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ABSTRACT

WET CHEMICAL SYNTHESIS AND PROPERTIES OF ARGYRODITE SULFIDE
SOLID ELECTROLYTES FOR SOLID STATE BATTERIES
William Arnold
November 18, 2022

The commercialization of the lithium-ion battery (LIB) in 1991 was responsible for

the explosion in portable electronic technologies that has been seen over the past 30 years.
With the advent of electric vehicles and other high-powered technologies, there is
tremendous demand for LIBs with higher energy density and high safety. To achieve this,
new electrode materials must be explored. The obvious choice of anode material would be
pure metal lithium, which has a theoretical specific capacity of 3860 mAh g7,
Unfortunately, metal lithium anodes have not been widely commercialized due to their
tendency to react violently with the flammable liquid electrolytes used in today’s batteries.
Battery safety can best be achieved by adopting solid electrolytes in place

of liquid electrolytes. Solid electrolytes are nonvolatile and nonflammable, safely allowing
for the combination of high-capacity cathode materials with a Li metal anode. Argyrodite
sulfide solid electrolytes such as halogen-doped LisPSsX (X = Cl, Br, I) are noted for their
high ionic conductivity. But before sulfides can be commercially adopted, they possess
several disadvantages which must be addressed, including time- and energy-consuming

synthesis processes, poor electrochemical stability, and intrinsically poor air stability. This



dissertation seeks to address each of these challenges through materials design an
synthesis strategies. In this work, we pioneer a solvent-based approach for the synthesis of
argyrodite solid electrolytes LizPSg and LisPSsX instead of a stringent solid-state synthesis.
Nontoxic ethanol is employed as the solvent, enabling a rapid synthetic approach to
produce argyrodite solid electrolytes with high phase purity and compositional flexibility.
Compared with LizPSe, halogen doping (i.e. X = F, ClI, Br, 1) not only increases the ionic
conductivity, but also enhances the electrochemical stability at the interface towards Li
metal. Specifically, F-doped argyrodites produce a robust SEI layer containing LiF,
contributing to enhanced interfacial stability. Finally, to address the air instability
challenge, argyrodite-incorporated composite solid electrolytes (CSEs) are designed and
prepared to produce stable and flexible membranes that are demonstrated in solid-state Li
metal batteries. These advances push argyrodite sulfide solid electrolyte research further

and pave the way for the proliferation of next generation lithium metal batteries.
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CHAPTER 1
INTRODUCTION
1.1 Background and Motivation

The invention of a commercially viable lithium-ion battery (LIB) in 1991 was a
significant moment in the history of electricity. For the firsttime, a relatively safe energy
storage system touting high energy density, light weight, and high reversibility with long
cycle life was available for mass consumption. The effect this invention has had has been
total in its impact, allowing for the proliferation of everything from cell phones to electric
vehiclesto grid scale energy storage systems.

Traditional LIBs consist of four constituent parts: the positive cathode, negative
anode, and a dual-function barrier between them composed of a separator material and an
organic electrolyte (Figure 1.1). The first commercially successful LIB was produced by
the Sony Corporation of Japan and utilized an oxide-based Li;-«CoO; cathode, a carbon-
based LixC anode, and a carbonate-based liquid electrolyte. While slight improvements
would be made to the cobalt-oxide-based cathode and carbon-based anode, this basic
blueprint would remain standard for the following 10 to 15 years.

During the charge process, lithium cations are shuttled away from the cathode and
stored via redox reactions in the layers between the LixCs graphite in a process known as

intercalation. During discharge, the same process happens in reverseas Li* ions



deintercalate from the anode and are transferred into a similarly layered cathode. The key
function of the electrolyte and separator is that it only allows for Li* transport to occur,
blocking electrons which must travel through an external circuit to link back up with their
preferred cations. These electrons can then be directed into devices such as an electric
motor or a heat pump and used to perform useful work for us. The significance of the LIB
is its reversibility, allowing for charge and discharge cycles to take place many hundreds

of times in the lifespan of a typical battery.

Discharge

T

Li*
Discharge

Cu Current Collector

Al Current Collector

Cathode Separator Anode
(LiC00,)  (Liquid Electrolyte) (Graphite)

Figure 1.1. A traditional Li-ion battery composed of an oxide-based cathode, a graphite-

based anode, and organic liquid electrolyte.

1.1.1 The Lithium Metal Battery

The history of LIBs did not begin in 1991, however. The search for a rechargeable
battery goes back to at least 1913, when Lewis and Keyes demonstrated the first cell that

resembled a lithium metal battery (LMB) with a lithium electrode.! Decades later, a
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forerunner of the modern nonaqueous secondary battery utilizing a lithium metal anode
was pioneered by Hill et al. (1965).2 They described the plating phenomenon of lithium
ions at the metal surface, a process that is distinct from the intercalation of modern
batteries. Indeed, the LMB was amongst the first commercially available rechargeable
batterieswhen, in 1976, Whittingham et al. demonstrated the intercalation process using a
TiS; cathode.® This firstage of the LMB was to be short lived, however, as several issues
became immediately apparent.

On the one hand, the use of lithium metal in batteries seems obvious, and, in many
respects, lithium is the ideal anode material for use in rechargeable LIBs. Lithium metal
has the highest theoretical capacity of any potential anode material (3,860 mAh g?) in
conjunction with the most negative electrochemical potential (-3.04 V vs standard
hydrogen electrode).*® In contrast with graphite- or silicon-based anodes, lithium metal
anodes do not intercalate Li ions into a layered structure, but rather directly converts Li
ions into Li metal, becoming oxidized during discharge cycles and reduced during charge
cycles. This provides tremendous benefits regarding energy density, with several
prominent LMB prospects such as Li-air batteries (5,210 Wh kg™) or Li-S batteries (2,600
Wh kg?) dwarfing the performance of current commercial LIBs (~250 Wh kg). As such,
the lithium metal anode is often touted as the “Holy Grail” of rechargeable lithium
batteries, and much research has been dedicated to its implementation.

1.1.2 Challenges for Lithium Metal Batteries: Lithium Dendrites

Unfortunately, after the initial commercialization of LMBs in the 1970’s, several
problems became immediately apparent. The primary problem was safety, which was

demonstrated when a string of cell phone fires in the late 1980°s prompted Moli Energy
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Ltd to issue a total recall of their Li/MoS; batteries.® Safety issues in LMBs stem from an
unstable Li metal/liquid electrolyte interface, resulting in a short circuit event caused by

the propagation of lithium dendrites through the electrolyte.

Cathode

Short Circuit

Dendritic Li

Uneven Li Plating

Breached SEI

Li Metal Anode

Figure 1.2. Schematic diagram of Li dendrite formation in a Li metal battery.

Dendrites are one of the primary problems for all rechargeable LIBs (Figure 1.2).
Dendrites form from uneven plating of Li ions, either on the surface of the lithium metal
or the surface of the solid electrolyte interphase (SEI), which may cause this critical
component to break.” Once the SEI layer is breached, lithium is plated over the damage
before more SEI can reform, which then attracts more lithiumin a positive feedback loop
from which dendrites will sprout. These finger-like tendrils continue to grow over
subsequent cycles, making their way through the electrolyte and towards the opposite
electrode. Connection of the anode and cathode via lithium dendrites means instant battery
failure through short circuit, as electrons can now easily pass through the electrolyte and
battery voltage goes to 0. Dendrite formation is more likely to occur at higher charge and
discharge rates, making this an especially important problem to solve for the future of high-

powered energy applications.



Battery failure is not the only problem to contend with following a short circuit,
however. Short circuits often lead to a more serious process known as thermal runaway,
whereby higher temperatures from rapid electronic conduction results in the breakdown of
cathode and electrolyte materials, resulting in free oxygen and organic particles to be
present in a now highly pressurized and combustible liquid electrolyte. As oxygen and
other compounds seep from the cathode into the electrolyte solution, pressure is further
increased, which further increases temperature in a positive feedback loop.® This is the
perfect environment for fire and cell explosion events. As such, preventing dendrites while
simultaneously lowering the likelihood of catastrophic thermal runaway are both key goals
in the development of a viable LMB.

The root cause of dendrite formation in LMBs lies in uneven plating of lithium ions
onto the lithium metal anode. This leads to certain hot spot areas receiving progressively
more lithium than other areas due to preferential nucleation, eventually leading to
mechanical pressure and the breakdown of the SEI layer. The SEI layer is critical both to
dendrite prevention and to the general performance of a well-functioning battery.

First identified by Peled in 1979, the SEI layer is a decomposition layer which
results from the reaction of electrolyte with electrode, and serves a dual function of a)
preventing direct contact and further reactions between electrode and electrolyte, and b)
facilitating Li plating.® SEI layers can inhibit the growth of lithium dendrites, but they do
not prevent the dendrite formation completely, and can be mechanically compromised if
not properly formed. This cracking in turn exposes new lithium metal which attracts more

localized Li ion flow and more rapid dendrite formation.*



While Li dendrites have been shown to occur in all LIBs, they are exceptionally
likely to form in LMBs using a metal Li anode. As such, safety concerns have been far too
high for LMBs to reemerge onto the market after their failure in the late 1980’s, despite
the obvious advantages they offer with regards to energy density. For LMBs to return as a
viable alternative to current graphite-based LIBs, several conditions must be met. First, a
robust and stable SEI layer must be formed which can effectively prevent short circuit
events caused by the propagation of Li dendrites. Second, this SEI layer must not come
with the cost of excessive Li use or decreased ionic conductivity. And third, in the event
of a possible short circuit, the battery itself should be free of the combustible material that
is likely to result in an explosion.

1.1.3 Addressing the Solid Electrolyte Interface Layer

The SEI layer problem has seen much work in recent years, although there is still a
good amount of mystery surrounding both its formation and its mechanisms.
Understanding the SEI layer is critical to the designing of a functional battery, and it is
useful now to dive deeper into its properties. There are several features which any SEI must

possess in a safe and efficient batteries:®

1. Material thickness which can prevent electron flow while still allowing ion
transport

2. High enough ionic conductivity to easily facilitate Li ion flow from the
electrode to electrolyte

3. Excellent mechanical properties which allow for volume changes seen

during charge and discharge cycles



4. High chemical stability which prevents further reactions and completely

separates the electrode and electrolyte

SEI formation occurs due to chemical reactions which take place between the
electrodes and electrolyte, creating an interlayer which more fully separates the different
parts of the battery. This process has been described by Goodenough and Kim.” In short,
the formation of the SEI depends on four variables: the lowest unoccupied molecular
orbital (LUMO), the highest occupied molecular orbital (HOMO) of the electrolyte, and
the electrochemical potentials pA and puC of the anode and cathode, respectively. If pA is
greater than the LUMO of the electrolyte, then the electrolyte will be reduced by the anode
until a passivation layer (the SEI) blocks further electron migration. Likewise, if uC is less
than the HOMO of the electrolyte, then the electrolyte will be oxidized by the cathode until
an SEI layer is formed to provide an electron barrier.

The SEI layer is especially important to understand in a LMB, as the extremely
negative electrochemical potential of lithium metal makes redox reactions impossible to
avoid.® Reactions take place in two stages. First, passive contact between electrode and
electrolyte results in electron exchange which occurs in milliseconds. Second, battery cells
are often “aged” during the first several cycles, where change in potential values result in
additional reactions taking place. In traditional liquid electrolytes, electron exchange is
facilitated even more when anion species within the solvent coordinate with Li* to
thermodynamically lower the reduction enthalpy.

Eventually, the reaction must stop due to a lack of free electrons. If the right
conditions were met, the resultis a thin film (the SEI layer) which plays three crucial roles

to battery function: it ensures contact between the electrode and electrolyte while
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simultaneously blocking electron flow and preventing further side reactions; it facilitates
the flow of ions across the electrode/electrolyte interface; and it prevents the spread of
lithium dendrites into the electrolyte. As such, SEI development and formation is vital to
future battery success in solid state lithium metal batteries.

The exact mechanism by which a robust SEI layer accomplishes these goals is not
fully understood, although much work has been done to better understand the role that
different compounds play in the process. Most commonly, the SEI layer is described using
a dual-layer structure, with different products forming on the electrolyte and electrode
sides. Standard organic liquid electrolytes have been well studied, with compounds such
as Li;O, LiOH, LiF, LiCl, and Li,COs being widely cited as key components in an SEI
layer.>1911 i jons migrate through the SEI via grain boundaries or interstitials/vacancies,
although there is disagreement in the literature on the precise mechanism.13

The mechanical nature of the SEI layer is also critical to battery functioning and
dendrite formation. Li metal volume expansion can be significant during charge cycles,
which is commonly cited as a reason for SEI breakage and dendrite nucleation. Li metal is
also particularly prone to nucleation sites due to its low surface energy and high migration
energy.>!* It has been found that lithium halides (LiF, LiCl) exhibit low surface diffusion
barriers, meaning that Li* ions are less likely to nucleate on the Li metal surface, and will
instead migrate to form even layers.'® This revelation provides a possible path forward for
intelligent SEI design with dendrite suppression in mind.

1.1.4 The Solid-State Battery

Even with a stable and robust SEI layer in place, LMBs still present aserious safety

issue due to the presence of a combustible liquid electrolyte. The answer to this problem is
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the solid-state battery (SSB) (Figure 1.3), which is characterized by the replacement of the
flammable organic liquid electrolyte with an ion-conducting solid electrolyte. Solid
electrolytes are inherently nonflammable, making them safer for use in technologies such
as electric vehicles whose batteries may be subjected to severe mechanical stress and high
charge and discharge rates. Like their liquid counterparts, solid electrolyte chemistries will
react with both the cathode and anode to form an SEI layer which can be tuned to form an
effective electrode/electrolyte barrier which allows for Li ion transport while blocking
dendrite formation and maintaining mechanical integrity.

These traits make solid electrolytes the ideal separator for the realization of a safe
and functional Li metal anode, meaning SSBs have an extraordinary potential for a greatly
increased energy density in batteries. As increasingly small portable electronic devices
require constantly increasing power, as electric vehicles grow ever more common, and as
demands for grid scale battery technologies become more necessary, the SSB stands poised
to answer these calls by providing a battery which is both high in energy density and safe

for a multitude of scenarios.
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Figure 1.3. Comparison of conventional Li-ion battery and a solid-state Li metal battery.
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Before these challenges can be met, there are several key concerns which SSBs
must overcome. The first challenge is ionic conductivity. Organic liquid electrolytes
typically possess ion conduction values on the order of 103-102 S cm™, which allows for
high charge and discharge rates of > 1C to be achieved. For SSBs to be viable, Li ion
migration must be able to approach these values, at least achieving a value of 10# S cm?,
and higher if possible. The second challenge is interfacial stability and low reactivity with
both the cathode and the anode. Chemical reactions between the electrolyte and electrode
are inevitable in battery cycling, and as such the challenge becomes more about controlling
these reactions to produce favorable products. The third challenge is the prevention of Li
dendrites which, contrary to early hopes, are not mechanically inhibited by the solid
electrolyte asthey are able to propagate along grain boundaries and into defects in the solid
crystal lattice. These latter two challenges can both be addressed through the formation of
a stable and robust SEI layer.

