O, batteries. Peng et
al. first reported the use of nanoporous gold cathode for their DMSO-based Li-O, bat-
tery; the cell retained 95 % of its initial capacity for 100 cycles and CO, evolution
on charge was significantly reduced.|[75] However, the high cost and mass of Au erad-
icate the key advantages of the high specific energy and cost effectiveness offered by

Li-O, cells. In search for more practical alternatives, the same research group at the

Oxford University came across titanium carbide (TiC). The Li-O4 cell fabricated with
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TiC cathode and DMSO electrolyte achieved LisOs product with > 95 % purity and a
complete oxidation on charge, resulting in a > 98 % capacity retention over the course
of 100 cycles.[76] The excellent cyclabilty of the cell is attributed to both the high con-
ductivity of the bulk material and a stable passive oxide layer (TiO, , that formed on
the surface of the TiC upon contact with Li,O,). This layer protects the bulk cathode
material from further oxidation. A closer examination by Adam et al. further revealed
the thickness of the surface oxide is critical in enabling good electron and mass trans-
port, as an insulating TiO, surface layers on TiC - even as thin as 3nm - can completely
inhibit the charge reaction.[77] TiC nanoparticles lack of such a thick oxide layer which
readily facilitate Li;O5 oxidation at a much lower charge overpotential. This finding
demonstrates a precise control of the surface chemistry at the nanoscale is the key for
the fabrication of efficient Li-O, cells. I will also demonstrate the importance of surface
chemistry on oxygen electrochemistry in Chapter 6. Nonetheless, these discoveries led
to further investigation on other conductive materials such as Ti4O7,[78] RuO,,[79] and
MoS,.[80] However, their chemically stability against (su)peroxide and electrocatalytic

effects remains a topic for debate and research.[63, 81]

1.5 Li Metal Anode

Li-S and Li-O, battery requires the use of lithium metal as the anode. In fact, Li metal
anode has been long considered as the Holy Grail in the battery technology for two
reasons. First, as the lightest member of all metals in the periodic table in terms of

both molar mass (6.9 g-mol™!) and density (0.53 g-cm™?), Li metal offers extremely high
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theoretical gravimetric and volumetric capacities of 3880 mA-h-g=* and 2060 mA-h-cm~3,
respectively. Second, the high Fermi energy level of Li metal endows an extremely low
reduction potential of —3.02V wvs. SHE. It is exactly this feature that enables Li-S and
Li-O, battery systems to exhibit a high voltage and high specific energy. In fact, metallic
Li was used in the infancy of rechargeable Li battery research. When Whittingham
discovered reversible Li intercalation mechanism in the layered TiS, material in 1976,
he was using lithium metal as the negative electrode material.[82, 83] However, the
chemical and mechanical instability of lithium poses great safety hazard. Most notably
is the fiasco by Moli Energy in the late 1980s that eventually led to the total recall
of their Li-MoS, battery.[84] This technological disaster ultimately allowed graphite to
win the competition as the standard anode material in lithium ion battery. However,
with LIBs approaching the limit of their capabilities and commercialization of Li-S and
Li-O, battery technology just around the corner, attempts to stabilize lithium metal

during cycling is becoming an important research topic.

1.5.1 Lithium Metal Anode Challenges

As summarized in Figure 1.12; the dilemma in using Li metal as anode is fundamentally
rooted in: (a) the dendritic growth of lithium metal during charge; (b) the chemical and
structural instability of the passivating solid electrolyte interphase (SEI) layer; and (c)
lithium corrosion by the crossover of soluble sulfur/oxygen redox species. The origin of

these challenges are discussed below.

Similar to most metals, lithium metal tends to deposit in a mossy dendritic form.
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Figure 1.12. Li metal anode challenges. Reprinted from [85]

While there have been many theoretical models proposed, along with extended experi-
mental work and analytical tools, in the past 40 years to describe the onsets and growth
of lithium dendrite, [86, 87, 88, 89] the most widely accepted one is the space charge
model proposed by Chazalviel in 1990. Essentially, the model states that lithium den-
drite formation is triggered by anion depletion near the Li metal surface, which creates
a space charge barrier and hence the model name.[90] Chazalviel further ascribes the
space charge effect is induced by the concentration gradient of anion (%) across the
electrode/electrolyte interface. This gradient is influenced by the anion transference
number (t,) and ambipolar diffusion coefficient (D) of the lithium salt in the electrolyte
(Equation 1.12):
ac, Jt,

= — 1.12
dx FD

As lithium dendrites grow, they will penetrate through the separator and reach to cath-
ode, thereby internally short-circuiting the cell. The most obvious result is thermal
runaway reactions, with the possibility of cell explosion because of the large amount

of heat released to the flammable organic electrolyte. In a separate work, Chazalviel
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further predicts the maximum current density (J*) and Sand’s time (7ganq) at which

dendrites are expected to form under such diffusion-limited condition: [91]

2FC,D
J* = Co 1.13
T, L
FCy\ 2
and — D 1.14
TSand =T <2Jta>

here C, refers to the bulk ion concentration; L is the inter-electrode distance, and J is

the applied current density.

Another major contributor to lithium anode failure is the instability of the SEI layer
that formed as a result of the adverse reactions between the metal and neighboring
electrolyte species (both the salt and the solvent).[92, 93, 94] Although the existence of
such a passivisation layer may not be all that harmful for the stability of lithium metal
if it posses characteristics of resilient mechanical properties, high ionic conductivity and
electrical resistance, low solubility in the electrolyte solvent, and a wide electrochemical
window. However, often time that is not the case. The non-uniformity and high-porosity
of the SEI layer enables the electrolyte species to creep into its defects. In addition, the
virtually infinite volume change of Li metal during stripping and plating puts a tremen-
dous mechanical stress on the meta-stable SEI layer that eventually fractures, exposing
fresh lithium. The exacerbated reactivity of the newly exposed lithium (either pre-
existing or freshly formed dendrite) with the electrolyte leads to eventual dry-out of the
cell and convert Li dendrites to electrochemically inert (dead) Li. To further compli-

cate the problem, the structure and composition of the SEI layer is heavily dependent
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on the types of salt and solvent used. This renders analysis and prevention measure-
ments difficult.[95, 96, 97] In summary, the combination of these factors lead to dendritic
formation and growth at much lower current density than theoretical Jx values. The

end result is low Coulombic efficiency, increased cell polarization, and premature cell

death.[98, 99]

Lithium metal is also subject to corrosion by the crossed-over sulfur and oxygen
redox intermediate species (i.e. Li,S, and LiO,). In Li-S battery, there have been nu-
merous accounts of the existence of reduced polysulfide species on the surface of the
anode.[16, 100, 101, 102] The polysulfide shuttle process amplifies Li dendrite formation
and electrolyte consumption due to the dynamically broken and reconstructed SEI. This
problem is often observed high sulfur loading cells where large capacity is pulled.[60, 103]
This problem is exemplified in a recent work by Pang et al. where a Li-S cell with sul-
fur loading of 14.9 mg-cm ™2 exhibited significant voltage fluctuation on charge.[60] The
authors further articulated that the side reaction between lithium and polysulfides ac-
celerated the formation of the impeding Li,S/LiyS, layer, resulting in increasing charge

overpotential over deep cycling.