In general, there are several key requirements which solid electrolytes must possess

before they can be viable for implementation incommercial SSBs:

1. They need a high ionic conductivity, at least on the order of 10* S cm

2. They require a wide electrochemical window, preferably from 0-5 V to
maximize energy density

3. They require good chemical and electrochemical stability with different
electrode materials, in particular towards lithium metal

4. They need a cheap, scalable, and easy synthesis process which is suitable

for manufacturing
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The vast body of work on SEI layers is focused on traditional batteries using a
graphite anode and an organic liquid electrolyte. There are additional problems which must
be considered when an SEI layer is brought into the sphere of the solid electrolyte. The
primary issue here is the physical contact between electrode and electrolyte, which can wax
and wane during charge and discharge cycles.'® The secondary issue is the difference in
chemical composition between liquid and solid electrolytes, which can result in different
compounds in the SEI layer which have not yet been well-studied. For example, ceramic
solid electrolytes do not contain carbon-based molecules, meaning Li,COs; will not be
present. Likewise, sulfide solid electrolytes will be more likely to form Li-S than Li-O, and
the exact effect this may have in unknown.

One possible solution put forth is the insertion of an artificial SEI layer made of
either a polymer or a Li-metal alloy.#'"8 This layer would block ions and provide
mechanical integrity just as a naturally formed SEI layer would, but adds complicationto
battery assembly, and still presents issues with interfacial reactions now occurring at
multiple junctions. This dissertation will instead focus on the formation of an in situ formed
SEI layer created in multiple steps: first by passive electrode/electrolyte contact, and
second by charge and discharge events during the first several cycles. Battery cycling takes
place through an elegant balance between the cathode, anode, and electrolyte, and as such

this process will be dependent on the exact composition of the materials being analyzed.

1.2 Solid Electrolyte Materials: Oxides, Halides, and Sulfides
There are several potential candidates for solid electrolyte materials, which broadly
fall into one of two categories: polymers or ceramics. Both have advantages and

disadvantages when it comes to battery performance. Polymers are thin, flexible materials
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with good manufacturability and desirable mechanical properties, but they suffer from
typically low ionic conductivity.'® Ceramics are comprised of either oxides, halides, and
sulfides, and are known for their high ion conductivity, but they suffer from mechanical
issues and high interfacial resistance with electrode materials.
1.2.1 Oxides

Oxides are a widely studied solid electrolyte candidate for use in SSBs. Some of
the most common compositions seen are LizLazZr,01, (LLZO)?°22, LiskLays«TiOs
(LLTO)?*-25, and Liz+xAlxTiz«(PO4)3 (LATP)?6-28, Some oxides, such as LATP, are noted
for their high oxidation potential (up to ~4.2 V) which grants them the potential for great
stability against high voltage cathode materials. In addition, oxides produce electronically
insulating oxidation products which are favorable in the formation of a stable SEI layer.
LATP and LLTO unfortunately have poor reduction potential against Li metal. In these
materials, Ti** is reduced to Ti®* when contact is made with lithium, increasing electronic
conduction across the interface.?%:2°

Garnet-type oxide materials such as LLZO are also noted for their high bulk ionic
conductivity (~10°S cm), making ita particularly promising SE candidate.?! The highest
reported ionic conductivity value for an LLZO material was reported to be 2.06 x 102 S
cm?, which was achieved via Ga-doping to synthesize Liss5Gao 15La3Zr,012.3° Inaddition,
the exceptionally low reduction potential (0.05 V vs Li*/Li) means it is likely to form a
very stable interface with lithium metal. Unlike LATP and LLTO, LLZO theoretically
begins to oxidize at potentials above ~3 V, meaning it will react with many of the more

common cathode materials used in secondary batteries. Specific strategies such as Al-
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doping can be implemented to overcome this shortcoming, with experimental observations
showing an electrochemical window from 0-6 V.2231

The mechanical properties of oxide materials are one of the primary concerns when
implementing them in SSBs. Oxides, especially garnet-type materials like LLZO, are
known for their rigidity. On the one hand, this mechanical trait might be beneficial to the
suppression of dendrite formation in addition to providing resistance to mechanical
degradation due to volume expansion of charge and discharge cycles.?? On the other hand,
the high resistance to elastic deformation might prevent good interfacial contact between
the electrode and electrolyte, greatly increasing interfacial resistance.?
Lig4Alg24La3Zr,011.9s was reported to have a Young’s modulus of ~150 GPa, which is an
order of magnitude higher than that of Li metal (4.9-13.0 GPa), and thus should be more
than sufficient in preventing dendrites.3223

Garnet-type oxides require stringent synthesis conditions to achieve the ion-
conducting properties necessary for SSBs. This includes high sintering temperatures
(900-1200+ °C) and long sintering times. This process, in addition to being expensive and
difficult to conduct at large scale, resultsin other problems as well, including Li loss, low
density due to high volume of defects, and two-phase structure (tetragonal and cubic)
which are unstable at room temperature.?* While certain strategies such as the utilization
of dopants and a carefully controlled sintering process can alleviate some of these concerns,
the fact remains that oxide SEs will always be both energy and time intensive to produce.
1.2.2 Halides

One interesting and newer type of ceramic SE are the class of halide solid

electrolytes. Lithium halide salts such as LiF, LiCl, LiBr, and Lil have long been known to
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possess some ion conducting properties, with Lil possessing the highest value of 107 S cm-
134 The exceptional performance of LiAICl4 (3.5x101 S cm™ at 174 °C, when dissolved
in nonaqueous solvent) has allowed for its use in thermal batteries since the 1940°s.3°

Recent years has seen the development of halide SEs with trivalent metal cations
which utilize elements either from group 3 (Sc, Y, La) or group 13 (Ga, In). While these
group of SEs have been on the radar for decades, they were, until recently, largely
unexplored due to repeatedly being shown to possess low ionic conductivity. They
reemerged onto the scene in 2018 when LizYCls and LisYBrs were synthesized via high
energy ball millingand high temperature sintering to achieve ionic conductivity values of
0.03-1.7x103 S cm™.% Interestingly, it was found that 50 h of ball milling followed by
annealing led to a decrease in value for the Cl-containing halide and an increase for the Br-
containing halide. This was possibly explained by disordered Y3*and Li* creating channel-
blocking defects in LisYCl,4.%¢ Regardless, this result brought interest back to halide SEs
by overcoming the challenge of low ionic conductivity.

Halide SEs containing group 13 metals, especially LisInBrs, have also been
extensively studied in recent years. Possessing low conductivity at RT (107 S cm™) this
material undergoes a phase transition at 41 °C which renders it an super ionic conductor
with conductivity values on the order of 10 S cm™ even after cooled back to RT.3” These
excellent properties are attributed to the presence of a large number of structural vacancies
caused by the large cations, as well the presence of highly polarizable halogen anions.*®

Synthesis of halide SEs had long been done only via solid state methods which, like
oxides, require high sintering temperatures and high sintering time in addition to high

energy ball milling applications. However, in recent years, the solvent based synthesis
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process has gotten more attention, and is especially attractive due to the possibility of using
a water solvent without the need for inert atmosphere preparation.3® The liquid synthesis is
appealing as it provides the possibility for easy scalability and better homogeneity with a
more controlled morphology.

The halide’s main drawback is electrochemical stability with electrodes, especially
the anode, which is due to a high valence state associated with halide SEs. Reduction
reactions occur spontaneously with all SEs when paired with a Li anode, but it appears that
in halides these reactions do not lead to the development of a stable SEI layer, which in
turn leads to increased interfacial resistance and a large overpotential.3® One strategy to
address this concern is to use Li-metal alloys such as Li-In, which can prevent side
reactions but lowers the cells overall voltage. Another strategy is the use of sulfide solid
electrolytes as an interlayer between the anode and halide SE.

1.2.3 Sulfides

No SE material comes without its drawbacks. Oxides have a high rigidity which
increases interfacial resistance and induces large grain boundary resistance. Halides are
especially prone to reacting with lithium metal. When designinga LMB using a Li anode,
it seems likely that the best possible candidate is the class of SEs known as the sulfides.

Sulfide SEs are made of a combination of Li,S and P,Ss, and they possess many
inherent advantages. For starters, the large size and polarizability of sulfide ions contributes
to some of the highest ionic conductivities ever reported for SE materials. Additionally,
sulfides are known for low grain boundary resistance. They show excellent chemical
stability with both high voltage cathode and low voltage Li metal with a wide

electrochemical window (at least 0-5 V). Possessing much softer mechanical properties
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than oxides, sulfides can be easily densified at room temperature using cold pressing
techniques. This mechanical softness also results in much better electrode/electrolyte solid-
to-solid contact than is seen in oxides. The following section will delve deeper into the

different categories of sulfide SE materialsand will draw comparisons between them.

1.3 Categories and Properties of Sulfide Solid Electrolytes

1.3.1 Glassy Sulfides

Sulfide solid electrolytes are a result of the binary system of Li,S and P,Ss, which
can be combined to form either glass, glass-ceramics, or ceramic SEs.?® Glassy sulfides
((200 — x)Li2S—xP,Ss) possess isotropic structure and ion conduction properties. Typically,
these materials exhibit ionic conductivities on the order of 10 S cm, but this value can
be increased by the incorporation of oxides such as P»Os, or by cold pressing to reduce the
number of voids and defects present.3%40

One common strategy is incorporation of a halide-based lithium salt such as Lil or
LiCl to increase Li concentration in glasses, thus increasing ionic conductivity as well.*
These strategies often have deleterious side effects, however, most prominent of which is
a decrease of the stable electrochemical window. Sulfide glasses require low synthesis
temperatures due to the low melting point of sulfides, which can be achieved either through
melt quenching or ball milling. These methods would be cost-effective and easily scalable,
making glassy sulfides one of the more promising candidates for industrial -level synthesis.

1.2.2 Glass-Ceramic Sulfides

Another interesting possibility are the sulfide glass-ceramics, which are the result

of a partial crystallization of the Li,S—P,Ss binary system. This results in a dual phase

16



material consisting of both crystalline and amorphous regions. Most often, these materials
are made simply through single-step ball milling, although solution-based methods have
been investigated in recent years.*?43 Metastable phases are obtained through glass
crystallization, with the exact composition of the metastable phase being subject to heat
treatment conditions.** The incorporation of crystallinity in the glass-ceramics also
introduces grain boundaries regions, which means that grain boundary resistances now play
a role in ion transport. As a general rule, grain boundary resistances are higher than bulk
resistances in sulfides, and thus should be minimized in order to maximize ion transport
properties.

These materials can be divided into two groups of mostly glassy or mostly ceramic,
with the material properties dependent on the amount of crystallization. With low molar
concentrations of Li,S, compositions such as LisP2Se or LisPS4 are formed, which often
display ionic conductivities on the order of 10° S cm™. Increasing the Li,S molar
concentration to >70 mol% results in the formation of LizP3S:1 with significantly higher
ionic conductivity values on the order of 103 S cm™.4°

The molar amount of Li,S also plays a significant role in the types and amounts of
anionic species which form in the Li,S-P,Ss binary system. PS,3* tetrahedra (ortho-
thiophosphate moieties) are the most common crystal formed when Li,S concentration is
high (>75 mol%). When Li,S is <75 mol%, P,S;* pyro-thiophosphate moietiesare formed,
which result from two PS, tetrahedra sharing two corner atoms. The third most common
crystal is P,Sg* (hypo-thiodiphosphate moieties), which form when Li,S concentration is

about 60 mol%. These are the result of two edge sharing PS, tetrahedra units.*®
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Glass-ceramic materials can and often do contain all these different units in relative
concentrations. LisP2Sg, for example, is obtained from a Li2S concentration of 67 mol%,
which results in a mixture of LisP,Ss (composed of mostly P,Ss*) and LisP,S7 (composed
of mostly P,S;*). Meanwhile, Li;P3S1; (composed of mostly PS;*) is also known to
degrade at higher temperatures, leading to the formation of LisP,Ss.4® As such, obtaining
high conductivity LizP3S11 can be difficult due to the narrow annealing temperature range
and its tendency to break down to lower order species. Crystalline phases containing P,Sg*
and P,S;* typically are reported to possess low ion conducting abilities (101 S cm™), and
should be avoided if possible.*

Special attention will now be given to the glass-ceramic material LizPS4, which
possesses several unique attributes pertinent to this work. A member of the thiophosphate
sulfide family, this material initially received little attention due to its low reported ionic
conductivity of 3 x 107 S cm™.48 Later works pioneered the synthesis of nanosized SE
particles, which greatly increased LizPSs’s ion conducting properties.*® Notably, this
process could be achieved either through ball milling to form glassy LisPSs (2 x 10* S cm-
150 or through solvent-based synthesis methods to form B-LisPS, (1.6 x 104 S cm®).5!

1.3.3 Ceramic Sulfides

Ceramic sulfide SEs are those which have been fully crystallized through heat
treatment. In addition to being a glass-ceramic material, LisPS4 has also been reported as
four different crystalline polymorphs: a-LizPSas, 8-LisPSs, y-LisPSs, and B-LizPSs. Of
these, crystalline B-LisPSs has received by far the most attention owing to its high
conductivity and relatively easy synthesis methods. In particular, the development of the

liquid synthesis method was important to the realization of LisPS, as a viable SE material
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as this process stabilizes the material at room temperature in addition to creating nano-
porous particle size. The nano-porosity is thought to contribute to the high ionic
conductivity through the mechanism of increases surface area.>! This greatly increases the
surface energy of the LisPSs, and facilitates ion transport via large concentrations of
interstitials. The synthesis process involves the dissolution of Li,S and P.Ss in
tetrahydrofuran (THF) solvent, which is then filtered and heated to the crystallization
temperature of 140 °C to achieve the proper balance of crystal formationand high surface
area. Further heating this material to 200 °C decreases available surface area and thus has
a negative impact on ion transport. In addition to this, nanoporous f-LisPSs retains
chemical and electrochemical stability with Li metal, as evidenced both by CV tests with

a potential scan of -0.2-5 V vs Li*/Li, and by excellent cycling in Li symmetric cells.>!

The exaction conduction mechanism of 3-LisPSq is still not fully understood. There
are three possible options which may be responsible for ion transport through the glass-
crystalline matrix: 1) ions move through the interconnected nano-crystallites via ion
hopping between tetrahedral and octahedral Wyckoff positions;®? 2) ions move through the
interfacial area between amorphous and crystalline regions;>3 3) ions move directly through
the amorphous region. It may be that some combination of all three is responsible for the
high conductivity observed for B-LizPSs, but more work is needed to confirm the
mechanism in greater detail.*®

Argyrodites are the most prominent family of crystalline sulfide SE, which follow
the general formula of Liz+xyM"YxMV1.4Che., X, (M" = Si, Ge, Sn; MV =P, Sb; Ch =0, S,
Se; X =F, Cl, Br, I; 0<x <1;0<y<2).5This class of materials have seen a great deal of

research attention owing largely to their high intrinsic ionic conductivities, including the
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highest value reported for any sulfide SE of 24 mS cm™ for Lig 6Si0.6Sbo.4Ss1.>° This is well
within the range of values reported even for liquid electrolytes.

The first representative of mineral argyrodites was AgsGeSs, which showed high
mobility of Ag* ions.*® It was found through study of this composition that the structure is
versatile inits ability for elemental substitution while still maintaining the basic argyrodite
topology. The firstreport of Li containing argyrodites was published in 1976, when Brice
et al. successfully synthesized Li;PSe,%” but very little work was done on single crystalline
phase sulfide SEs for the next 30 years. Deiseroth et al. made a significant contribution to
SE research in 2008 when they first reported the synthesis of LisPSsX (X = Cl, Br, 1) by
substituting one chalcogen atom with one halogen atom, thereby lowering the required
number of Li atoms from seven to six.>® This pioneering work detailed the structure,
properties, and ion transport mechanisms of argyrodites, setting off a decades-long delve
into argyrodite research.

1.3.4 Argyrodite Crystal Structure

Figure 1.4 shows the LisPSsX (X = F, Cl, Br, 1) crystal structure. The basic crystal
unit of this material is the PS,* tetrahedra which, unlike the glass-ceramic materials, do
not share S1 atoms. Instead, they are kept well separated by S2 and X atoms occupying the
4a and 4d Wyckoff sites. This results in a material with the ionic formula of (Li*)e(PSs*
)SZX". Upon cubic high temperature modification, the argyrodite crystallizes in space
group F-43m, with a unit cell size of ~10 A. This yields a disordered arrangement of Li
ions which cluster together in octahedrally arranged cages in the empty spaces between the

PS,% tetrahedra. Li2 atoms occupy the 24g site, which is closely neighboured by a pair of
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Lil atoms occupying the 48h site. Inside of these cages lies the 4d site, which can be

occupied by either S or X atoms.
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Figure 1.4. Representation of the LisPSsX (X = F, ClI, Br, I) crystal structure.

Li ion transport through the argyrodite crystal structure takes place via these
octahedral Li cages. There are three basic movements which Li ions make. Type (i) jumps
indicate a localized jJump between a pair of 48h site Li ions, which occurs over a distance
of 1.9 A58 Type (ii) jumps occur within the greater cage structure, as different 48h pairs of
Li ions are able to exchange positions around the centralized 4d atom. This second
intracage jump occurs over a distance of 2.25 A. Finally, type (iii) jumps are intercage
jumps which are able to connect the four octahedral cages in the unit cell.®® This last jump
is the most crucial for the achievement of a true ion-conducting solid, although all three
must be present. As such, diffusion rates are limited by the least common jump rate of the

three, which will most often be type (iii) jumps.
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lonic conductivity in argyrodites is highly dependent on the ability of the ions to
engage in intercage jumps within the bulk crystal. Of all argyrodite possibilities, the
material that has by far received the most attention has been LizPSs and its halide-doped
counterpart, LisPSsX (X = CI, Br, ). MD simulations comparing the four compositions
reveal that only type (i) and (ii) jJumps are expected to occur in Li;PSs and LisPSsl, greatly
limiting their macroscopic conductivity properties.>® Conversely, LisPSsCl and LigPSsBr
both show a high tendency for type (iii) intercage jumps, meaning their ionic conductivity
is expected to be much higher. The predicted order according to MD simulations of the
best to the worst conductive material is LigPSsCl > LigPSsBr > Li7PSg > LisPSs1.%8

1.3.5 Argyrodite lonic Conductivity

The origin of the improved ionic conductivity observed for LisPSsCl is explained
by the effect of halogen-doping on the atomic structure of argyrodites. LizPSs possess a
face-centered cubic symmetry with S atoms occupying the corners and face centers
(Wycoff 4asites). PS4* tetrahedraact as building blocks with P atoms on the edge centers
surrounded by additional S atoms occupying the Wyckoff 16e positions. Finally, and most
crucially, S atoms also occupy positions inside of the ion cages (Wyckoff 4d), surrounded
by Li atoms partially occupying 48h and 24g sites.

In halide doped LisPSsX, the X halogen anion replaces S anions at either the 4a or
4d sites. Anion site disorder is induced by an uneven sharing of S/X at the 4a and 4d
positions, with higher halogen atom occupancy at the 4d Wyckoff site being associated
with less homogenous charge disorder and a higher degree of delocalized lithium density.>
The delocalized lithium atoms create better connectivity between the cages, thus creating
a small jump distance for individual ions and allowing for a higher degree of type (iii)
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intercage jumps to occur. As such, higher ionic conductivity is directly correlated with the
amount anion site disorder in the crystal.

Different halogen anions show a preferential tendency to replace S anions at either
the 4a or 4d positions. When Li;PSg is doped with iodine to create LigPSsl, the large 1" ions
tend to reside more in the 4a position, replacing the S at the cubic corners/faces, which
creates a large degree of Li ion density surrounding the 48h pairs. This dense region
promotes the occurrence of type (i) and (ii) intracage jumps to occur, but severely limits
the diffusion paths between the Li cages. As a result, crystalline LigPSsl is well reported to
possess a low ionic conductivity on the order of 107-10° S cm™.

Br- and Cl-doping has a wholly different effect. These two ions both show a
preference for replacing S at the 4d site inside of the Li cages themselves, with ClI-
occupancy being slightly greater than Br- occupancy. This results in the Li ion density
being spread out and disperse, greatly increasing the tendency for thermodynamically
favorable type (iii) intercage jumps to occur. As such, Br- and Cl-doped argyrodites both
unambiguously possess much higher ionic conductivities than Li7PSe or LisPSsl, from
104-102 S cm™. The discrepancy in Li ion density in Br- and Cl-doped materials can be
explained by the lower ionic charge of Cl-and Br- compared to S, meaning the halogens

can be compensated by fewer pairs of close-by 48h Li ions.

1.4 Synthesis Techniques for Sulfide Argyrodite Solid Electrolytes
Optimizing the synthesis of argyrodite sulfide solid electrolyte materials is a key
step in the development of solid-state batteries. The synthesis process seeks to control

several key attributes associated with LizPSg and LisPSsX. These include a high degree of
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crystallinity for excellent bulk ion conductivity as well as an adequate number of defects
for easier ion transport. In addition, it is desirable that the synthesis approach be easy to
perform for large scale operations, and that the process should use cheap and non-toxic
materials and techniques. Currently, there are two primary methods by which argyrodites
are made: solid state synthesis and liquid state synthesis (Figure 1.5). Both techniques have

their benefits and drawbacks, which will now be discussed in further detail.

Li,PS,+Li,S
- 1 °
P,S,+Li,S % o
|{
y AR
Ball Milling Solid State Heat Wet Chemical Mixing Evaporation and
(10-24+ h) Treatment (1h) Vacuum Heating
(450+ °C) (200 °C)

Figure 1.5. Comparison of solid state and wet chemical synthesis techniques for sulfide

solid electrolytes.

1.4.1 Solid State Synthesis Methods

By far the most common technique used for argyrodite synthesis has been a solid-
state approach. This involves utilizing either ball milling, high temperature reactions, or a
combination of both to yield the desired material. Ball milling is a process where the total
result of high-speed impacts occurring over a long period of time contributes to the mixing
and amorphization of different compounds.* The kinetics of the reaction are mediated by

point and lattice defects owing to plastic deformation of the materials.
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Glassy sulfide materials in the Li,S—P,Ss binary system are synthesized through
long periods of ball milling without subsequent heat treatment. This results in completely
amorphous solid electrolyte materials which nonetheless can achieve excellent ion
conducting capabilities.®® Both mixing speed and time are important factors to consider
when ball milling, as it has been shown that LisPSsCl made with prerequisites Li»S, P2Ss,
and LiCl requires at least 550 rpm and 8 h of milling to properly synthesize.®® Longer
mixing times result in smaller particle size, which has a sizable impact on the ion
conducting properties of the final material.

In addition to ball milling, a high temperature heat treatment is used to crystallize
the glassy phase Li>S—P,Ss into crystalline Li;PSs and LisPSsX. Here, both temperature
and time affect the crystallinity of the final material. Different researchers have used
different temperatures, but the most used heat treatment temperature is 550 °C. This
temperature provides the proper environment to achieve a balance between crystallinity,
particle size, and number of defects which maximizes the type (iii) intercage jumps
responsible for high ionic conductivity.5* While solid state synthesis techniques produce
argyrodite materials with a high degree of crystallinity and excellent ionic conductivity,
they do so using a very time and energy extensive process. This fact makes the prospect of
large-scale operations appear difficult and expensive, and it is therefore desirable to find a
different synthesis approach.

1.4.2 Solvent Based Synthesis Methods

In the past decade, sulfide SEs synthesized from solvent-based methods have
gained much attention owing to the ease of the procedure, the high degree of compositional

control, and the low heat treatment temperatures required. This began in 2013 when Liu et
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al. synthesized B-LizPSs from mixing Li.S and P.Ss in tetrahydrofuran (THF), achieving
an ionic conductivityof 1.6 x 10 # S cm™.%!

After obtaining B-LisPSas, which contains fully formed and isolated PS4* tetrahedra,
one can then use a dissolution—precipitation process in a protic solvent such as ethanol to
obtain new materials. Using this knowledge, in 2019 our lab made the first report of solvent
synthesized Li7PSg which was made through the dissolution of solvent-synthesized (-
LisPS4 and LiS in nontoxic ethanol.*® Using this procedure, we were able to obtain an
argyrodite solid electrolyte material with an ionic conductivity of 1.4 x 10 * S cm™. This
process will be further discussed in Chapter 3.

In the years following that publication, much work has been done by our lab and
by others to further explore the solvent synthesis of LisPSsX (X = F, Cl, Br, I). Some have
been able to use very high heat treatment to obtain SE materials with ionic conductivities
rivaling those from solid state synthesis (>10° S cm™)%263 although this does somewhat
take away the appeal of liquid synthesis as being a fast and economical process. Table 1
shows a summary of argyrodite SEs synthesized from different techniques, either solid

state, liquid, or a hybrid of the two.

Table 1. Comparison of synthesis approaches and conductive properties for argyrodites

Formula Start Synthesis Heating c at Ea**  Ref
. Method Temperature/ RT* (eV)
Materials e mS
cm)
LisPSsCI Li2S, P2Ss, LiCl Solid-state 550 °C /6 h 2.4 0.33 64
LisPSsCI Li2S, P2Ss, LiCl Solid-state 550 °C/ 4 h 6.11 0.3 65
LisPSsCI Li2S, P2Ss, LiCl Solid-state N/A 1.3 0.17 66
LisPSsCI Li2S, P2Ss, LiCl Solid-state 550 °C /7 days 3.8 0.39 67
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LisPSsCI LisPS4, P2Ss, Hybrid (THF + 550 °C/ 6 h 2.4 N/A 68
LiCl ethanol)
LisPSsCI Li2S, P2Ss, LiCl Hybrid (ethyl 550 °C/5h 1.1 0.26 -
acetate)
LisPSsCl Li2S, P2Ss, LIClI  Hybrid (ethanol) 450 °C 0.21 0.5 70
LisPSsCI Li2S, P2Ss, LiCl  Solvent (ACN + 180 °C 0.6 N/A n
ethanol)
LisPSsBr LizS, P2Ss, LiBr Solid-state 300 °C /12 h, 5.5 0.22 2
550 °C /12 h
LisPSsBr LisPS4, Li2S, Hybrid (THF + 550 °C 1.9 0.36 68
LiBr ethanol)
LisPSsBr LizS, P2Ss, LiBr Solvent (EP, 180 °C/ 3 h 0.034 N/A 3
ethanol)
LisPSsBr LisPSa, P2Ss, Hybrid (THF + 550 °C /6 h 1.9 N/A &
LiBr ethanol)
LisPSsBr LizS, P2Ss, LiBr Solvent 200°C/3h 0.25 0.39 &
(ethanol)
LissPSsClyis Li2S, P2Ss, LICl Solid-state 550 °C /7 h 9.4 0.29 6
LissPSsClus Li2S, P2Ss, LICl Hybrid (EN) 550 °C/ 10 h 2.87 0.26 62
LissPS45Bris LizS, P2Ss, LiBr Solid-state 400 °C/10h 4.17 0.25 v
LisPSsClosBros  Li2S, P2Ss, LiCl,  Hybrid (ethanol) 400 °C/ 6 h 2.0 0.33 &
LiBr
LisPSsClosBros  Li2S, P2Ss, LiCl, Solid-state 550 °C 3.6 0.31 &
LiBr
Li7PSs LisPS4, Li2S Solvent 200°C/1h 0.11 0.43 43
(ethanol)
LisPSsClosFo7 Li2S, P2Ss, LiCl, Solid-state 550 °C/ 5h 0.71 N/A 80
LiF
LisPSsF LisPSs, Li2S, LiF Solvent 200°C/ 1h 0.24 0.45 81
(ethanol)
LisPSsFosClos  LisPSa, Liz2S, LiF Solvent 200°C/1h 0.35 0.32 81
(ethanol)

*o at RT: ionic conductivity at room temperature. **Ea: Activation Energy. EN: Ethylenediamine;

EP: ethyl propionate.
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1.5 Polymer Solid Electrolytes

Owing to their high ionic conductivity and favorable electrochemical stability,
ceramic sulfide solid electrolytes have received much attention. Despitethis, sulfides suffer
from multiple drawbacks, including a lack of air stability, a brittle mechanical structure
prone to fracturing, and large interfacial resistance owing to the solid-to-solid contact
between the electrodes and electrolytes. As such, it is useful to explore other potential SE
materials which do not possess these limitations.

One such group of materials are the polymer solid electrolytes (PSEs) which use a
solid polymer matrix as the separator in the battery. Polymers possess several important
advantages over the ceramic SEs, including good processibility, ambient air stability, and
flexible mechanical properties which has the dual advantages of easy battery assembly and
enhanced interfacial contact.82-84 In addition, polymer materials are better suited to
compensating electrode volume changes during charge and discharge cycles.

Since they were first reported in the 1970’s, PSEs have attracted much
investigation, with numerous materials having been explored. Some of the most common
polymer materials used as SEs are poly(ethylene oxide) (PEO),%5-8" polyacrylonitrile
(PAN),88° polymethyl methacrylate (PMMA),%%%1 poly(vinylidene fluoride) (PVDF),%2%3
and poly(vinylidene fluoride)-hexafluropropylene (PVDF-HFP).%4-%

Most of these matrices possess inadequate ionic conductive properties in their
unaltered state, and thus require additives such as alkali metal salts or liquid plasticizersto
improve their ion transport abilities. In addition, newer approaches to PSEs involve the
incorporation of inorganic fillers, either inert ceramics or ion-conducting active materials.

These approaches can improve the performance of PSEs, but they often come with their
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own drawbacks such as weakened mechanical properties. This presents PSE research with
a particular challenge of choosing the right polymer matrix, salt, liquid additives, and filler
material to provide the proper balance between the desired SE properties.