Without getting into the details, although a major concern is the issues related to
the use of redox mediator, electrolyte additives, and/or novel electrolyte systems to
overcome the some of the hurdles in sulfur and oxygen redox chemistries. For example,
the sluggish kinetics in sulfur redox and energy penalty associated with Li,S nucle-
ation/decomposition calls for high donor number solvents that feature higher solvating
capability for polysulfides. However, Li-S cells that employ these high solvating elec-

trolytes, such as DMSO, acetonitrile, and dimethylacetamide, generally suffer from the
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poor chemical compatibility between the solvents and lithium metal. While the employ-
ment of two-compartment cells that use Li™ conducting ceramic membrane to isolate the
lithium metal offers a solution, this approach clearly defeats the purpose of the original
design of a full solution phase reaction for fast kinetics.[104] Similarly, the redox media-
tors designed to facilitate ORR/OER can cross over to the lithium metal anode due to
their mobile nature. A recent work by Ha et al. highlights how oxidized redox mediators,
formed during Li-O, cell charging step, can decomposes the protective SEI lithium oxide
layer through the same electrocatalytic mechanism that oxidizes the lithium peroxide
at the cathode.[105] The spontaneous electrochemical reaction exposes fresh Li metal to
the redox mediator and resulting in direct loss of Li metal. The take home message is
that lithium metal surface needs to be well protected before any realization on practical

and safe Li-metal batteries.

1.5.2 Approaches in Li Metal Anode Protection

Considerable efforts have been put forward to enable safe operations of lithium metal
anode. Modifying lithium surface[106] and accommodating Li deposition using a lithio-
philic host material[107, 108] represent some of the strategies to improve the infinite
volume expansion or reduce the reactions between electrolyte and lithium metal. An-
other common approach is tuning electrolyte composition.[109, 110] Because protecting
the lithium material from corrosion are more predominate in Li-S and Li-O4 battery sys-
tems, details on methods to purely suppress lithium dendrite formation and improves

the stability of SEI are provided in other publications.[94, 111, 112, 113]
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Ever since its discovery by Mikhaylik et al. in 2008, LiNOj3 is an indispensable
Li-S electrolyte component because it can form a stable SEI interface.[114] Comprehen-
sive studies show that the protective layer is mainly composed of LiNO,, LiyO, LiySOs;,
and LiSO4 materials.[100, 115] Further studies suggest there exists competitive reac-
tions between the nitrates and polysulfides toward Li.[100, 116, 117] The first direct
reduction of LiNOj by Li metal passivates the metal’s surface, followed by an oxidation
of LisS,that forms the final protective layer on the Li metal surface. This synergistic
effect hence enables rechargeable Li-S cells with a CE close to 100 % to be achieved.
However, because of the fragility of this SEI material and the irreversible nitrate reduc-
tion at the cathode, the nitrate will eventually be depleted over the course of long-term
cycling.[30, 118] In fact, high sulfur loading (> 2mg-cm™2) cathodes still suffer from a

low Columbic efficiency of ~90 % regardless of the types of host materials.

Surface coating on Li is a popular avenue as it can prevent the metal in directly
contacting with liquid electrolyte while mechanically suppressing dendrite formation.
In particular, the advantages of employing highly Lit conducting solid-state electrolyte
(SSE) is three-fold. First, the use of high elastic modulus (1 x 10! to 1 x 10> GPa) SSE
enable an uniform Li* influx during plating. Second, the theoretical unity value of Li
ion transference number in SSE material decrease the ion concentration gradient upon
cell polarization. Extended J* (Equation 1.13) and Sand’s time (Equation 1.14) are
therefore typically observed in these systems. In fact, the solvent-in-salt electrolyte sys-
tems described in earlier follows a similar concept.[110] Third, and most importantly, the
solid-state electrolyte layer protects the lithium metal from corrosion by novel electrolyte

or cathode material crossing over.
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For example, Yu et al. proposed a chemically stable Lij Y, Zry (POy)s, x = 0 -
0.15 (LYZP) as a protection layer for lithium metal against polysulfide crossover in Li-S
batteries. Their catholyte (Li,Sg) cell maintained a CE close to 100 % without the use of
LiNOj additives for 150 cycles with a low capacity rating rate of 0.07 % per cycle.[119].
Despite their high ionic conductivity and the ability to block material crossover, the
installation of solid-state electrolyte onto Li is usually done ex-situ because SSE synthe-
sis usually requires sintering temperature above the melting point of lithium (180°C).
Moreover, the poor contact between the two solid materials leading to high area specific
resistance (ASR). Taking the advantages of lithium’s high reactivity towards polysulfides
yielding LiyS as well as the solution-mediated reaction between P,S5 and Li,S to form
LizPSy; Pang et al. proposed to use these two reagent (PyS; and Li,Sg) as electrolyte
additives to form an artificial SEI layer as shown in Figure 1.13A.[120] The rapid forma-
tion of the LisPS, on the surface of the Li prevents the metal anode from any undesired
parasitic reactions with the electrolyte (1M LiTFSI in DOL/DME) while ensuring inti-
mate contact between the protection layer material (Li3PS,) and Li metal. This results
in an 8-fold longer Sand time (Figure 1.13B), and a dendrite-free Li surface after 100
cycles of plating and stripping at a current density of 1 mA-cm~2 for 1 mA-h-cm~2 in Li-
Li symmetric cells (Figures 1.13C and 1.13D). In a followup work, the authors further
infiltrated commercial LizPS, solid-state material with polydimethylsiloxane. This ap-
proach endows the Li protection layer flexibility to accommodate drastic volume change
during cell cycling. A stable operation of a Li-Li,TisO;4 cell for 2000 cycles with 95.8 %
CE was thus achieved (Figure 1.13E).[121]
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Figure 1.13. Installation of SEI layer for Li anode protection. (A) Schematic LizPS,
artificial solid-state electrolyte layer on Li surface. (B) Evolution of Li-Li symmetric cell voltage
upon plating Li on the working electrode at a constant current of 10 mA-cm~2 in bare Li (blue)
and LisPS, protected Li; black arrows indicate the characteristic Sand time, 7, when dendrite
formation starts, as denoted by the voltage divergence. (C-D) SEM images of (C) bare Li and
(D) LisPS, protected Li after 100 cycles of plating/striping. (E) Long-term cycling profile of
the LiyTi5Oq5 cathodes coupled with bare Li (blue) or Li-Li,PS,-polydimethylsiloxane (red)
anodes at a current density of 5C (i.e. 2.1 mA-cm~2). (A-D) are reprinted from [120] and (E)
is reprinted from [121].
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1.6 Thesis Motivation

Lithium ion battery technology currently dominates the market as the standard recharge-
able battery; however, it is hardly keeping up with future energy density demand. In
that regard, Li metal batteries that are based on sulfur (Li-S) and oxygen (Li-O,) con-
version chemistries show great promises because they invoke higher number of electron
storage than the transitional metal oxide. Functional Li-S cells based on polysulfide
dissolution-precipitation chemistry can now arguably survive 2000 cycles. This is a ma-
jor accomplishment in comparison with the scenarios in the field a decade ago where
only few cycles with low capacity retention rate and extensive overcharge were typically
obtained. This is, however, by no means the end of the research road, for some questions
in the fundamental sciences and practical challenges remained unresolved. Effectively
all non-carbonaceous material exhibit some sort of chemical interactions and electrocat-
alytic effects toward polysulfides simultaneously. However, fundamental understanding
in the mechanism behind in their surface chemistry are still lacking. We still do not know
the excellent cyclability observed is the result of simply polysulfide confinement or sulfur
mediation by other pathways. New technical challenges residing in the Li-S technology
commercialization include low E/S ratio and high sulfur loading. Resolving these two
issues require all component in the battery to work cohesively. Furthermore, researchers
start to realize the importance of polymeric binder to accommodate the volume change.
However, maintaining cathode structural integrity during cycling necessitates the con-
siderations of the polymer binder interactions not only with the cathode materials but

also the electrolyte.

38



The development of the neighbouring Li-O, technology is far more challenging. Aside
from the convoluted ORR/OER mechanism which is not discussed here, the solution-
mediated mechanism for the formation and decomposition of Li,O4 is a mixed blessing
for the electrochemical performance and longevity of Li-O, batteries. On one hand, the
formation and dissolution of LiO, results in large Li,O, crystal that do not passivate the
cathode, thus leading to high discharge capacity and low overpotential. On the other
hand, prolonged exposure of electrolyte solution and cathode surface to these reactive
oxidative species enhances the probability of a nucleophilic attack, proton abstraction,
and corrosion by the same species. Moreover, the surface of the cathode needs to remain
electrochemically active at all times in order to maintain good ORR/OER activities
during cell operation. At the end of the day, very few materials are stable against
the highly reactive (su)peroxide species. In other words, the efforts presented thus far
to prevent the accumulation of electrolyte & cathode decomposition products is futile

unless one seeks an alternative oxygen electrochemical pathway.

Finally, the success of Li-S and Li-O, battery heavily relies a functional lithium an-
ode. Different approaches, including interfacial engineering, in-situ generation of SEI
on lithium anode using electrolyte additive, and ez-situ embellishment of lithium with
artificial protection layer, have been attempted to protect the lithium surface from any
undesired parasitic reaction and to achieve uniform lithium electrodeposition. However,
these strategies are only effective for few hundred cycles and their full cells generally op-
erate at a relatively low current density, because the residing problems of each approach
remain unsolved. For instance, the plated lithium in nanostructured host materials still

suffer from corrosion from the electrolyte and crossed-over materials, whereas electrolyte
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additives can be depleted because of the dynamically broken and reconstructed SEI ma-
terials. Solid-state materials that physically protect the lithium anode from parasitic
reactions can prevent dendrite propagation. Hence they may be the ultimate solution
for Li protection and should be explored if they can be synthesized through a more facile

route such as a solution-mediated process.

1.7 Thesis Overview

This thesis encompasses a methodological approach in developing new materials for
the fabrication of stable and practical Li-S and Li-O, batteries, and uncovering the
fundamental driving chemistries/principles that drive their success. This document is

broadly separated into four sections, and covers eight chapters.

Chapter 1 and 2 discuss the background information necessary to convey the re-
search content in this thesis. Chapter 1 provides the general introduction to Li metal
batteries. A comprehensive literature review on Li-S and Li-O, batteries with focus on
cathode and electrolytes design is listed. Furthermore, the theory behind the failure
modes in lithium anode and approaches to resolves those issues are discussed. Chap-
ter 2 provides a brief description on the characterization techniques/tools employed in
this thesis. It is meant to provide the reader the theories for the experimental methods
used throughout this thesis. Detailed information on exactly how each experiment was
designed and conducted for each study can still be found in the experimental section of

their respective chapters.
Chapter 3, 4, and 5 focus on the fabrication of stable sulfur cathodes for Li-S
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battery. Chapter 3 uncovers the criteria required for a host material that enables sulfur
redox mediation to follow a catenation process. In this work, Dr. Xiao Liang completed
the synthesis of V,05-graphene, VOqy-graphene, and Co304-graphene; He Huang com-
pleted the NiOOH synthesis; and I completed the V,03-graphene synthesis. Dr. Liang
and I conducted the XPS experiments and analysis together while I completed the major-
ity of CV studies. The rest of the experiments were completed by me under supervision
of Dr. Liang. Dr. Liang and I contributed equally on the manuscript drafting. Part of
the results presented in this chapter has been published in the follow study: X. Liang, C.
Y. Kwok, F. Lodi-Marazno, Q. Pang, M. Cuisinier, H. Huang, C. J. Hart, D. Houtarde,
K. Kaup, H. Sommer, T. Brezesinski, J. Janek, L. F. Nazar. Tuning transition metal
oxide-sulfur interactions for long life lithium sulfur batteries: the Goldilocks principle.
Adv. Energy Mater.,6:1501636, 2015. Copyright 2015: WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim.

Chapter 4 details the complex surface chemistry that dictates the interaction be-
tween MXene and polysulfides. It is shown that MXene entraps polysulfides via a
two-step mechanism. The formation of thiosulfate via consumption of hydroxyl surface
groups, followed by Lewis acid—base interaction between the exposed Ti atoms and poly-
sulfides is unravelled. It is further shown that interweaving carbon nanotubes between
the MXene layers creates a porous, conductive network with high polysulfide adsorptiv-
ity, enabling sulfur hosts with excellent performance even at high loading (5.5 mg-cm™—?2).
In this work, Dr. Xiao Liang completed XPS and SEM analysis, and synthesized the
CNT-TiyC and CNT-TigCN material. I completed the XRD and EIS measurement, pre-

pared the CNT-Ti3C, materials, conducted some the preliminary electrochemical data
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on the CNT-MXene composite, and assisted Dr. Liang in assembling high sulfur loading
cells. T also took part in the manuscript drafting. Part of the results presented in this
chapter has been published in the follow study: X. Liang, Y. Rangom, C. Y. Kwok,
P. Pang, L. F. Nazar. Interwoven MXene Nanosheet/Carbon-Nanotube Composites as
Li-S Cathode Hosts. Adv. Mater.,29:1603040, 2017. Copyright 2017: WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

Chapter 5 discusses the importance of an appropriate polymeric binder to achieve
long-living and high areal capacity Li-S cells. Through a combination of spectroscopic
and electrochemical techniques, it is shown that extensive cross-linkage enables the poly-
meric binder to exhibit a low degree of swelling as well as high tensile modulus and
toughness. These attributes are essential to maintain the architectural integrity of the
sulfur cathode during extended cycling. The results of this study published and are
reproduced with permission: C. Y. Kwok, Q. Pang, A. Worku, X. Liang, M. Gauthier,
L. F. Nazar. Impact of the mechanical properties of a functionalized cross-linked binder
on the longevity of Li-S batteries. ACS Appl. Mater. Interfaces,11:22481-22491, 2019.

Copyright 2019: American Chemical Society.

Chapter 6 details the possibility that the stability of Li-Oy battery is no longer
limited once problems caused by peroxides are resolved. By tuning the thermodynamic
and kinetic conditions, the formation of a more stable discharge product, Li;O instead
of LiyO,, is made possible. In this work, Dr. Xia Chun completed Li,O solubility
measurement, the quantitative chemical measurement, and some of the in-situ mass
spectrometry measurement. The remaining work were completed by me under supervi-

sion of Dr. Xia. Dr. Xia and I contributed equally on the manuscript drafting. Part
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of the results presented in this Chapter has been published in the follow study: X. Xia,
C.Y. Kwok, L. F. Nazar. A high-energy-density lithium-oxygen battery based on a re-
versible four-electron conversion to lithium oxide Science,361:777-781, 2018. Copyright

2018: American Association for the Advancement of Science.

Chapter 7 provides a facile, scalable, route to the in-situ formation of a solid-
state electrolyte - lithium phosphorus oxynitride (LiPON) - that protects Li anode from
dendrite formation and polysulfide corrosion. The LiPON film was synthesized directly
on lithium metal by a solution-mediated process, distinguishing itself from the atomic

layer deposition methods.