1.5.1 General Strategies used in Solid Polymer Electrolytes

Perhaps the most explored PSE material is PEO, owing largely to its favorable
mechanical properties and its good stability with electrodes. It shares many traits with other
polymers which are worth exploring in more detail. The polymer backbone in PEO consists
of repeating units of -CH,—CH>—O-, which allows for Li ion migrationalong the moving
chain.®” The reducing agent ether oxygen groups form bonds with Li ions which can be
broken, shuttling the Li ions down the PEO chain.

That said, due to the high degree of crystallinity in PEO, the ions are not able to
efficiently transfer, resulting in typically low ionic conductivity. This is because ion
migration can only occur in the amorphous regions where PEO molecular chains are able
to engage in segmental motion.® As a result of this, the temperature is an important factor
when considering SPE ionic conductivity. Higher temperatures result in a greater degree
of amorphous region, maximizing at the melting point Tr, of the polymer.

Reduction of polymer crystallinity is a common strategy used to increase the PSE’s
ion conducting properties. Very often, this is achieved through the incorporation of an
inorganic alkali salt, such as bis(trifluoromethane) sulfonamide lithium (LiTFSI), lithium
bis(fluorosulfonyl)imide (LiFSI), or LiClO4.8%% The former two salts are notable for
several reasons: 1) their excellent solubility; 2) a delocalized charge distribution promotes
the lithium salt’s dissociation, providing additional free Li ions; 3) the flexible anion TFSI-
(or FSI) is adept at reducing the crystallinity of PEO or other polymer materials.® Using
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this strategy, LIiTFSI/PEO and LIiFSI/PEO have been reported to possess ionic
conductivities of 4.7 x 10* S cm™ and 3.3 x 10* S cm™at 60 °C, respectively. This is a
vast improvement over typically reported PEO values of 107 S cm-1.

Liquid plasticizers are very commonly used in the synthesis of gel-type polymer
electrolytes. This liquid component plays several important roles in the performance of
PSEs. First, the liquid adds a wet layer which is vital for reducing the interfacial resistance
at the electrode/electrolyte interface. The liquid itself is often an ion conductor, such as
ethylene carbonate (EC), poly (propylene carbonate) (PPC), or propylene carbonate (PC),
thereby directly improving the ionic conductivity by providing additional pathways for the
Li ions to travel through.®®1% Moreover, the alkali Li salts are usually soluble in these
wetting agents, thereby providing a source of additional Li ions.

Another approach used for improving SPE performance is the introduction of
inorganic ceramic fillers into the polymer matrix. Uniformly dispersed fillers can bolster
the mechanical properties of the polymer while also improving the interfacial stability
between electrode and electrolyte. These fillers can be further broken down into either
active or passive, depending on whether they possess free Li ions.

Passive fillers are ceramic additives that do not contain free Li*, and thus do not
directly play a role in ion transport. These are often oxide materials such as Al,O; or
TiO,19%102 ‘While not directly implicated in Li ion movement, they do still play a role via
the addition of PEO/filler interfaces which are known to greatly improve the SPEs ionic
conductivity by reducing the polymer crystallinity. Assuming uniform particle dispersion,
this would create a direct path by which Li ions can travel. In addition, the added filler

material breaks the regularity of the PEO matrix, thereby increasing the total proportion of
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amorphous regions.?® This has the added benefit of preventing recrystallization of the
polymer at lower temperatures after heating past the melting point.

On the other hand, active fillers are those ceramic materials which do possess free
Li*, represented by ceramic solid electrolytes such as LLZO, LATP, LLTO or, most
importantly, sulfides and argyrodites such as LisPSsCl.1°3-1% The combination of organic
polymer electrolytes with inorganic ceramic electrolytes are known as composite solid
electrolytes (CSE), and have been an area of great interest over the past decade. As opposed
to passive fillers, active fillers do play a direct role in ionic conductivity through their bulk
ion transport properties. In addition, active fillers provide the same effects that passive
fillers do through their increase of grain boundary and amorphous regions into the polymer
matrix. As such, the Li ion’s transport through materials with active fillers is not always
easy to model as it involves multiple possible pathways: 1) through the bulk crystal of the
active filler; 2) through the defects present in the matrix; 3) along the grain boundaries
between polymer and the fillers.

1.5.2 PVDF-Based Polymer Electrolytes

While PEO-based SPEs have received by far the most attention in the literature,
they suffer from poor thermal stability, a narrow voltage potential window, and poor room
temperature ion transport properties. Another interesting possibility for SPE is PVDF and
its cousin, PVDF-HFP. PVDF polymer electrolytes are known to have excellent
mechanical properties, a wide potential window, good thermal stability, and excellent
electrochemical stability with electrode materials.%%%496

Many of the same principles which applied to PEO-based SPEs also apply to

PVDF. However, unlike in PEO, the primary Li ion pathway through the polymer matrix
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does not occur along polymer chains. Instead, the addition of lithium salt such as LiTFSI
into the PVDF matrix is vital, as the salt will aggregate into clusters which form a
percolating network through which the Li ions are able to move. The TFSI- anions are able
to coordinate Li migration through oxygen atoms of their sulfonyl groups.®

Using liquid plasticizers to form a gel-type SPE is particularly attractive when using
PVDF, owing to the high propensity for the PVDF matrix to absorb the solvent when
comparedto PEO. PVDF is noted for its excellent wettability to liquid electrolytes like PC
or EC while still maintaining its mechanical strength and structure.®® This approach
achieves the notable accomplishment of combining the best elements of both solid and
liquid electrolytes. The SPE infused with liquid electrolyte will be generally nonflammable
and mechanically robust while also possessing excellent ionic conductivity and much
improved interfacial contact with electrode materials. 109110

Similarly, ionic liquids may be employed as the plasticizing agent in gel polymer
electrolytes. It has been shown that ionic liquid added to PVDF can decrease the degree of
crystallization in the polymer matrix.®® This results in increased segmental motion and,
therefore, increased ion conduction. Moreover, alkali salts such as LiTFSI can be
introduced to the gel polymer electrolyte through ionic liquids, which acts as a solvent. !
While the addition of ionic liquid can greatly enhance the ionic conductivity, the Li ion
transference number is relatively low, which limits capacity values at high C-rates due to
the large relative amounts of ions that are not Li*.

Another common approach often seen in SPE design is the combination of two
separate materials to crosslink the polymer chains and further reduce crystallinity. This

decrease in crystallization is responsible for both increasing liquid absorbency and ionic
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conductivity, as discussed previously.?2°¢ Additionally, the crosslinking results in
enhanced mechanical properties. For PVDF specifically, this is very commonly achieved
through the copolymerization of vinylidene fluoride (VDF) and hexafluoropropylene
(HFP) to yield PVDF-HFP. Materials made with this crosslinking approach are noted for
their exceptionally high ionic conductivities, on the order of 10° S cm™ at room
temperature, which is on par with those of liquid electrolytes.®

The matter is made more complicated through the addition of fast conducting
inorganic active filler materials (Figure 1.6). As seen with PEO, the inorganic fillers
reduce the crystallinity of the polymer matrix, which increases chain segmental motion
thereby increasing ionic conductivity. This occurs with the additional benefit of active
fillers being able to act as ion conductors themselves. Moreover, the filler materials bring
with them an increase in modulus and hardness, thereby fortifying the CSE’s material

properties and assisting in the inhibition of dendrites. 12114

Figure 1.6. Schematic diagram of PVDF-HFP polymer solid electrolyte infused with

LiTFSI salt and ceramic LPS material.
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To this end, many different oxides and sulfides have been added to different
polymer matrices to enhance the desired CSE properties. Zheng et al. was able to show that
in PEO/LLZO composite, Li ions prefer to migrate through the ceramic phase as opposed
to the interfaces between the PEO and LLZO.!® Again utilizing garnet LLZO, Lu et al.
created a composite using PVDF-HFP polymer and was able to achieve an ionic
conductivity of 8.8 x 10° S cm™ and an LFP-based battery that reached 500 cycles at a
capacity of 110 mAh g*.116

For sulfides, PEO/sulfide composites have been widely studied. For example, Zou
et al. achieved an ionic conductivity of 8.84 x 10“ S cm™at 80 °C by simply adding 1 wt%
of LisPSsCl to the PEO matrix.!°® Even more impressively, Wang et al. created a
PVDF/LigPSsCl CSE with an ionic conductivityof 1 x 102 S cm™ at 25 °C, in additionto
showing excellent cycling stability in lithium symmetric cells.** While much work has
been done on CSEs, the strategy of mixing F-doped argyrodites with polymer materials has
thus far been unexplored. This technique could provide the multipronged benefits of
increased ionic conductivity, increased mechanical properties, and enhanced interfacial

stability with dendrite suppression due to the presence of LiF.

1.6 Summary

The continued development of lithium-ion batteries is one of the most pressing
areas of research in our world today. The rapid onset of electric vehicles and demands for
gridscale energy solutions requires new chemistries, strategies, and engineering techniques
to be developed to create a battery which can meet the myriad of different battery
requirements for these applications. These include high energy density, fast charge rate,

safety, and a cheap cost.
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To that end, this dissertation is focused primarily on the development of the solid-
state lithium metal battery, which promises to address all these concerns. The use of a
lithium metal anode is key, as it can provide virtually limitless specific capacity, meaning
the energy density of the cathode will be the limiting factor for total battery storage
capabilities. Lithium metal present serious safety concerns regarding its high propensity to
form lithium dendrites, which can lead to a short circuit and, eventually, a flame or
explosion event. As such, the key developments of this work revolve around investigations
into solid electrolyte materials, whose nonflammable nature make them the perfect fit to
pair with lithium metal anodes. Several issues exist which must be overcome before solid
electrolytes can be used for LMBs. These include expensive and time-consuming synthesis
techniques, low ionic conductivity, poor electrochemical stability with electrodes.

Solid electrolytes can broadly be grouped into two main types: inorganic ceramic
and polymer. Within the ceramic group, oxides, halides, and sulfides are all viable options.
Oxides can achieve high ionic conductivity and good stability with electrodes, but they
suffer from a high degree of hardness and particularly high sintering temperatures (>800
°C). Halides can also possess good ion conducting properties but are known to have poor
stability at low voltage, making them difficult to use with most anode materials, especially
Li metal. The primary solid electrolyte material explored in this work are sulfide solid
electrolytes, more specifically the argyrodite sulfide solid electrolytes Li;PSg and LisPSsX
(X =F, CI, Br, I). These materials are noted for their excellent ionic conductivity, cold-
press-induced densification properties, improved interface stability towards electrode

materials, and abundant elemental availability.
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In addition, this work will seek to address some of the primary drawbacks of
sulfides by combining argyrodite materials with polymers to create a composite polymer
electrolyte. Polymers have the advantage of excellent and flexible mechanical properties,
great stability inambientair, and easy processibility. By creatinga composite material, the
resultant CSE should possess the advantages of both ceramic and polymer materials,
yielding a material which is better suited for future high energy battery applications.

In summary, the goal of this dissertation is to advance the prospects of LMBs by
using safe, nonflammable sulfide argyrodite SEs to make novel SSBs. To achieve this goal,

there are several primary objectives which this work aims to achieve:

(1) Demonstrate the wet-chemical synthesis of LizPSg and halide doped LigPSsX (X =
Cl, Br, 1) argyrodites;

(2) Investigate the effects of excess Cl doping on the structure, conductivity and
stability of LisPSsCI-LiCl argyrodites;

(3) Understand F-doping and hybrid doping (F/CI) effects on conductivity and
interface stability of argyrodites;

(4) Examine the effects of iodine and F/I doping on the structure and conductivity of
argyrodites;

(5) Synthesize sulfide-incorporated composite solid electrolyte and test their battery

cycling performance.

In all, the techniques and approaches in this work will pave the way for Li metal SSBs to

be used in high energy applications.

36



CHAPTER 2

METHODS

2.1 Synthesis and Preparation of Argyrodite Solid Electrolyte Materials

Argyrodite solid electrolyte materials Li;PSg and LisPSsX (X = F, CI, Br, ) were
synthesized using a novel solvent-based process. Unlike the more commonly used solid
state synthesis techniques, the solvent-based process is noted for its simplicity, its rapidity,
its low energy consumption, and its relatively inexpensive cost. The solvent of choice is
nontoxic ethanol, which contributes to the feasibility of this process being utilized for large
scale applications. Before argyrodites can be synthesized in ethanol, the PS,* tetrahedra
must be present in the precursor materials. As such, a two-step process is required. First,

B-Li3PSs must be synthesized, which can then be used to make Li;PSs and LisPSsX.

2.1.1 Synthesis of 4-Li3PS4 Precursor

The synthesis of 3-LisPS4is carried out through a reaction of reagent-grade lithium
sulfide (Li2S, Alfa Aesar) with phosphorus pentasulfide (P2Ss, Alfa Aesar) crystalline
powders in tetrahydrofuran (THF) solvent at room temperature following Equation 2.1.
Because of the tendency of sulfide materials to form H,S in ambient air, all experimental
work was carried out in a glovebox filled with inertargon gas (< 1 ppm Oz, < 1 ppm H;0).

In an alternative procedure, acetonitrile (ACN) solvent was used in place of THF.
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THF
Li,S + 3P,S; — LisPS, - 3THF Eq. 2.1

After stirring, the solution was filtered to isolate the powder, followed by a heat
treatment at 140 °C to crystallize the powder into nanoporous -LisPSa. In the alternative

procedure using ACN, the material was heated to 200 °C.

2.1.2 Synthesis of Li7PSs and LigPSsX

The synthesis of argyrodite materials Li;PSg and LisPSsX (X = F, Cl, Br, 1) was
carried out via a dissolution—precipitation process in nontoxic ethanol solvent (Figure
2.1). Stoichiometric amounts of LisPSa, Li,S, and LiX (in the case of LigPSsX) were stirred
anhydrous ethanol (Equations 2.2 and 2.3). The mixtures were heated at 90 °C under
vacuum for 1 h to remove residual ethanol solvent. The temperature was then increased to
200 °C for an additional hour to crystallize the material into LisPSsX. The powder was
retrieved from the vacuum tube and ground by hand in a mortar and pestle to make the
particles uniform, with a yield weight of ~95%.

The material synthesis yields a dry white powder which will be used as the solid
electrolyte material in SSBs. To test the electrochemical properties of this material, it must
first be densified via cold pressing. 150 mg of argyrodite powder is loaded into a custom
die which is pressed under 480 MPa of pressure to yield a small dense pellet (1/2” diameter,

~0.6 mm thick) (Figure 2.2).
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Figure 2.1. Scheme of the Li7PSe synthesis procedure from the chemical reaction of Li»S

and LizPSs in EtOH medium (evaporationat 90 °C and heat treatment at 200 °C).