The final chapter, Chapter 8. concludes the entire thesis. This chapter provides

some final thoughts of Li-S and Li-O, batteries, including their future prospective.
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Chapter 2

Experimental Theory

A predictable and controlled alteration and application of materials in a battery system
require a comprehensive understanding in their physical, chemical, and electrochemical
properties. Moreover, identification and quantification of redox species call for rigorously
designed analytical procedures. The theories and protocol behind the methods and

techniques used in this thesis are outlined below.

2.1 Physical Characterization Methods

2.1.1 Powder X-ray Diffraction

X-ray diffraction is a technique that exploits the wavelength of X-ray (0.01-10 nm) in
the same range as the atomic distances in materials to discern their crystal structure
and phase composition. All crystalline materials have periodicity in their atomic struc-

tures. The X-ray diffracted off from the specific position of these atoms undergoes a
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Figure 2.1. X-ray diffraction. Its schematic and the satisfaction of the Bragg equation.
Reprinted from [122]

constructive interference in accordance of Bragg’s law (Equation 2.1):

N\ = 2dsin0 2.1

where A and 6 are the wavelength and angle of the incident X-ray, respectively; d is the
interplanar spacing of the crystal planes; and N is an integer number needed to satisfy
Bragg’s law. Figure 2.1 illustrates the condition in which Bragg’s law is satisfied. An
X-ray, with a known wavelength )\ and a particular incident angle 6 is scattered off by the
atoms centered on a crystal plane d. By geometry, a constructive interference between
multiple planes can be established when the optical path length of the scattered X-ray
is an integral number equivalent to the incident beam by energy (N ). On the contrary,
certain crystal planes will not be detected if the diffracted X-ray undergoes destructive

interference.

Powder x-ray diffraction assumes all crystal planes have equal probability to be
scattered by the incident X-ray. The X-ray source and detector are rotated from —6

to 46 with respective to the sample to generate a diffraction pattern containing all
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characteristic peaks at the position 26. Since the XRD pattern for a particular compound
is unique by its crystal structure, the exact phase is identified using a comprehensive
database. However, as a structural analysis technique, powder X-ray diffraction does

not provide chemical information on the sample.
Scherrer Equation is a handy tool to further estimate the crystal domain size of

nanostructed crystal. Using the full-width-half-maximum (FWHM) of the XRD pattern:

KA\
L:
B cosb

2.2

where L is the domain size; K is a dimensionless shape factor with a value close to unity;

and (3 is FWHM of the XRD line broadening at a specific angle 6 in unit radian.

All XRD patterns in thesis were collected on PANalytical Empyrean X-ray diffrac-
tometer operating at 40kV and 40 mA and using Cu-Ka radiation (A = 0.15405nm).
The samples were loaded on a zero-background silicon holder. The XRD patterns of all
air sensitive samples were collected using a gas-tight sample holder with a Kapton film

window.

2.1.2 Electron Microscopy

Electron microscopy is an important characterization tool used in material science to
provide high-resolution images. The two main types of electron microscopy used in this
thesis are scanning electron microscopy (SEM) and transmission electron microscopy

(TEM). As the name suggest, SEM creates an image by detecting the raster-scanned,
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scattered electrons, while TEM collects the electrons that are transmitted through the
sample to create an image (Figure 2.2A). Hence, SEM can provide a 3D mapping
on the topology and TEM images are 2D projections of the sample. In either case,
their fundamental working principle is similar to that of an optical microscopy, except
the incident beam is now electron instead of visible light. High energy electrons (5-20
keV for SEM and 100-400 keV for TEM) are generated through via either thermionic
emission or field emission source, which are then focused into a highly collimated beam
of a very narrow spot size using magnetic lenses. The above process takes place in an
ultrahigh vacuum chamber to avoid electrons from colliding with each other. Finally,

the focused beam of primary electrons hit the sample.

The propagation of the primary electron into the sample is limited to several microns

because of the random scattering motion and the absorption of primary electrons by
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Figure 2.2. Scanning and transmission electronic microscopy. (A) The autonomy of
SEM and TEM to showcase the differences in their operating principles. (B) Scheme of the
different types of signals (electrons and photons) emitted from different parts of the interaction
volume. Reprinted from [123]
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the sample’s atoms. This gives rise to a tear-shaped interaction volume as shown in
Figure 2.2B The generation of additional radiations within the interaction volume are
the direct result of primary electrons interacting with the electron clouds of the sample’s
atoms. Hence chemical, structural, and topological information about the specimen can

be obtained.

Placing the detectors adjacent to the sample allows the former to pickup secondary
electrons, back-scattering electrons and X-ray in SEM. In brief, secondary electrons are
generated from the inelastic scattering of the primary electron near the surface of the
interaction volume, and these electron provides topology information about the sample.
Back scattering electrons, on the other hand, are elastically scattered electrons with
higher energy. Because heavier elements can scatter more strongly than lighter ones;
back-scattering electron provides excellent elemental contrast. In both cases, a proper
electron conduction in the sample is required for the non-primary electrons to escape
from the interaction volume. Otherwise, the accumulation of charges around the sample
repels the primary beam and causes image distortion. Aside from the scattered electron,
the primary electrons injected into the specimen can also generate X-ray that is elemental
specific. As a core electron is ejected by the primary electron during inelastic scattering,
an electron from the outer shell fills the original orbital and an X-ray is emitted. This
technique is known as energy dispersive X-ray spectroscopy (EDX). Because different
elements have their own characteristic X-ray, EDX is an excellent tool to identify the

geographic location and relative ratio of the elemental composition in a specimen.

With an ultrathin sample (< 100nm) and a high-energy electron beam, TEM gen-

erates images from collecting the beam transmitted through the specimen. In fact, the
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setup and operating principle of a TEM is closer to an optical microscope than SEM.
Since the incident electron beam is in high energy, TEM generally provides a much
higher resolution image than SEM. Moreover, high-resolution mode (HRTEM) enables
direct imaging of the atomic structure of the sample. As the electron penetrates into
the sample during imaging, it is attracted by the positive potentials of the atom cores,
and thereby channels along the crystallographic lattice. The interaction of the electron
across multiple crystallographic lattices thus leads to Bragg diffraction, which is then

detected to formulate an image that discerns atomic structure.

All the morphological and elemental analysis of materials was examined on an Zeiss
Ultra or LEO 1530 field emission SEM equipped with an EDX detector. Au sputtering
may be employed to eliminate surface charging on insulating samples. TEM images
were obtained on a JEOL 2010F TEM/STEM or ZEISS Libra 200 MC TEM operated

by technicians either at the University of Waterloo or McMaster University.

2.1.3 Infrared and Raman Spectroscopy

Both infrared and Raman spectroscopy utilize the interaction between photon and the
molecular vibrations in bonds to provide information on the chemical environment for
a particular compound. However, they are based on completely different principles and

are often viewed as complimentary techniques.

Infrared spectroscopy exploits on the absorption of a photon energy at the infrared
region to excite an electron in a molecule that corresponds to the characteristic of its

structure (left, Figure 2.3), and Fourier-transform infrared spectroscopy (FTIR) refers
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the use of a mathematical function (Fourier function) to generate a spectrogram from
the raw data. The working principle behind infrared spectroscopy lies within approxi-
mating the Hamiltonian of a molecule in its ground state by a harmonic oscillator, where
the resonant frequency is dictated by molecular vibrations, as well as the mass of the
neighboring atoms and strength of the bond at an equilibrium molecular geometry. Since
all of these factors is directly associated with a particular normal mode of motion and
bond type, infrared spectroscopy is a powerful technique to identify the existence of a
particular bond/interactions. Since FTIR detect bond vibrational change, the molecule

itself must exhibit a change in dipole moment in order to be infrared active.
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Figure 2.3. Schematic of the orbital transitions in (left) infrared and (right) Raman
spectrometry.

Raman spectroscopy (right, Figure 2.3), on the other hand, is based on light scat-
tering by the polarizable electron density in a molecule to identify the chemical en-
vironment. A focus, monochromatic beam of photon (laser) excites the electron in a

molecule from a ground/vibrational states to a virtual energy state for a short period
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of time. Upon relaxation, a photon is released if it is elastically scattered (Rayleigh), or
inelastically scattered. Rayleigh scattering is trivial to the analysis, and can be filtered
by bands; omitting further discussion. Stoke shift takes place if the relaxed state is
in a higher energy state than the initial ground state. Conversely, if the final state is
lower in energy, the scattered photon will be blue shifted to a higher frequency, which
is known as anti-Stokes shift. The energy shift (loss in Stoke and gained in Anti-Stoke)
thus must be associated to the vibrational energy of the bond according to the laws of
energy conservation. Note though that although Stoke and Anti-Stoke lines are equally
distanced from the Rayleigh, only Stoke shifts are measured in Raman spectroscopy
because anti-Stoke line is much less intense than the Stokes line. After all, the probably

of finding a pre-excited electron orbital is far less likely.

It is worth noting though that while both Raman and IR spectroscopy are considered
as a fingerprint technique, prior chemistry knowledge about the sample is necessary for a
meaningful analysis. This is because the same chemical environment can have multiple
active regions in the spectrogram due to their multiple vibrational modes. FTIR spectra
were obtained on a Bruker Tensor 37 spectrometer, and KBr was used as the blending
agent. CO, and H,O were removed using the analysis software provided by Bruker.
Raman spectra were obtained on a Raman HORIBA HR800 equipped with a green laser
(A =514 nm), and the Raman wavelength values were all calibrated using a Si wafer at

520 cm L.
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2.1.4 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive technique that character-
izes the oxidation state of a particular element in a sample.[124] The working principle is
based on the photoelectric effect described by Einstein. An electron if there is a photon
(Ephoton, X-ray in this case) with energy that is grater than its binding energy (Epinding)
to the orbital:

Ebmding — Liphoton — (Ekinetic + q)) 2.3

® is the work function of the element in the sample and a correction term that accounts
for any artifact induced by the instrument. Hence, binding energy is a reflection of the
electronic structure of the sample, which provides information on the chemical environ-
ment. Aside from oxidation state identification, the intensity ratio between different
chemical environments, within the sampe sample, in a spectrogram may also provide an
estimation in their relatively quantities. The surface sensitivity in XPS arises from the
fact that only photonelectrons that are 1-10 nm deep into the sample can escape and
be detected. The rest simply get reabsorbed back to the specimen after ejection despite

X-ray beam can penetrate ~1 mm deep.

XPS acquisition in this thesis was performed using a multi-technique ultra-high vac-
uum Imaging XPS Microprobe system (Thermo VG Scientific ESCALab 250) equipped
with a hemispherical analyser (of 150 mm mean radius) by a technician either at the Uni-
versity of Waterloo or University of Toronto. All air-sensitive samples were transported

to the XPS chamber under Ar/Ny environment. All spectra were fitted with Gaussian-
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Lorentzian functions and a Shirley-type background using the CasaXPS software. The

binding energy values were all calibrated using the C 1s peak at 285.0eV.

2.1.5 Surface Area, Pore Volume, and Pore Size Determination

The surface area, pore volume, and pore size distribution of sulfur host material were
determined on a Quantachrome Autosorb-1 instrument. Samples were degassed at
100 °C under a vacuum line before measurement to remove residual adsorbed water/gas
molecules. Both the balance and sample tubes are subject to nitrogen (adsorbate) ad-
sorption/desorption isotherms at 77 K in a liquid nitrogen bath. Any imbalance between
the two tubes is caused by the adsorption/desorption of the adsorbate into/out of the

the sample, which translates into a differential pressure between the two tubes.[125]

In this thesis, the surface area was determined from the Brunauer-Emmett-Teller
method by multi-point analysis and the total pore volume (porosity) was calculated
from the volume of nitrogen adsorbed at a relative pressure (P/Po) of 0.99. The pore
size distribution was calculated using either Barrett-Joyner-Halenda method or quenched

solid state functional theory method.

2.1.6 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is an analytical technique that measures the mass
changes in a sample as a function of changing temperature. This measurement technique

provides valuable information in the physical or chemical properties of the material
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in interest. Both the sample and a reference pan are maintained at nearly identical
conditions throughout the experiment. This technique is mainly used to determine the
weight percentage of sulfur in a sulfur/host composite in this thesis as sulfur sublimes
(mass loss) at temperature between 250 and 350 °C. The measurement was conducted

on a TA Instruments SDT Q600 at a constant heating rate of 10°C-min!.

2.2 Electrochemical Characterization Methods

2.2.1 Galvanostatic Cycling

Galvanostatic cycling refers to an electrochemical method in which a galvanostat sta-
tion outputs a constant current to an electrochemical device to examine voltage pro-
file change. Here, the current forces the active material in the electrode to be oxi-
dized /reduced as the Li* migrates from one electrode to another. In lithium metal
batteries, a negative current hence forces the active material in the cathode to undergo
reduction, and such process is referred as cell discharge. Conversely, a positive current
charges the cell. One complete cycle thus refers to one full discharge procedure followed
by a charge procedure. A (dis)charging procedure is considered completed when certain
amount of charges (Li* /e pair) has passed from one electrode to another, or a voltage

cut-off limit is reached.

Galvanostatic cycling is the most important and universal technique used by battery
chemists to examine and understand the electrochemical performance of a battery. On

one hand, this technique mimics actual battery operating conditions, where a constant
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power is drawn/input into the battery system. On the other hand, it presents a clear
metric to gauge the maximum number of Li* that can be invoked into/out of the active
material. An electrochemical profile thus encompasses the voltage profile change as a
function of capacity. Through careful analysis of this profile, one can deconvolute the

thermodynamics/kinetic information in the battery system.

Galvanostatic cycling was conducted using a Arbin Instruments BT2000 battery
cycler or Bio-logic VMP3 potentiostat/galvanostat cycler at a specified current density

or C rate within a specific voltage window detailed in the respective chapters.

2.2.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is another common electrochemical technique to study reaction
kinetics and reversibility. The voltage is swept back and forth at a fixed voltage rate
and the current is measured. One important information that can be drawn from a CV
profile is the onset potential of a half reaction. This is determined by drawing a tangent
from the current up(down)swing as the voltage in(de)creases, and then interpolate that
line back to when the current equals to zero. Similarly, current maxima is reached when
rate of the half reaction is no longer limited by the thermodynamic parameter (i.e. the

potential of the electrode) but by material diffusion instead.