Figure 2.2. A densified pellet made from the cold pressing of argyrodite powders under

480 MPa. Approximately 1/2" diameter and 0.6 mm thick.

EtOH
EtOH
LisPS, + Li,S + LiX — LigPSsX (X = F, Cl,Br,I) Eq. 2.3
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2.1.3 Synthesis of Polymer-Ceramic Composite

The polymer-ceramic composite solid electrolyte membranes were made through
the combination of PVDF-HFP crosslinked polymer with LIiTFSI salt and argyrodite
ceramic sulfide solid electrolyte. THF was utilized as the solvent medium to mix these
three ingredients. Separate PVDF-HFP and LiTFSI solutions were made by dissolving the
material in THF solvent at a ratio of 100 mg to 1 mL. These two solutions were combined
prior to mixing with ceramic. Separately, an appropriate amount of sulfide solid electrolyte
(LigPSsFo5Clos) was dissolved in 0.75 mL of THF (0, 2, 5, or 10 wt%), and mixed for 0.5
h. This solution was added to 1.5 mL of the PVDF-HFP/LITFSI mixture and stirred for an
additional 45 minutes. Following this, the solution was taken out of inert atmosphere and
transferred to a PTFE dish to evaporate the THF solvent overnight (~16 h). Finally, the
polymer composite is placed in a vacuum atmosphere for 0.5 h at room temperature to
ensure solvent and moisture evaporation. The resulting polymer composite film is thin and

flexible (Figure 2.3) and can be hole punched to %2 diameter for electrochemical testing.

Figure 2.3. Images of the as-prepared polymer-ceramic composite membrane.
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2.2 X-Ray Diffraction and Reitveld Refinement

The crystal structure of the synthesized materials was determined using X-ray
diffraction (XRD). This technique works on the principle that X-rays are predictably
scattered when they interact with crystalline materials. In XRD, X-rays on the order of 1
A are directed towards crystalline materials through a range of different diffraction angles.
The periodic atomic lattice of the crystal structures serves as a diffraction grating which X-
rays will interact with differently depending on the specificangle. At certainangles, the X-
rays will scatter with sufficient coherency such as to generate constructive interference

which can be plotted on a 2-dimensional graph according to Bragg’s law (Equation 2.4).

2d sinf =nA Eqg. 24

In Bragg’s law, A is the wavelength of the generated X-rays, n (represented by an
integer) is the order of reflection, d is the interplanar spacing of the crystal, and 9 is the
scatteringangle (Figure 2.4). Because the atomic dimensionis the same magnitude as the
generated X-rays, the diffraction interference of the reflected X-rays can be used to
measure the distance between the atoms in the crystal. When X-rays interact with the
sample’s electrons, the energy is not sufficient enough to release the electrons from the
atom, resulting in X-rays being re-emitted from the sample in a process known as elastic
scattering. At particular angles, the emitted X-ray’s diffraction patterns will be in
alignment, resulting in a signal amplification due to constructive interference. In this
dissertation, XRD was performed using a Bruker D8 Discover with nickel-filtered Cu-Ka

radiationand A = 1.5418 A.
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Figure 2.4. Schematic of Bragg's Law for X-Ray Diffraction

Analysis of XRD diffraction patterns is carried out via Reitveld refinement. This
method uses a least squares approach to fit a profile to experimentally gathered data, using
both structural and instrument parameters to create the best fit (Figure 2.5). Using this
technique, parameters such as unit cell dimensions and relative amounts of different
crystalline materials can be determined. To perform Reitveld refinement, one must estimate
and refine three parameters: instrumental parameters which contribute to the peak intensity,
unit cell dimensions which control the peak position, and atomic content and coordination
data which contributes to the peak shape. After a background is fit to the experimental data,
the least squares method is used to determine these three parameters using a combination
of Gaussian and LaGrangian models. This dissertation uses the GSAS-II crystallography

data analysis software to perform Reitveld refinement.
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Figure 2.5. Example of Reitveld refinement profile fit to powder diffraction pattern.

2.3 Raman Spectroscopy

Materials characterization was also carried out using Raman spectroscopy, which
provides information on the molecular vibrations between bonded atoms. This vibrational
signature can be used to identify which bonds are present in a molecule, which gives
characteristic identification information about a specific substance. Raman spectroscopy
works on the principle of the Raman effect, which is a quantum mechanical phenomenon
wherein photons interacting with a molecule cause the molecule to jump to a higher energy
state via a polarization of the molecular electron cloud. Upon relaxing in this higher
vibrational energy level, the molecule will produce a scattered photon with a different

energy than the incident photon. The energy difference of the scattered and incident photon
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is known as the Raman shift, and it can be calculated and plotted on a 2-dimensional graph

(Figure 2.6).
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Figure 2.6. Diagram showing the shifted energy spectrum of photons due to Raman

scattering.

The photons in Raman spectroscopy are generated using a solid-state laser which,
in this dissertation, is transmitted to the sample via fiber optic cables. To eliminate effects
from Rayleigh scattering (when scattering photons have the same energy as incident
photons) or anti-Stokes scattering (when scattering photons have lower energy than
incident photons), both notch filters and holographic gratings must be used. Finally, the
light is captured using a CCD detector which is translated into the Raman spectrum. The
Raman shift provides information about the phonon vibrational mode, from which a
particular bond between two or more atoms can be determined. In this dissertation, Raman
spectroscopy was carried out using a Renishaw inVia Raman/PL Microscope and a 632.8

nm emission line of a HeNe laser.
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2.4 X-Ray Photoelectron Spectroscopy

Surface level materials characterization was carried out using X-ray photoelectron
spectroscopy (XPS). It works through bombarding a substance with AlKa X-rays to ionize
electrons from the material surface. These soft X-rays can only penetrate about 5 nm into
a sample’s depths, and photoelectrons can only escape from ~2 nm below the sample
surface, which makes this characterization technique particularly useful for analyzing a
material surface. As such, this dissertation uses XPS to analyze the formation of an SEI
layer on the surface of a cycled electrolyte or electrode material.

When AlKa X-ray photons (photon energy, hv = 1.5 keV) are fired at an atom, the
electrons in specific bound states are excited to a point where some are emitted entirely
from the atom. These electrons are collected inan electron analyzer and their kinetic energy
(KE) and their intensity (number of photo-ejected electrons vs. time) is measured.
Therefore, the atom has undergone a change in energy from its initial state, Ei, to its final
state, Ef. The work function, ¢, is the minimum energy required to remove an electron
from its orbital.

Using the Einstein equation describing the photoelectric effect (Equation 2.5), the
binding energy (BE) of the of the emitted electron’s orbital can be determined and plotted
on a 2-dimensional graph. Every element except Hand He is associated with its own unique
binding energy peak, and the relative intensity of the peaks give information about how
much of each element is present in the sample. Molecular bonding where two or more
atoms are bonded to each other will affect the electron orbitals of a particular atom. This
will be represented as a shift in binding energy, making XPS a powerful tool which is able

to distinguish between different molecular configurations of a given atom.
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KE = hv—BE — ¢ Eg. 2.5

Another consideration is spin orbital splitting. (Figure 2.7). When the emitted
electron comes from an orbital level greater than s, there exists two possible states with
different binding energies which results in doublet peaks. This is represented using the
nomenclature nl;, where n is the orbital or principle quantum number, I is the orbital angular
momentum number (s=0,p =1,d =2, f=3), and j is the total angular momentum number,
equal to | + %. The ratios of the areas of the two doublet peaks will be fixed, with p ratios
being 2:1, d being 3:2, and f being 4:3, owing to the degeneracy ratios of the two spin-
orbital split energy levels. This information is used when fitting spectra in order to

determine relative amounts of the atoms and molecules present in a given sample.
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Figure 2.7. An example of spin orbital splitting in the S 2p spectrum.
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2.5 Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy
Morphological evaluation of synthesized materials was performed using scanning
electron microscopy (SEM). SEM images can be taken on the micron to nanometer scale
and are used to determine morphology and topology of a sample. An electron beam with a
voltage of 1-40 kV passes through an anode, and then through a series of focusing lenses
and apertures which fires it towards the sample where its kinetic energy will interact with
the material’s electrons (Figure 2.8). This interaction causes the sample’s electrons to
reflect and scatter, producing several different types of signals which can be used to create
the image. Detectors which can differentiate between secondary electrons, backscattered

electrons, and X-rays then collect the resultant particles emitted from the sample.
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Figure 2.8. Schematic representation of a scanning electron microscope.
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Secondary electrons are emitted near the surface of the sample and are responsible
for representing the topology and morphology of the material as an image. They are the
result of interaction of the electron beam with the sample, and as such only represent the
electrons near the surface regions. The difference in number of emitted secondary electrons
between different hills and valleys of the sample is the core concept used to develop an
image of the sample, where higher regions will reflect more electrons back while lower
regions will reflect less. This information can be translated to provide a detailed
morphological image of the sample’s surface. Backscattered electrons, which result from
the interaction of scattered electrons with atoms, have more energy than secondary
electrons. These electrons provide useful information detailing the sample’s composition,
crystallography, and topography.

Energy dispersive X-ray spectroscopy (EDS) can be used to determine the
elemental composition of the analyzed sample. EDS works on the principle of Moseley’s
Law, which states that when X-rays bombard an atom, there is a correlation between the
frequency of the ejected electron and the atomic number of the atom. After a core electron
Is ejected, higher energy electrons will relax into the lower position, which releases a
signature amount of energy for each element.

Using this technique, EDS can provide useful information concerning which
elements are present in the sample and the relative proportions of said elements. The beam
is applied using a raster scan over the entirety of the sample, which can produce of
elemental distribution maps which can differentiate the relative position of each element
in the sample. This allows for analysis of the homogeneity of synthesized materials, a key

consideration for the synthesis of solvent-based solid electrolytes.
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2.6 Electronic Impedance Spectroscopy

lonic conductivities of the synthesized solid electrolyte powders were calculated
using electronic impedance spectroscopy (EIS), also known as alternating current
impedance spectroscopy. Using this technique, the contributions of both grain boundary
and bulk resistances can be separated and used to find the ionic conductivity of the solid
electrolyte sample. To execute the test, a solid ion conductor is sandwiched between two
conductive electrodes of carbon-coated aluminum and is subjected to an oscillating
voltage, as seen in Equation 2.6,
E(t) = |E| sin(wt) Eq. 2.6
where |E| is the voltage signal amplitude, and w = 2mf. The measured response is an
oscillating current, as seen in Equation 2.7,
I(t) = |I|sin(wt + 0) Eq. 2.7
where @ accounts for a phase shift due to capacitance and inductance. The impedance is

then calculated using Ohm’s law, Equation 2.8.

_E® _ |E| sin(wt)
T 1| sin(wt+6)

Eqg. 2.8
Using Euler’s formula, Equation 2.8 can be rewritten using complex numbers (Equation
2.9).

E=1Z=1|Z|e/? Eq. 2.9
where j =+/—1. It can then be seen from Equation 2.9 that the impedance can be
expressed as a ratio of an oscillating voltage to an oscillating current. This impedance can

be graphically represented by on a Cartesian complex plane by breaking Z into both real

and imaginary parts (Equation 2.10).
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Z=27+jz" Eq. 2.10
A Nyquist plot is a graph of the real and imaginary parts of the impedance occurringas an
oscillating voltage is applied across the cell over a range of different frequency values. For
EIS tests run in this dissertation, an excitation voltage of 100 mV is applied over a
frequency range from 100 mHz to 5 MHz, with the high frequency values being represented

in the lower left-hand portion of the plot and the low frequency values being represented

in the upper right-hand portion (Figure 2.9).
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Figure 2.9. A representation of a Nyquist plot, which shows the real and imaginary

impedance values over a range of different frequency values.

As can be seen from the graph, the typical shape produced from EIS when testing
an ion conductor is a semicircle. This plot provides useful information about the resistance
of the solid electrolyte pellet, as well as information about the interfacial resistance
between the electrolyte and any electrodes of interest. The bulk resistance of the material

occurs inthe high frequency region of the graph, the grain boundary regions are represented
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in the medium frequency region, and the low frequency region tail represents the
pellet/electrode interface region.

In the above graph, there was not sufficient resolution to accurately plot the bulk
resistance semicircle with the provided instruments (BioLogic SP300 potentiostat). Bulk
resistance can instead be estimated by simulating an equivalent circuit model to the grain
boundary resistance semicircle, which in this case is a resistor in series with a parallel

resistor and a constant phase element capacitor (Z,Q,(jw)™ = 1, where Q is the real-world

representation of the capacitor and n is the constant phase, (=90 x n)°).

An accurate equivalent circuit model fitting allows for the separation of bulk and
grain boundary contributions to the resistance, and the total resistance can be calculated by
summing these two values. Once found, the total ionic conductivity of the solid electrolyte

pellet can be calculated using Equation 2.11,

o =L Eq. 2.11

R-A
where ¢ is the ionic conductivity in S cm™, L is the thickness of the pellet, A is the cross-

sectional area, and R is the total resistance of the ion conductor.

Logo (Scm™)
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Figure 2.10. An Arrhenius plot showing a slope equal to the activation energy, —E,, over

the gas constant, R.
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In addition to ionic conductivity measurements, temperature-dependent EIS tests
can be used to determine the activation energy associated with ion transport through the
solid electrolyte. This is achieved through the application of the Arrhenius Law, which
states that the natural log of the rate constant of a reaction is a function of the inverse of
the temperature. The Arrhenius law is shown in Equation 2.12,

k = Ae~Fa/RT Eq. 2.12
where k is the rate constant, A is the pre-exponential factor, R is the gas constant, T is the
temperature, and E, is the activation energy. In a given reaction, a higher temperature
means that more molecules have sufficient energy to cross over the activation energy
barrier, which results in a higher rate constant. If a reaction obeys the Arrhenius law, a plot

of the natural log of the rate constant versus the inverse of temperature will result in a

straight line with a slope of _Ea/R and a y-intercept of In A (Figure 2.10). Using this

information, a value for the activationenergy can be determined.

2.7 Cyclic Voltammetry

Short-term thermodynamic and chemical stability of redox reactions during cell
cycling were determined using cyclic voltammetry (CV). A cell used for CV testing
consists of a working electrode, a reference/counter electrode, and an ion conductor
between them. In this dissertation, these parts are stainless steel (SS), lithium metal, and
argyrodite solid electrolyte, respectively. Using this technique, the redox reactivity of Li
metal with sulfide solid electrolytes can be determined over a range of different voltage
values. CV tests use a potentiostat to linearly sweep a potential between the reference and

working electrodes. Upon reaching the upper limit of a preset voltage range, the sweep will
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reverse until the lower limit is reached, after which the cycle is repeated. During this
process, the current is recorded as a function of the voltage, which is plotted to create a

voltammogram (Figure 2.11).
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Figure 2.11. An example of a typical voltammogram collected from a Li|SE|SS cell.

CV scans in this work are scanned in a potential window from -0.5 to 5.0 V (vs
Li*/Li) at a scan rate of 50 mV s. Because of the low potential of Li, redox peaks are
centered around V = 0, with oxidation peaks (Li — Li* + e’ occurring when V > 0 and
reduction peaks (Li* + e — Li) occurring when V < 0. During reduction, Li metal is
plated onto the working electrode, whereas reversible lithium dissolution occurs
during oxidation. Because battery cells are often cycled up to 4 to 5V, itis desirable

to determine whether Li metal shows adverse reactions at these high potentials. In
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Figure 2.11, the lack of prominent peaks from 0.5 to 5.0 V indicates good

electrochemical stability between the lithium anode and the solid electrolyte.