All CV experiments detailed in thesis were conducted using a Bio-logic VMP3 po-

tentiostat/galvanostat cycler.
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2.2.3 Electrochemical Impedance Spectroscopy

Impedance describes an obstruction of electron flow in a circuit. A high impedance
battery typically exhibits characteristics of high overpotential, low specific capacity and
energy density achievable, and low rate capability. It is therefore important to ex-
amine and understand the origin and evolution of impedance over the course of long-
term cycling. The non-linearity nature of battery components calls for electrochemical
impedance spectroscopy (EIS). By applying a sinusoidal potential excitation to a system
(Equation 2.4), the output response is an alternating current that can be analyzed as
a sinusoidal function of the same frequency but shifted in phase (Equation 2.5) due
to the dynamic electrochemical process. Using Euler’s relationship and Ohm'’s law, the

expression of the impedance is written as Equation 2.6.

E, = Eysinwt 2.4
I, = Iysinwt + & 2.5
Zy = Zy(cos P + isin D) 2.6

where (w) is the frequency; ® is the phase shift; i = v/—1; and Z, is the amplitude
of the impedance. Nyquist plot is the most common presentation of such data in the
battery field, which plots the real (Z, cos ®) vs. the imaginary (Z,sin ®)) components of
Z(w). A typical Nyquist plot encompasses one or more semicircles at high frequencies,

followed by an inclined tail known as the Warburg impedance at low frequency. The
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mid-high frequency domains provide information on the charge transfer processes at the
electrolyte, electrode, and their interfaces, and the Warburg impedance corresponds to
the unrestricted ion diffusion to a large planar electrode and may provide information
on the overall electrolyte resistance. Because EIS is a technique that characterizes an
electrochemical process in terms of electrical measurements, deconvoluting the various
signals at different frequencies requires fitting the Nyquist plot with an equivalent elec-
trical circuit model in order to understand the contribution from each interface or bulk
process. The circuit elements used to construct the model is a combination of resis-
tor, capacitors, and inductors. Each element in the model should have a corresponding

electrochemical meaning in the battery system.

The EIS measurements were carried out on VMP3 potentiostat/galvanostat station

with EIS/Z capabilities (Bio-Logic Science Instruments).

2.3 Analytical Chemistry Techniques

2.3.1 Polysulfide Adsorptivity

The polysulfide adsorptivity of any given material can be determined by electrochem-
ically titrating the residual Li,S, in solution after contacting with the materials.[126].
Sample solutions were prepared by stirring a known concentration of probe lithium poly-
sulfides, typically Li,S, or LiySg, with a known mass of material in glyme. The mixtures
were stirred overnight and the supernatant was collected after centrifugation. Oxida-

tion titiration was then performed on the supernatant to measure the total number of
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electron transfer required to oxidize the remaining polysulfide to elemental sulfur. From
there, the amount of polysulfide left in the supernatant was determined by extrapola-
tion from a calibration curve, and the polysulfide adsorptivity by a material is ultimately

determined by subtracting the starting amount with the adsorbed amount.

Lithium tetrasulfides and hexasulfides powders were synthesized by allowing elemen-
tal sulfur to react with lithium triethylborohydride (1 M, Sigma-Aldrich) in anhydrous
tetrahydrofuran (THF, Sigma-Aldrich) in the appropriate stoichiometric ratio. The re-
sultant solution was vacuum-dried, followed by a final wash with toluene to isolate the
powders. The lithium polysulfide powders were finally collected by vacuum drying in a

Bichi vacuum oven at 60 °C.

2.3.2 Differential Electrochemical Mass Spectroscopy

Differential Electrochemical Mass Spectroscopy (DEMS) is a combinatory technique of
electro- and analytical chemistry that enables operando gas analysis in electrochemical
cells.[127] The fast response time (on the orders of seconds) and high sensitivity for
analyte (ppm scale) in mass spectrometry allows the rates of formation of gaseous or
volatile products to be quantified in real time. By relating these data to the electro-
chemical profile of the battery, insights on electrochemical mechanism/process can be
elucidated. Since this technique heavily relies on mass spectrometry, its basic principles
and operation are discussed below, followed by brief introduction on the home-made

DEMS system used in my thesis.

Mass spectrometry is an analytical technique that separates, identifies, and analyzes
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the per-vaporized materials based on their mass-to-charge (m/z) ratio. Figure 2.4A

shows a typical setup for quadrupole mass spectrometer.

Mass
Spectrometer

Figure 2.4. Schematics of differential electrochemical mass spectrometry. (A)
quadrupole mass spectrometer and (B) design of the in-house DEMS instrument. (A) is
reprinted from [128] and (B) is reprinted from [129].

Ionization of the analyte is done by electrons generated from thermionic emission of
tungsten filament.

AB+e¢ —s ABT +2¢ 2.7

Beyond the ionizer is a focus plate that pulls the ion-species (analyte) into the quadrupole
where they are being analyzed. The analyzer used in this thesis (Figure 2.4A) consists
of four cylindrical rods that are geographically parallel and electrically set opposite each
other. An oscillating electrical field is generated by applying radio frequency with a
direct-current offset voltage between one pair of rods versus the other. The lateral
forces resulting from this electrical field cause the ions (AB) to separate according to
their m/z ratio. Only the ions with the proper m/z ratio under a given voltage bias can

travel through the entire length of the quadrupole and reach to the detector (represented
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by the red-line in Figure 2.4A), whereas other ions simply collide with the rods (blue-
line). Finally the ions are collected using a continuous dynode electron multiplier that

allows the target materials to be detected.

The DEMS system used in thesis is a home-made instrument designed and con-
structed by Dr. R. Black in the Nazar Research Group. Details on its design can be
found in his Ph.D. thesis (Figure 2.4A).[129] A continuous flow (5mL-min~') of Ar
(5.0, Praxair) was used to sweep the gases into the mass spectrometer. Because the di-
rect output of the DEMS instrument is ion current with unit of ampere, a mathematical
transformation is needed to convert the raw data to useful information: rate and number
of moles of gas. This is done with the aid of a calibration curve, and it assumes that the
ion (AB™) current detected by the mass spectrometer follows a linear regression model

with the concentration of target gas in accordance to Equation 2.8:

Ins = Fys X hgas+bMS 2.8

where Ijsg is the measured ion current; Fysg is the calibration factor ; 144 is the rate of
gas detected; and bysg is the background. A calibration curve is established by running
the target gas at a known but varying concentrations to measure its current response in
the mass spectrometer. From there, F);¢ and by;s are obtained. Since the home-made
DEMS instrument measures the flow of gas, rather than the number of moles of gas, the
ion current respond is a function of time. With prior knowledge on the total flow rate of

the gases into the chamber (5 mL-min~!) and ideal gas law, the gas evolution rate from
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the sample can be calculated using Equation 2.9:

dngss PV
s = - 2.
Moes = T T RT 0

where P is the pressure of the outlet gas (1atm); V is the volumetric flow rate of the
target gas expressed in mL-min~!; R is ideal gas constant (82.05 mL-atm-K~!-mol™!);
and T is the temperature of the gas (298 K). Integrating that equation yields the total

number of evolved gas (Equation 2.10):

tdn
Ngas = — 9%t 2.10
I /t dt

where ¢; and ¢, are the initial and final time of measurement, respectively.

All DEMS experiments conducted in this thesis was performed using a modified

Swagelok-type cells.

2.3.3 Ultraviolet-Visible Spectroscopy

Ultraviolet-visible spectroscopy is an analytical technique that utilizes a molecule’s abil-
ity to absorb photon with energy in the UV-vis region (200 - 700 nm) to quantify its
concentration in a solution. The principle behind this technique lies within the molecule
that contains bonding and non-bonding (n) electrons absorbing the photon energy to
enter higher anti-bonding molecular orbitals as shown in Figure 2.5. The shorter the
energy gap the longer the wavelength of the photon absorbed. The combination of these

transitions leads to characteristics absorbance wavelength of the molecule in interest.
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Figure 2.5. Schematic of the orbital transitions in ultraviolet-visible spectroscopy.

With the knowledge of the characteristic absorbance wavelength of a given material,
Lambert-Beer law (Equation 2.11) is applied to determine the concentration of the

absorbing species in solution.

A = eConatyel 2.11

where A is the measured absorbance which is the fraction of the intensity of light that
has been transmitted in comparison with its incident; [ is the path length through the
sample (1cm); Cypaiyte is the concentration of the absorbing species; and € is the molar
attenuation coefficient. Here, € describes how strongly does a chemical species absorbs
a photon energy in order to excite its electron in a given solvent. The Lambert-Beer
law thus relates the light attenuation with the analyte concentration. To remove any
uncertainty or variability between instruments, a calibration is necessary to relate the

specific change of absorbance in response to concentration.

All UV-vis spectra collected in this thesis were performed on a Cary 300 Bio UV-

visible spectrometer.
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Chapter 3

Elucidating the Thiosulfate/Polythionate

Activity in Transitional Metal Oxides

3.1 Introduction

Retarding polysulfide dissolution and controlling Li,S depositions are keys to achieve
stable Li-S cells cycling. As discussed Section 1.3.1, sulfur cathodes fabricated with
nanostructured porous carbon host materials demonstrate capacity improvement over
the first hundred cycles but still suffer from significant capacity decay upon long term
cycling due to the weak interaction between polysulfides and carbon. Host materials that
interact with polysulfides through chemical interactions are much more promising. Ma-
terials including doped-carbon, [36] organic frameworks,[130] and MXene nanosheets[131]
show excellent cycling performance because of their strong Lewis acid-base interac-
tions with lithium polysulfides. There exist polar metal oxides/sulfides/borides such

as Ti0,,[40] Ti,O,[41] CogSg,[44] MgB,,[49] etc. that adsorb polysulfides on their inher-
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ently sulfophilic surfaces while spatially control the electrodeposition of Li,S at the end

of discharge.

The work by Liang et al. in Nat. Commun. opened another gateway for polysulfide
mediation pathway. First reported on 6-MnO, nanosheets, these materials extend the
cycling performance of the Li-S battery to more than 2000 cycles.[54] The lack of coloura-
tion in the electrolyte upon cycling clearly showcases the soluble polysulfides do not form
in significant concentrations. It was proposed in the original report that the operating
principle of 6-MnQO, to retard polysulfide dissolution is not driven by chemisorption but
by conversion to thiosulfate/polythionate complex instead. XPS evidence shows that
the surface Mn(IV) oxidizes the soluble S,”", thereby decorating the MnO, nanosheet
surfaces with functional S,04 groups. The thiosulfate anchors higher-order polysul-
fides (S;7, n > 4) by catenating them into the S-S bond of the thiosulfate (S,05%) to
create intermediate surface-bound polythionate complexes (O35,-S,, 1-S;03) as shown in
Figure 3.1. The sulfur catenation process locks the polysulfides on MnQO,, providing
an interface for LiyS electrodeposition. Because the surface polythionate complex can
be reversibly recovered on oxidation, evidenced by XPS, and it remains electrochemical
active in the subsequent charge procedure.

2- 3=

0 0 0
I 1 1

2 lo-s-s + 82 <— |0-S-S-8,-S-S-0| + s> (n=24)
] I 1l
0 0 0

Figure 3.1. Schematic equation of the thiosulfate-polysthionate conversion.

Clearly, the generation of thiosulfate species on the surface of the host materials by
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reaction with lithium polysulfides is vital to the retention of the latter species at the
cathode upon cycling. In this chapter, I explore the surface science and electrochemistry
of transition metal oxides that determine the metrics necessary to activate thiosulfate
formation, and provide new insights of the surface reactivity. It is speculated that the
principle which drives thiosulfate formation (and generation of a polythionate complex)
is the redox potential of the transition metal oxide hosts compared to that of the Li,S,),
where the latter lies in the range of 2.1 V < E° < 2.4 V.[13] Materials with too low
of potentials do not react and serve only to bind polysulfides via typical chemisorp-
tion; and those with potential above certain limit over-oxidize polysulfide to form the
electrochemical inactive sulfate surface group. To prove this concept and establish the
Goldilocks principle, LisS, - a probe specie that represents a polysulfide of average depth
of discharge - is allowed to react with a wide variety of commercial and home-made bulk
metal oxides of varying redox potentials, as measured by CV. XPS studies are then con-
ducted to determine whether reaction occurred, and what surface species resulted. To
further correlate this finding to Li-S cell performance, several selected high-surface area
metal oxides were utilized as sulfur cathodes. Unsurprisingly, only the metal oxides that
are within the optimal range displayed very good cycling performance, whereas oxides

that fall outside the targeted redox range showed inferior Li-S cell performance.
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3.2 Experimental Methods

3.2.1 Preparation of Vanadium Oxide-Graphene

A series of graphene supported vanadium oxides were prepared as sulfur host materials
by first synthesizing a generic VO,, (2 < x < 2.5) material on graphene using hydrother-
mal technique followed by annealing. Briefly, 50 mg of graphene (ACS Material) was
dispersed in ethanol by sonication, and then 4 mL of vanadyl triisopropoxide (Sigma-
Aldrich) was added while the mixture was stirred. The suspension was sealed in an
autocleave and transferred to a thermostatted oven at 160 °C for 24 hours. The black-
coloured product was washed in ethanol, dried at 60 °C overnight, and finally annealed
at 300 °C in air for 30 min (V,O5-graphene) or 400°C in Ar for 10h (VOy-graphene) or
600°C in Hy/Ar for 4h (V,03-graphene).

Sulfur was melt-diffused into each respective vanadium oxide-graphene materials with
75 wt. % of sulfur by mixing the host materials with elemental sulfur and then heated

under ambient atmosphere at 160 °C for 12 hours.

3.2.2 Preparation of Co30,-Graphene

Graphene supported cobalt trioxide was also synthesized in a similar fashion as that
of the vanadium oxide, except the precursor is cobalt(II) acetate.[132] Here, 4.8 mL of
200mM cobalt(II) acetate (ACS, Sigma-Aldrich) was added dropwise into 96 mL of a

predispersed graphene ethanol suspension, followed by the addition of 4.8 mL of water.
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The suspension was transferred to a 120 mL autoclave and heated at 80 °C for 10 hours
while vigorously being stirred. The autoclave was then heated at 150 °C for three hours
in an oven. The product was washed with ethanol and water, and further annealed at

300°C for 4h in air to yield the final product.

3.2.3 Preparation of NiOOH

NiOOH was prepared by a one-pot hydrothermal method.[133] Namely, 20 g of nickel
sulfate hexahydrate was dissolved into 50 mL of DI water at room temperature. In a
separate beaker, 9g of NaOH pellets was dissolved in a 50 mL of sodium hypochlorite
solution, and this solution was added dropwise to the nickel sulfate solution where a
black precipitate is afforded. The final product was filtered, washed with water, and

vacuum dried.