2.8 Symmetric Cell Cycling

Electrochemical stability between lithium metal and the sulfide solid electrolyte
was also determined through symmetric cell cycling. Symmetric cells use the same material
(Li metal) as both the positive and negative electrode, resulting in an average voltage of
zero volts. These cells cannot work as practical batteries, but they can provide useful
information regarding the electrochemical reactions taking place at the
electrode/electrolyte interface over many cycles.

Symmetric cells are cycled using the application of a constant current density,
forcing lithium stripping from one of the electrodes and lithium plating on the others. By
specifying a time period for cycling, the areal specific capacity can be determined. The
graph generated from symmetric cell data displays a plot of voltage vs time. From this
graph, much useful information can be determined. In accordance with Ohm’s law, voltage
is directly proportional to resistance, and so a sudden increase or spike in potential
translates toan increase in interfacial resistance between the electrode and electrolyte. This
phenomenon is most likely attributable to redox reactions which occur during cycling.
Likewise, a sudden drop in potential to near zero indicates a similar drop in resistance
across the cell. This data can be interpreted as the propagation of lithium dendrites having
caused a short circuitevent (Figure 2.12).

Symmetric cell data is especially useful if paired with either EIS or XPS testing to
confirm resistance changes, or to determine the exact decomposition products from the

cycling reactions. Ideal Li symmetric cell data should have a consistent voltage with a flat
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profile over a long period of time, which indicates the successful stripping and plating of

lithium metal with no side reactions and no dendrite propagation.
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Figure 2.12. Li symmetric cell showing a short circuit event indicated by a sudden drop

in potential.

2.9 Full Cell Battery Testing

Battery cycling tests were conducted by applying galvanostatic cycling techniques
to a full cell battery consisting of a cathode, a lithium metal anode, and a solid electrolyte
separator. Many cathode materials exist which are commonly used in today’s commercial
batteries, including LiCoO,, LiMn,Q4, and LiFePO, (LFP).1'" Nickel-based chemistries
such as LiNiggC0o.15Alg 0502 (NCA) or LiNiixyMnyCoyO, (NMC) have been especially
popular options in electric vehicles due to their high energy density.!® The presence of

cobalt in nickel-based cells raises concerns over the price of the element and due to the
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human rights issues associated with its mining. As such, it is desirable to explore different
cathode options for SSBs.

LFP chemistries are the second most popular cathode in today’s EVs. Iron is both
cheap and abundant, and LFP possesses an energy density comparable to NMC. In
addition, LFP has been shown to be stable with sulfide materials up to 4 V. These traits
make it the perfect candidate for use in a solid-state battery. Another intriguing cathode
option is Li4TisO12 (LTO), which is ordinarily employed as an anode material due to its
relatively low voltage (~2.5 V vs Li*/Li). However, the extremely low voltage of a lithium
metal anode makes LTO a viable cathode option as well, though its energy density will be
inherently lower than that of LFP. LTO chemistries are noted for their exceptional chemical
stability and high degree of safety. As such, the two cathode chemistries used in this
dissertation are commercially purchased LFP (Alfa Aesar) and LTO (Alfa Aesar).

Cathode preparation begins with the mechanical mixing of 160 mg of cathode
active material and 20 mg of electronically conductive Super P carbon. These materials are
mixed by hand ina mortar and pestle for 30 minutes. Following this, a solution of 50 mg/ml
PVDF binder in N-methylpyrrolidone (NMP) solvent is added to the mixture to create a
smooth slurry. This slurry is transferred to a sheet of aluminum foil and coated on the
surface with a thickness of 15 mm. The thin film is then dried at 80 °C overnight before
being hole punched into a circle with a diameter of 0.45 cm and an area of 0.64 cm?.

Battery assembly takes place inside the glovebox to avoid H,S formation and Li
metal oxidation. The assembled coin cell consists of an anode side, a spring, a stainless-
steel plate, the Li metal anode, the cold-pressed solid electrolyte pellet, the cathode, and

the cathode side (Figure 2.13). To overcome the solid-to-solid contact at the
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electrode/electrolyte layer, one approach used for interface modification isthe application
of trace amounts (< 15 pL) of either liquid electrolyte (propylene carbonate, PC) or ionic
liquid (N-methyl-N-alkylpyrrolidinium, PYR) with LiTFSI salt added as an interlayer.
Similarly, polymer solid electrolytes were soaked in different ratios of PYR to DOL (1,3-
dioxolane) to reduce the liquid viscosity and ensure absorption by the PVDF-HFP polymer
matrix. Once assembled, the coin cells are crimped using an MSK-110 Hydraulic Crimping

Machine and pressed to a pressure of 50 kg/cm?.
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Figure 2.13. Schematic representation of an assembled full battery coin cell.

Galvanostatic cycling was conducted using a Neware Battery Testing System.
Before cycling, the battery cells were rested for 8 hours to let any passive interfacial
reactions develop. The C-rate (also known as the charge rate) determines how quickly a
battery will be fully charged, with 1C meaning the cell will reach full charge in 1 h, 2C
will reach full charge in 0.5 h, and C/2 will reach full charge in 2 h. The applied current is
calculated based on the amount of cathode active material in the cell and the theoretical

specific capacity of the cathode chemistry. The theoretical capacity value of LFP is 170
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mAh g?, and the theoretical capacity value of LTO 175 mAh g*. Assuming that 80% of
the cathode mass is active material, and accounting for the mass of the aluminum foil the
coating is on, the applied current can be calculated using Equation 2.13.

1C = (mcathode - mfoil)(0.8)(theoretical capacity) Eq. 2.13
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CHAPTER 3

PROPERTIES AND PERFORMANCE OF SOLVENT-SYNTHESIZED
ARGYRODITES Li7PSg AND LigPSsX (X = Cl, BI, 1) SOLID ELECTROLYTE*3119

3.1 Introduction

When compared with traditional liquid-based batteries, all-solid-state batteries
(ASSBs), using solid-state superionic conductors to replace the liquid electrolytes, are
expected to show improved safety, increased energy density, and a wide operating
temperature range.2°-122 These advantages enable ASSBs to be considered one of the most
promising candidates for middle- or large-scale energy storage systems that requires high
energy density and safety. In the ASSB structure, the solid electrolyte is an indispensable
component and plays a crucial role in the solid-state battery performance. An ideal solid
electrolyte should exhibit an ionic conductivity above 104 S cm™ at room temperature, a
large electrochemical stability window, and good stability against electrodes, especially a
metallic Li anode. In addition, the production cost is an important factor which must be
considered.

Lithium argyrodites, including pure lithium argyrodites (LizPSs), halogen-anion-
doped lithium argyrodites (LigPSsX, X= Cl, Br, or 1),124-126 and cation-substituted lithium
argyrodites,*?’12% are noted amongst solid electrolyte candidates for their unusually high
ionic conductivity, up to 102 S cm™. Pure lithium argyrodite (Li-PSe) can exist in one of
two phases, either a high temperature (HT) phase or a low temperature orthorhombic phase
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(LT). It is desirable to synthesize a stable HT phase due to its higher ionic conductivity
values (0.7-1.0 x 10-3 S cm-1).130

For lithium argyrodite materials, solid-state reactions are the dominant synthesis
method used to produce pure phase and crystalline solid electrolytes,60:124131-134 which
show impressive ionic conductivities (0.1-10 mS cm™). However, such a synthetic
approach strictly requires extensive ball-milling time and high temperature (>500 °C) heat
treatment, thereby increasing the difficulty of their practical applicationsin ASSBs.

On the other hand, a solvent-based synthesis method, utilizing a solvent as the
reaction medium, has been reported to synthesize some sulfide solid electrolytes such as
LisPSs and Li;P3Sy3, etc.513%-141 | jang et al. used THF and ACN solvents to obtain p-
LisPS, crystallites with an ionic conductivity of 1.6 x 10* S cm™ at RT.13%13¢ Similar
results have been achieved using ethyl propionate!42 or ethyl acetate.*® Likewise, LizP3S11
has been synthesized from solvent processes using both ACN° and 1,2-dimethoxyethane
(DME).**! In comparison, the synthesis of Li;PSe soldi electrolyte from a liquid synthesis
is undeveloped. Moreover, the liquid approaches detailed above all require toxic and
expensive solvents such as ACN or THF. For large-scale synthesis, inexpensive and less

toxic solvents would be more ideal.

Solvent-synthesis methods have also been reported for halogen-anion-doped
lithium argyrodites. Nazar et al. prepared LisPSsX compounds (i.e. LisPSsClosBros) from
LisPS4-3THF, Li.S, and LiX (X = CI, Br) in mixed solvents (THF and ethanol) ©%.
Tatsumisago et al. produced LigPSsBr through THF suspension containing an

LisPS,4 precursor mixed with Li,S and LiBr.%® These findings suggest that solvent-based
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synthesis methods provide a feasible approach to achieve compositional flexibility for
lithium argyrodites.

In comparison with pure LizPSg, LisPSsX argyrodites with halogen anions (X=Cl,
Br, 1) replacing S? possess different crystal structures and properties. First, as opposed to
the tetragonal phase displayed by Li;PSs, LisPSsX argyrodites are characterized by a cubic
phase at room temperature.'3° In addition, halogen anions lead to structural disorder and
lattice polarization, thereby influencing ion diffusion mechanisms and Li-ion
conductivity.58143 Recently, Adeli et al. 7 employed a solid-state synthesis method to
produce LissPSs5Clis and found that increasing halide content increased the Li-ion
mobility in argyrodite structure. On this basis, halide doped lithium argyrodites such as
LigPSsCl and LisPSsBr have been tested for their applications in ASSBs using different
electrode materials.5%1441% Despite these important and interesting findings, LisPSsX
argyrodites are mostly synthesized from high temperature solid-state reactions.
Additionally, the effect of halide doping on solvent synthesized LigPSsX argyrodites has
not yet been explored.

In this chapter, for the first time, both pure phase Li7PSe and halide doped LigPSsX
(X= ClI, Br, 1) solid electrolytes were synthesized via an ethanol-based method, and the
effects of halogen anion doping on the crystal structure, ionic conductivity, and
electrochemical stability of the argyrodite electrolytes were investigated. Following a low
temperature (200 °C) heat treatment, LisPSsCl exhibited the highest ionic conductivity of
0.34 mS cm at room temperature, followed by LisPSsBr (0.31 mS cm?), while LigPSsl
showed the worst conductivity. In addition, liquid synthesized LisPSsX (X=Cl, Br, 1) solid

electrolytes presented good electrochemical stability with Li metal. The solvent-based
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synthesis method is a feasible method to precisely control the composition of lithium
argyrodites and provides the possibility to obtain better Li-ion conducting argyrodites for

future applicationsin ASSBs.

3.2 Methods

3.2.1 Materials Synthesis

The precursor LisPSs was prepared using similar methods as described by Liang
and Wang et al.5*13% In brief, the Li,S and P,Ss precursors were dissolved in a solvent
(acetonitrile, ACN or tetrahydrofuran, THF), stirred for 8 hours at RT and then filtrated.
The obtained white powder was then dried at 80 °C, followed by low temperature heat
treatment (200 °C when ACN was the solvent, or 140 °C when THF was the solvent) under
vacuum. The obtained LizPSs material was used for further reactions. A stoichiometric
mixture of Li,S, LisPSs and LiX (X=ClI, Br, I) was fully dissolved in a small quantity of
anhydrous ethanol in argon atmosphere. Afterwards, the solvent was evaporated at 90°C
under vacuum to obtain a white precipitate before heat treating at 200°C to produce the
final product: LisPSsX (X= Cl, Br, I) (Figure 3.1). The synthesis reactions are described

in Equations 3.1-3.4.

LizPS, + 2Li,S — Li,PS, Eq. 3.1
LiCl + LisPS, + Li,S — LigPSsCl Eq. 3.2
LiBr + LisPS, + Li,S — LiPS<Br Eqg. 3.3
Lil + LizPS, + Li,S — LigPScl Eq. 3.4
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Figure 3.1. Schematic of the synthesis of LizPSe in ethanol solvent.

3.2.2 Structural and Morphological Investigation

The phase composition and crystal structure were examined using X-ray diffraction
(Bruker D8 Discover) with nickel-filtered Cu-Ka radiation (A = 1.5418 A). The crystallite
size was analysed using the Scherrer equation. The Raman spectra were collected by
Renishaw in Via Raman/PL Microscope with a 632.8 nm emission line of a HeNe
laser. TESCAN Vega3 scanning electron microscope (SEM) was used to study the
morphology of samples.

3.2.3 Electrochemical Characterizations

Electrochemical impedance spectroscopy (EIS) was performed to measure the ionic
conductivities of solid electrolyte samples in the frequency range from 1 MHz to 100 mHz
with an amplitude of 100 mV using a Bio-Logic SP300. The powder samples were cold-
pressed to dense pellets (1/2” diameter and 0.6 mm thickness) with C/Al foil on each side,
then the sandwich structure was loaded in Swagelok Cells for EIS measurement. In
addition, temperature dependent spectra were recorded from RT to 120 °C to obtain
Arrhenius plots. Swagelok cells were also used to complete cyclic voltammetry (CV) and

cycling performance measurements. For CV testing, Li/SE/Pt cells were scanned at 50 mV
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st rate between -0.5 and 5 V vs Li/Li* at room temperature. For symmetric cell cycling,
the Li/SE/Li symmetric cells were assembled and cycled on a battery system (Bio-Logic
VSP) under various current densities (0.02, 0.03, 0.05, 0.1 mA cm2). All the materials

handling, and cell preparations took place in a Glovebox under an argon atmosphere.

3.3 Results and Discussion

3.3.1 Structure and Characterization of Li;PSe from Liquid Approach

The most common approach for Li;PSg synthesis is through a solid-state reaction
of Li»S with P,Ss at 550 °C for anywhere from several hours to multiple days.>®*?# Liquid
synthesis is more appealing, but there are concerns regarding the stability of precursorsin
asolvent. P,Ss, for example, can react with ethanol to form dialkyldithiophosphoric acid.**
Regardless, this section focuses on the synthesis of LizPSg SE from a simple solvent-based
method by reacting LizPSs and Li,S in anhydrous ethanol followed by heat treatment at
200 °C.

X-ray diffraction (XRD) was employed for characterization of the synthesized
powder (Figure 3.2). Diffraction patterns reveal three primary peaks at 26 = 25.5, 30, and
31.2°, corresponding to (220), (311), and (222) planes in the cubic HT-phase of Li7PSg
(space group F43m). These characteristic diffraction peaks are in good agreement with
XRD patterns from the literature.*®%! It is also encouraging that the HT cubic phase is
present in a stable form from the solvent-based synthesis, as this phase possesses much
faster ion-transport abilities than the LT-orthorhombic structure.®® Indeed, this seems to be
a primary benefit of liquid-based synthesis, as previous reports suggest that solvent

synthesis of LisPS, stabilized at B-phase at room temperature as opposed to y-phase.>11%
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This high degree of stability is attributed to favorable interactions between ethanol solvent
and precursors (Li2S and LisPSs). During solid-state reactions, a high temperature and
longer times are needed for crystal nucleation and Li ion reorganization. In contrast, during
solvent-based synthesis, the liquid medium allows for the free movement of solvatedions,
thus facilitating LizPSe formation. The unit cell parameter length of HT cubic Li7PSs was
found to be 9.88 A, which is in good agreement with previous reports.®¢152 Using the

Scherrer equation, the crystal size was estimated to be 34 nm.
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Figure 3.2. Comparison of XRD patterns of LizPSe crystalline (space group F43m,
dashed linesis index from ICCD #00-034-0688) and the B-Li3PS4 phase (space group

Pnma, a=12.997 A, b =8.081 A, ¢ =6.143 A, ICCD #01-076-0973).

Figure 3.2 shows XRD patterns for the synthesized Li;PSs and B-LizPSa. Li7PSe
material displays high phase purity without no observable peaks attributed to either Li,S

or B-LisPS. To further test the viability of the solvent-based process, Li7PSs was
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synthesized using LisPS, made from different methods. Figure 3.3 shows the diffraction
peaks from B-LizPSs made using ACN as the solvent medium. Li7PSe was made using
LisPSs precursor prepared using ball milling. In addition to this, unevaporated

LisPS4-(ACN), complex was tested as a precursor material (Figure 3.3).

@11) _ -
(220) - LI7PSS (from LI3PS4(ACN))

(111) (422)  (440)
(200) (511)

Li,PS, (from Li,PS,)

Intensity (arb.u.)
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Figure 3.3. XRD patterns of Li;PSe solid electrolyte using different precursors: LizPS4

and LisPSs-(ACN), complex.

The Raman spectra of solvent-synthesized Li;PSs and B-LisPSs precursor are
shown in Figure 3.4. A primary peak for LizPSg can be observed at 421.6 cm?, which is
attributed to the symmetric stretching vibrational mode of (PS,;)3~ (ortho-thiophosphate)
group.®® In addition, secondary peak at 497.2 cm™ and 570 cm™ is attributed to the
asymmetric vibrational modes of the (PS4)*- tetrahedra. This is in good agreement with
previous reports.®®1° Raman spectrum of LisPS, also exhibit a primary peak at 421.1 cm~

L which again is attributed to the vibrational mode of (PS4)®-, with two minor peaks at 530.2
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and 568.5 cm~! attributed to additional asymmetric (PS4)3~ vibrational modes.5159142.1% No
peaks from Li-S interactions are present due to the strong ionic bonds between S?~and Li*
ions. Notably, the LizPS4 spectrum reveals a minor peak at 387.6 cm~t which corresponds
to the (P2Sg)* (P—P bond) vibrational mode.*>3 This is explained by the presence of a trace
amount of LisP,Se. However, after synthesizing Li7PSe this peak disappears, further

confirming the high degree purity from the solvent-based synthesis.

Intensity (a.u.)
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Figure 3.4. Raman spectra of LizPSs and LizPSs showing the dominant peak from the

vibrational mode of the (PS4)* group.

3.3.2 Revealing the Formation Mechanism from Structural Studies

To better understand the reaction mechanism of the solvent-based synthesis, Li;PSg
was examined at different stages of the synthesis process. Following ethanol evaporation
at 90 °C, the powder was collected and analyzed using XRD. Even prior to the 200 °C heat
treatment, the cubic phase of Li7PSe was present, indicating that the reaction happens at

room temperature. The XRD patterns (Figure 3.5) showed that the Li;PSe pure phase exists
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in the intermediate product, indicating that this synthetic reaction in fact happens at room
temperature. Unfortunately, the ionic conductivity of this pre-heat-treated material is very
low (10" S cm™?). Unlike the complexes observed in the formation of LisPS, in ACN or
THF,>1135 the pure phase of Li;PSg indicates that this material does not form a similar

complex with ethanol.

cubic Li,PS;

(311)
(220)

Intensity

(222)

(110)
(200)

Figure 3.5. XRD patterns of Li;PSe obtained from ethanol evaporationat 90 °C.

In addition, the dissolution and reprecipitation of the LisPS4 precursor in ethanol
solvent was investigated using XRD and Raman spectroscopy. After acquiring the solvent-
synthesized B-LisPSa, it was re-dissolved in ethanol and subsequently dried at 80 °C to
collect the reprecipitated sample. This reprecipitated sample shows no clear signs of
crystalline LisPS4 in its XRD patterns, with an unknown phase present instead (Figure
3.6). Upon heat treating the reprecipitated sample at 200 °C, an amorphous crystalline
phase is observed, suggesting that LisPSs alone is not sufficient to synthesize Li7PSe.

Raman spectra of the reprecipitated sample further reveals the structural changes due to
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ethanol dissolution, as the characteristic peak for the (PS;)3 tetrahedraat ~420 cm™ is not

present (Figure 3.7).
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Figure 3.6. XRD patterns of re-precipitated LizPS4 sample from ethanol that dried at 80
°C (unknown crystal structure) and was heated at 200 °C (amorphization). Reference

patterns of LisPSs and LisPSs:(ACN),

Li,PS, (from EtOH)
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Figure 3.7. Raman spectra of liquid synthesized Li;PSs from EtOH, re-precipitated

LisPS, from EtOH, and LisPS,4 precursor.
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3.3.3 Characterization of LigPSsX (X = CI, Br, I) from Liquid Approach

For LigPSsX (where X=CI, Br or I) synthesis, stoichiometric mixtures of LizPSa,
Li,S and LiX (where X=ClI, Br or I) were dissolved in anhydrous ethanol, stirred, and heat
treated at 200°C, yielding white powders for halide doped lithium argyrodites. As shown
in XRD patterns (Figure 3.8), the as-synthesized final products were identified as
LigPSsCl, LigPSsBr, and LisPSsl, corresponding to LiCl, LiBr and Lil reactants,
respectively. Similar to pure Li7PSs, all halide-doped samples display sharp peaks at 26 ~
25.5°, 30°, 31.2°, attributing to (220), (311), and (222) planes in cubic phase (space group
F-43m), but with a slight peak shift due to the subtle change on unit cell parameters. Table
3.1 displaysthe set of unit cell parameters, crystal sizes, and ionic radii of halide and sulfide

anions for Li;PSg and LigPSsX materials.

ﬂ LisPSsl Mqﬁ
A L4 ) LiePSsBr
i A LisPSsCl

.
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Figure 3.8. XRD patterns of LizPSs and LisPSsX (X = Cl, Br, 1) lithium argyrodites
through liquid-based synthesis approach. Pink dash lines refer to standard diffraction

peaks for LisPSsX.
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The lattice parameter a decreases from 9.88 A for Li-PSs to 9.84 A for LisPSsCl

and then increasesto 9.89 A for LigPSsBr and 9.95 A for LigPSsl. This trend is consistent

with the ion's radius variations, due to Cl- (167 pm) < S*(170 pm) <Br- (182 pm) <I- (206

pm). Larger anions (Br-and I") lead to the expansion of the lattice parameter in the cubic

structure. This observation fits well with the trend of solid-state synthesized LigPSsX

materials.12414% |In addition, due to the use of ethanol solvent to facilitate the chemical

reactions, solvent-based synthesis of LisPSsX samples needs only 2 hours, much shorter

than solid-state approaches which not only require ball-milling for several hours,*241551%3

but must also use longer heating/cooling processes for full crystallization 124155:131.133.56

Table 3.1. The crystal structure parameters, ionic radius, Raman data of Li;PSs and

LigPSsX lithium argyrodite samples.

Sample Crystal Unite Cell Ionic Raman FWHM
size (nm) Parameter (A) Radius Shift (em™)
(pm) (em™)

Li;PSg 34 9.88 (s*)170 4215 10.7

LigPSsCl 45 9.84 (Cl17) 167 451.5/ 10.7/16
392.6

LigPSsBr 39 9.89 (Br) 182 423.3/ 9/12
388.8

LigPSslI 32 9.95 (I) 206 422.7/ 11.6/17
390.1

Raman spectra (Figure 3.9) of LigPSsX samples (LisPSsCl, LigPSsBr, and LigPSsl),

were collected and compared with that of pure Li7PSs. All three LisPSsX samples show

strong lines in the range of 422-425 cm™ attributing to PS,* ion vibration 860:137.154.156 gng

minor lines at about 390 cm™*. These peak positions are consistent with previous Raman
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data for LigPSsX materials from solid-state reactions.53125:130.144157 The exact line positions
and their full width at half maximum (FWHM) values are given in Table 3.1. The Raman
shift of PS,% ion vibration decreases as the argyrodite unit cell increases. The minor line

mode can correspond to a trace of LisP,Se and its P,Se* vibrational mode, 53156

PS;

LigPSs!

LigPSsBr
, LigPSsCl
Li,PSg
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Raman shift (cm™)

Intensity (arb.u.)

Figure 3.9. Raman patterns of Li;PSe and LicPSsX (X = CI, Br, 1) lithium argyrodites

through liquid-based synthesis approach.

3.3.4 Morphological Evaluation of Synthesized Argyrodites

The different morphologies of the LisPS4 precursor and LizPSg were analyzed using
SEM (Figure 3.10). For the LisPSs sample prepared from ACN, an interesting flakelike
morphology is observed (Figure 3.10a) which is in agreement with a previous report.'%®
Solvent-synthesized LizPSs displays a granular morphology with individual particles of
~100 nm-1 pum in diameter (Figure 3.10b). This difference in morphology can be
explained due to the unique interactions with the different solvents. For example, when
LisPSsisdissolved in ethanol and reprecipitated, a similar granular morphology is observed

(Figure 3.11). Thischanges in LisPSs morphology based on the solvent used is in line with
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previous reports.>1135136 The EDX mappings of the LisPSs precursor and the Li;PSe
product are shown in Figure 3.10c-f. The homogenous distribution of the P and S atoms

reveals the effectiveness of the solvent synthesis technique.

Figure 3.10. SEM images of (a) LizPSe product and (b) LisPS4 precursor. EDX maps of P
and S elementsin (c), (d) liquid synthesized Li7PSs product and (e), (f) LisPS4 precursor.

Both samples show elemental homogeneity.
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Figure 3.11. SEM images of Li3PS, sample (a) after dissolutionand (b) re-precipitation

in ethanol. The morphology is different than the original LisPS4 nanoflakes.

{0

)
v

Figure 3.12. SEM images of (a) Li7PSs, (b) LisPSsCl, (c) LisPSsBr, and (d) LisPSsl

electrolytes prepared from liquid-based synthesis.
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For the halogen doped argyrodite materials, SEM images (Figure 3.12) display
similar granular nanosized morphologies of LisPSsX materials synthesized from the
reactions of LisPSa, Li2S, and LiX in ethanol solvent (agglomerated particles of about 500
nm in size). In addition, EDX maps (Figure 3.13) show uniform distribution of P, S, and
X (CI, Br, and I) atoms, again suggesting the homogeneity of LisPSsX materials from

solvent-based synthesis method.

S

Li,PS:Br LisPSCl

Li,PS|

Figure 3.13. EDX maps of LisPSsX (X=CI, Br and I) electrolytes prepared form liquid-

based synthesis indicating the elemental homogeneity of samples.
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3.3.5 lonic Conductivity and Electrochemical Stability Measurements

The ionic conductivity and activation energy of cubic Li7PSs was determined using
electronic impedance spectroscopy (EIS). For testing, the synthesized SE powder was cold
pressed with Al/C foils on each side to form a dense pellet. It was found that solvent-
synthesized Li;PSes has an ionic conductivity of 0.11 mS cm* at room temperature (Figure
3.14). In addition, temperature dependent EIS tests were run to create Arrhenius plots.
From these, the activation energy of Li;PSs was determined to be 0.43 eV, close to the
value of LisPSs (0.36 eV). This number is in line with values of LizPSg and LigPSsCl
materials made using solid-state synthesis methods (0.3-0.48 eV).1¥6:147 Increasing
temperatures also increases ionic conductivity, with this effect being more pronounced
with LizPSe than LisPS4. For example, at 90 °C Li7PSg has an ionic conductivity of 1.5 x
103 S cm compared with 1.0 x 103 S cm™ for Li3PS,. This trend of lower ionic resistance

can be observed in the Nyquist plots of LizPSe and B-LisPS4 (Figure 3.15).

27 28 29 30 31 32 33
1000/T (K
Figure 3.14. Arrhenius plots of LizPSg from ethanol and B-Li3PSs from ACN (1.5 x 103

S cm*for LizPSg and 1 x 102 S cm™* for Li3PS, at 90 °C).
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Figure 3.15. Nyquist plots of Li7PSe product and B-LizPS4 precursor under different

temperatures (30 °C, 60 °C, and 90 °C).

The Li-ion conductivities of halogen-doped LisPSsX (X= ClI, Br, and I) argyrodites
were also evaluated through EIS measurements. The room temperature conductivities of
LisPSsCl and LigPSsBr materials are 0.34 mS cm™ and 0.31 mS cm?, respectively, both of
which are higher than that of pure LizPSe (0.11 mS cm). The faster Li-ion mobility in
LigPSsCl and LisPSsBr is closely related to defects and lattice site disorders that resulted
from the ion replacement of S with CI- (or Br’) 58143 This observation is consistent with
the trend for LigPSsCl and LisPSsBr materials synthesised from high temperature (550 °C)
solid-state reactions 34143148 Although the ionic conductivities of liquid-synthesized
LigPSsCl and LisPSsBr are relatively lower than those of solid-synthesized argyrodites,
some recent reports (Nazar et al.%® and Tatsumisago et al.®®) had demonstrated that
subsequent heat treatment at 550 °C after solvent-based synthesis could push the room

temperature Li-ion conductivity of LigPSsCl (or LigPSsBr) above 3 mS cm™. On the other
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hand, solvent-synthesized LigPSsI shows the worst ionic conductivity (0.029 mS cm) at
room temperature among all other lithium argyrodites (Li7PSs, LisPSsCl and LisPSsBr),
which is due to the ordering of the larger I- ion on the crystallographic sites in the

argyrodite’s structure %1%,
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Figure 3.16 Arrhenius plots of solvent-based synthesized lithium argyrodites (Li7PSs,
LisPSsCl, LigPSsBr, LisPSsl). LisPSsCl shows the best conductivity of 0.32 mScm™ at

room temperature.

Figure 3.16 shows Arrhenius plots which reflect the temperature dependence of
ionic conductivities for LigPSsX (X=ClI, Br, I) samples and pristine Li;PSe. All materials

show linear relations of ionic conductivity vs temperature, and the slopes are proportional

E
to the activationenergy (Ea) for Li-ion conduction according the equation: o = O'OBR_(;'. The

activation energies of LigPSsCl, LisPSsBr, and LigPSs| are estimated to be 38.57 kJ mol*
(0.399 eV), 40.24 kJ mol* (0.417 eV), and 40.47 kJ mol™* (0.419 eV), respectively, while

the value for Li;PSe is equal to 41.46 kJ mol* (0.430 eV). This comparison indicates that
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introducing halide ions (X=ClI, Br, I) reduces the barrier for Li-ion mobility along the lattice
framework and thus decreases the values of activation energy °¢143, This trend is in good
agreement with lithium argyrodites synthesized from solid-state reactions 124143144159
Among different halogen anions, LisPSsCl exhibits the lowest activation energy (0.399 eV)
and the highest Li-ion conductivity (0.34 m Scm'?).