3.2.4 Preparation of Li,S; Contact Experiment

For this comprehensive XPS study: NiO, CoO, Co30,, Cuy,O, and CuO were purchased
from Sigma-Aldrich, while NNOOH, MnO,, V5,05, VO,, and V,03 were synthesized in
the lab as described above. All metal oxide materials were vacuum dried at 80°C for
24 hour prior to use. In an Ar-filled glovebox, 20 mg metal oxide and 1 mmol Li,S,
were stirred in 5mL glyme for 6 hours. The powder for XPS analysis was collected by
centrifugation followed by drying under vacuum overnight. Only the peak positions of
the lower binding energy components of the sulfur 2ps/; and metal 2p3/; spin orbital

doublets in the XPS spectrum are given, following convention.
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3.2.5 Determining the Onset Potentials For Metal Oxides

The onset redox potentials for each metal oxides were identified using cyclic voltammetry.
To prepare the electrode, each metal oxide was mixed with Super P and PVDF at a
weight ratio of 8:1:1 in dimethylformamide (DMF) solvent. The slurry was casted on P50
(Fuel Cell Earth) carbon paper and dried at 60 °C overnight. Coin cells were assembled
with Li foil as a counter and reference electrode using 1 M LiTFSI in an equivolume of

DOL/DME electrolyte. The CV tests were collected at a scan rate of 0.05mV-s™!.

3.2.6 Electrochemical Studies on Li-S Coin Cells

Sulfur electrodes were prepared by casting a DMF slurry containing the S-metal oxide-
graphene, Super P and PVDF in 8:1:1 weight ratio on a P50 carbon paper. The sulfur
loading on the electrodes were between 1.2 and 1.5 mg-cm~2. The electrodes were dried
in a 60 °C oven overnight prior to use. The coin cells (2325) were assembled by using the
conventional Li-S electrolyte, and Li as the counter/reference electrode in an Ar-filled

glovebox.
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3.3 Redox Reactions between Lithium Polysulfides and Metal

Oxides

Metal Oxides with a Low Redox Potential

Co30, falls into this category, providing an illustrative example. Its redox potential
of ~1.11V ws. Li/Lit, determined by CV measurement (Figure 3.2A), lies below the
polysulfide window of 2.1 < E° < 2.4 V vs. Li/Lit. Hence, it cannot engage in a
redox reaction with lithium polysulfides. Accordingly, the ratio of the Co®*" and Co**
peaks in its XPS Co 2p spectrum (Figures 3.2B and 3.2C) remains unchanged upon
contact with Li,S,, and the peaks in the sulfur 2p core spectra show only the features
of the adsorbed polysulfide (Figure 3.2D). Li,S, exhibits the expected 1:1 ratio of
bridging (Sp, 163.7¢V) and terminal (St', 161.9eV) sulfur environment.[41, 54, 131]
Other metal oxides (NiO and CoO) also do not undergo reaction with Li,S, to form
thiosulfate /polythionate because their redox potentials are too below the desired 2.1V
(Figure 3.2). The results on the XPS and CV studies are summarized in Table 3.1.
It is worth noting though that this result does not necessary mean these metal cannot
participate other mechanisms to entrap polysulfides at the cathode. In principle, Cu,O
and V5,05 should also fall into this category, but the ease of oxidation means that their

surfaces are usually covered by a higher native oxide as discussed in the following section.
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Figure 3.2. Metal oxides incapable of engaging the thiosulfate/polythionate for-
mation. CV profiles of (A) Coz0y; (E) NiO; (I) CuyO; and (M) CoO. XPS spectra of these
materials and the composite recovered from their interactions with Li,S, for (B-D) Co30,;
(F-H) NiO; (J-L) Cuy0; (N-P) CoO. (B) Co 2p in Co304; (C)Co 2p in Co304-LisS,; and (D)
S 2p in Co304-LiyS,. (F) Ni 2p in NiO; (G) Ni 2p in NiO-Li,Sy; and (H) S 2p in NiO-LiyS,.
(J) Cu 2p in Cuy0; (K) Cu 2p in Cuy0-LiySy; and (L) S 2p in CuyO-LiyS,. (N) Co 2p in CoO;
(O) Co 2p in CoO-LiySy; and (P) S 2p in CoO-LiyS,. Due to the surface oxidation of CoO
to Co,03, the XPS spectra for CoO shows both Co®>™ and Co?' environment. Similarly, the
surface oxidation of CusO results in XPS spectra for CuyO showing both Cu*™ and Cu™.

Metal Oxides that Form Thiosulfate via Redox

These encompass materials where concomitant reduction of the surface metal oxide and
oxidation of LiyS, occurs (Table 3.1, materials between the two the dotted lines). Both

MnO, and graphene oxide demonstrate this behavior, as previously reported.[54] The re-
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dox potential of CuO, 2.53V (Figure 3.3A) lies just at the lower end of the target range.
Its XPS Cu 2p spectrum shows only Cu®* as a classic multiplet (Figure 3.3B).[134, 135]
Upon contact with Li,S,, the surface is partially reduced to Cu® (Figure 3.3C). This
occurs in concert with the oxidation of sulfur species to thiosulfate (167.2 eV), which

can be expressed as:

].OCUHO + LiQS4 — 4CL1210 + CU.QI<SQO'3,) + LiQSQOg 3.1

Polythionate is likely formed by subsequent reaction of polysulfides with the anchored
thiosulfate group (Equation 3.1), which appears in the S 2p core spectrum at 168.2eV
(Figure 3.3D) along with the bridging and terminal sulfur contributions from the
lithium polysulfides.[41, 54, 131] It worth noting that species such as tetrathionate may
also form via direct oxidation of polysulfides with the host, but it would be indistin-
guishable from polythionate (and this would not explain the presence of the thiosulfate
groups on the surface). The residual Li,S, are due to incomplete reaction, in part be-
cause the surface area of the bulk metal oxide is low. VO,, with a redox potential of
2.79V (Table 3.1) undergoes the same redox upon contact with Li,S,. It exhibits a
lower Li,yS, fraction (Table 3.1) - hence more complete reaction - owing to its higher

surface area, as described fully in the following section.

Metal Oxides with a High Redox Potential

When oxides exhibit a very high redox potential > 3.4V wvs. Li/Li* - potential above the

target window - oxidation of Li,S, to higher oxidation states of sulfur is predicted. This
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Figure 3.3. Metal oxides capable of transforming polysulfides to thiosul-

fate/polythionate. CV profiles of (A) CuO and (E) NiIOOH. XPS spectra of these materials
and the composite recovered from their interactions with Li,S, for (B-D) CuO and (F-H)
NiOOH. (B) Cu 2p in CuO; (C)Cu 2p in CuO-Li,Sy; and (D) S 2p in CuO-LiyS,. (F) Ni 2p
in NiIOOH; (G)Ni 2p in NiOOH-Li,S4; and (H) S 2p in NiOOH-Li,S,. The Cu 2p and Ni 2p

spectra appear as a classic multiplet arising from shake-up satellite peaks.
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is demonstrated by nickel peroxide and V5,05 (Table 3.1). NiOOH is best represented
as NiyO3-2 Hy0 or f-NiOOH - H,0.[136, 137] CV measurement on the material indicates
this hydroxyoxide has a redox potential of 3.52V wvs. Li/Li* (Figure 3.3E). The main
peak of the Ni 2ps/, XPS multiplet spectrum exhibits a binding energy of 856.7¢eV,
indicative of Ni (III) environment (Figure 3.3F).[138] Contact wit