3.3.6 Electrochemical Stability of Solvent Synthesized Argyrodites

Li- Lit +e
4 OLiPs,
: e Li,PS,

Current (nA)
<

Voltage (V)

Figure 3.17. CV curves of Li7PSg and B-LisPS,4 solid electrolytes with the metallic Li
anode with the Li/SE/Pt cell (at a scan rate of 50 mV s between —0.5 and 5 V vs Li*/Li
at room temperature).

Cyclic voltammogram (CV) was used to investigate the electrochemical stability
between the solvent synthesized Li;PSs and Li metal. A Li/Li;PSe/Pt cell was used, with
Li serving as the reference electrode and Pt serving as the counter electrode. The potential
was scanned from —0.5 to 5.0 V (vs Li*/Li) at a scan rate of 50 mV s™*. For both Li;PSgand
B-LisPS4, a pair of reversible oxidation and reduction peaks is observed at around 0 V (vs

Li+/Li) without any other side reactions (Figure 3.17). Below 0 V, the cathode current is
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attributed to Li depositionon the working electrode (Li* + e~ — Li). Likewise, above 0 V,
the anode current is attributed to lithium dissolution.*?* The only observable difference
between the two is the slightly higher anode current seen in LizPSe. The lack of side
reactions indicates that solvent synthesized Li;PSe possesses a high degree of stability with

Li metal over a wide electrochemical window (up to 5 V).
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Figure 3.18. Cycling performance of the Li/Li7PSe/Li symmetric cell (under current

densities of 20 and 50 pA cm).
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Figure 3.19. Cycling performance of Li/Li-PSe/Lisymmetric cell under current density

of 100 uA cm?.
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The long-term stability of Li;PSe with Li metal was investigated through the testing
of a Li/Li7PSe/Li symmetric cell under various current densities (20, 50, and 100 pA cm™
2) at room temperature. At a low current density of 20 and 50 pA cm?, the cell displays
stable voltage profiles with low overpotential values (Figure 3.18). When this current
density isincreased to 100 uA cm2, rough curves and spikes begin to appear (Figure 3.19).
This unstable profile suggests harmful interfacial reaction between the Li anode and the
Li;PSe solid electrolyte. To confirm, EIS measurements were taken both before and after
cycling. A sharp increase in resistance is observed following symmetric cycling,
confirming an unstable interface (Figure 3.20). Despite this, a clean Li surface was
observed when the cell was disassembled. XRD was run after symmetric cell cycling,

revealing that the Li;PSs phase was well-maintained despite the obvious interfacial

reactions.
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Figure 3.20. EIS comparison of the total impedance for the symmetric cell before and
after cycling. After cycling, the impedance is observed to increase due to the interfacial

reactions between LizPSg and Li anode the during the cycling.
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After the symmetric cell cycling
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Figure 3.21. XRD patterns of LizPSg pellet after being cycled ina symmetric cell

(Li/Li7PSe/Li).

Cyclic voltammetry (CV) was also employed to evaluate the electrochemical
stability of halogen doped LisPSsX (X=Br, Cl, I) materials against Li metal in a voltage
window of 0.5-5.0 vs Li/Li* (Figure 3.22). The assembled cells have a Li/LigPSsX/SS
structure, with Li as the reference/counter electrode and stainless steel (SS) as the working
electrode. For all LisPSsX (X=Br, ClI, I) materials, only one pair of oxidation and reduction
peaks are observed near 0 V vs Li /Li*, attributing to lithium dissolution (Li — Li* + e™)
and lithium deposition (Li* + e~ — Li), respectively. There is no other peak observed up
to 5 V , suggesting good electrochemical stability of LisPSsX (X=Br, Cl, 1) solid

electrolytes against Li metal.
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Figure 3.22. CV curves of solvent-synthesized LisPSsX lithium argyrodites in the range

of -0.5-5.0 V vs Li*/Li
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Figure 3.23. Cycling performance of lithium argyrodite symmetric cells under a current

density of 0.02 ma cm.
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Symmetric cells with Li/LigPSsX/Li structure were assembled to evaluate the long-
term compatibility of liquid synthesized LisPSsX with Li metal at room temperature.
Smooth cycling profiles for these symmetric cells with LigPSsX (X=Br, ClI, 1) as solid
electrolytes are observed in Figure 3.23. In Li/LisPSsX/Li symmetric cells, LisPSsCl
shows the lowest polarization. This is due to the formation of a buffer layer (consisting of
Li,S, LisPSs and LiCl) 49160 which passivates the surface from unlimited interfacial
reactions. For LisPSsl, its increased polarization is resulted from its high bulk resistance

and interface resistance.

3.4 Conclusions

We report a rapid and economic synthesis approach for crystalline Li;PSs solid
electrolyte through a stoichiometric reaction of Li,Sand Li3PS, in ethanol medium. LizPSg
has a room-temperature ionic conductivity of 0.11 ms cm™ at room temperature and 1.5
mS cm at 90 °C. Furthermore, it also shows good electrochemical compatibility with a
metallic Li anode based on symmetric cell cycling performance. This new synthetic
approach leads to high phase purity of the Li7PSe. Pure phase LigPSsX (X = ClI, Br, I) was
obtained through a stoichiometric reaction of LiX, Li,S and LisPS, in ethanol solvent. In
line with solid-state synthesized LigPSsX materials, LigPSsCl argyrodite showed the
highest room temperature ionic conductivity of 0.34 mS cm, followed by LisPSsBr and
then LisPSsl. The CV and symmetric cell cycling results indicated that solvent-synthesized,
halide-doped lithium argyrodites (LisPSsCl, LisPSsBr and LisPSsl) had good
electrochemical stability with Li metal. This solvent-based synthesis method used to
produce LizPSs and halide doped LisPSsX materials will further push forward Li-ion

conducting argyrodites for use in future ASSBs.
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CHAPTER 4

INVESTIGATION OF CONDUCTIVE PROPERTIES AND INTERFACE STABILITY
OF LIiCI-RICH ARGYRODITE LisPSsCI  FOR  HIGH-PERFORMANCE
BATTERIES!!916!

4.1 Introduction

Having successfully synthesized Li7PSs and LisPSsX argyrodites through a liquid-
based approach, the next step was to test their feasibility as solid electrolytes in batteries.
However, several serious issues must first be addressed before this is possible. (1) While
sulfides have decent stability towards Li metal and cathodes, reactions will still occur. If
these reactions are too serious, it will significantly hamper the practical applications in
LMBs. (2) Solid-to-solid contact at the interface is a fundamental challenge in SSBs, and
one that has yet to be overcome. Solid electrolytes will never form as complete of an
interface as liquid electrolytes will, as they are unable to seep into the small interlayers of
the electrodes. Microscopic gaps will exist between the SE and electrodes, greatly
increasing interfacial resistance and hampering the performance of the battery.

The solid-to-solid interface problem has been addressed through several different
routes in recent years. One possibility is the use of a polymer-ceramic composite material
to improve the physical contact between the electrolyte and electrode. %6162 This strategy
will be explored further in a later chapter. A different approach that has been explored is

to create an artificial buffer polymer layer that would serve as a bridge between the
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electrode and electrolyte.®28 This step adds additional complexity to cell construction and
creates additional contact interfaces which would be subject to chemical reactions.

Perhaps the most convenient approach would be to create a hybrid electrolyte which
consists of both a solid and liquid component.183164 By adding trace amounts of liquid at
the electrode/electrolyte interface, good interfacial contact can be achieved while the high
safety and dendrite suppression abilities of solid electrolytes are maintained (Figure 4.1).
Unfortunately, liquid electrolytes require expensive additives such as Li salts (e.g., LiTFSI,
LiPFg, LiClO4) to create a stable interface, adding to materials cost and processing
complexity. The solid electrolyte offersa more economic opportunity to incorporate these
salts directly through the synthesis process.

It has been well documented that halogenated Li salts (LiX, X =F, Cl, Br, I) are an
important part of a robust and stable SEI layer with a metal Li anode.'®>-17% The solvent-
based synthesis process detailed in Chapter 3 easily allows for the incorporation of Li salt
directly into the solid electrolyte with a high degree of compositional control. The resultis
a LiX-rich LigPSsX material with both excellent ionic conductivity and stabilization
properties. The homogenous distribution of Li halide material can provide a stable and
electronically insulative SEI without the need for additional processing or modification of
liquid electrolyte.

In this chapter, an efficient and economic strategy for synthesizing LiCl-rich
LisPSsCl (i.e., LisPSsCI-LiCl) through a solvent-based process is detailed. Despite the
ionically insulative properties of LiCl, it is found that doping with 1 mol of excess LiCl
yields a SE material with a higher ionic conductivity (0.53 mS c¢cm) than pure phase

LigPSsCl. Moreover, the addition of pure LiCl is utilized at the electrode/electrolyte
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interface to create a stable SEI layer with Li metal with dendrite suppressing abilities. Full
battery LisTisO12| LisPSsCI-LiCl|Li cells with trace amounts of propylene carbonate (PC)
liquid electrolyte at the interface displayed a higher specific capacity (135 mAh g°) than
the cell made with pure LisPSsCl (110 mAh g’) at 0.2 C. This cell also showed excellent
cycling stability over 1000 h, and an impressive specific capacity (116 mAh g-) at 1C over
200 cycles. These results indicate that LiCl-rich LisPSsCl is an excellent approach to

address interface instability issues in SSBs.
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Figure 4.1. Schematic diagram of batteries with (a) LigPSsCl SE, and (b) LisPSsClI-LiCl

SE with PC at interface.

4.2. Experimental Section

4.2.1 Materials Synthesis

LisPSsCl-xLiCl materials were synthesized through the same solvent process
outlined in Chapter 3. After obtaining LizPS4, a stoichiometric mixture of Li»S, LizPSs and
LiCl was fully dissolved in a small quantity of anhydrous ethanol in argon atmosphere.

Afterwards, the solvent was evaporated at 90°C under vacuum (1 hour) to obtain a white
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precipitate before heat treating at 200 °C (1 hour) to produce the final product. Ratios of
LiCl:LisPS4 were controlled at 1:1, 1.5:1, 2:1, 2.5:1, and 3:1 to obtain the samples of
LigPSsCl, LisPSsCl-0.5LiCl, LigPSsCl-LiCl, LigPSsCl-1.5LiClI and LigPSsCl-2LiCl,
respectively.
(x + 1)LiCl + LisPS, + Li,S — LigPSsCl - xLiCl Eq. 4.1
The phase composition and crystal structure were examined using X-ray diffraction
(Bruker D8 Discover) with nickel-filtered Cu-Ka radiation (A = 1.5418 A). The crystallite
size was analysed using the Scherrer equation. The Raman spectra were collected by
Renishaw in Via Raman/PL Microscope with a 632.8 nm emission line of a HeNe
laser. TESCAN Vega3 scanning electron microscope (SEM) was used to study the

morphology of samples. All electrochemical testing was performed using the same

techniques outlined in Chapter 3.

4.2.2 Construction of LTO/Li cellswith lithium argyrodite solid electrolyte

The battery performance of the solid electrolyte was tested with LisTisO12 (LTO)/Li
cells. To prepare the electrode, LTO nanopowder, PVDF and Super P (80:10:10 in weight
ratio) were mixed in N-methylpyrrolidone (NMP) to form a homogeneous slurry which
was subsequently coated on aluminum foil. The prepared electrodes, with an active
material loading of around 2.0-3.0 mg cm=2, were dried at 80 °C for 24 h under vacuum
prior to use. Thin Li foil (~120 um) was used as the anode. The solid electrolyte (LisPSsCl
or LisPSsCI-LiCl) powder was cold-pressed to dense pellets with a thickness of around 600
um and % inch diameter. Prior to electrochemical tests, trace amount of propylene
carbonate was added at both sides of the SE pellet. Charge and discharge tests were

performed from 1.0-3.0 V with 2032 coin cell after the cells were rested for 8 h.
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4.3 Results and Discussion

4.3.1 Excess CI content effect on LiCl rich lithium argyrodites (LigPSsCIl-xLiCl)

Because LisPSsCl exhibits the highest ionic conductivity amongst three halogen
ions, it was selected to study the effect of excess Cl content on the crystal structure, ionic
conductivity, and electrochemical stability of LiCl rich argyrodites LigPSsCl-xLiCl
(0<x<2).

4.3.2 XRD and Raman spectra of LigPSsCl argyrodites with excess Cl content

To synthesize LigPSsCl lithium argyrodites with excess CI content, excess amount
of LiCl precursor was added during the solvent-based synthesis process. The molar ratio
of LiCl: LisPSs (or Li»S) was tuned to produce LisPSsCl-xLiCl (0<x<2) materials. Figure
4.2 displays both the XRD patterns of LigPSsCl-xLiCl materials containing different
amounts of Cl content as well as pure LizPSg without any CI doping. Pure LizPSg exhibits
characteristic diffraction peaks at 26=25.5, 30, 31.2°, corresponding to (220), (311) and

(222) planes, respectively.
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Figure 4.2. XRD patterns of solvent-synthesized lithium argyrodites containing different

Cl content (Li-PSs, LisPSsCl, LisPSsCl-LiCl, and LisPSsCI-2LiCl)

When Cl is initially introduced, LisPSsCl has almost identical diffraction patterns
to those of Li7PSs, suggesting the formation of a solid solution where CI- replaces S?-. This
observation is consistent with previous reports of solid-state synthesized LigPSsCl
materials.5%1% As Cl content is increased, a secondary phase of LiCl (20=34.9°, 49.9°) is
observed in addition to the dominant phase of LisPSsCl, and peak intensity continually
increases with increasing LiCl. This observation indicates that the excess Cl cannot
properly enter the LigPSsCl structure at highly doped samples; instead, heterogeneous
composite electrolytes of LigPSsCl-xLiCl are formed from the solvent-based synthesis
method. Recently, Adeli et al. used solid-state reactions to synthesize argyrodites from the
LisxPSsxCli+x family and found that LissPS45Clis was the limit for Cl doping in the
argyrodite structure, with a significant LiCl phase presenting itself when additional

chlorine is added into the structure.”® Yu et al. also reported to have obtained LissPS45Clis
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without the observation of LiCl.1"* The ball milling process may contribute to high ClI

doping contentin LisPSsCl structure.
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Figure 4.3. XRD patterns of LisPSsCl, LisPSsCl-LiCl and LigPSsCI-LiCI/PC

In this study, the effects of PC liquid electrolyte with LigPSsCl-LiCl were also
investigated. Figure 4.3 shows XRD patterns of LisPSsCl, LigPSsCl-LiCl and
LigPSsCI-LiCI/PC. The main diffraction peaks of LisPSsCl-LiCl are maintained and no
additional peaks are present. This indicates the structural stability of LisPSsCI-LiCl with

PC liquid electrolyte. In addition, LigPSsCl-LiCl pellets were soaked in PC to further
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explore the chemical stability between them. After three weeks, the pellets remained dense

and there were no observable color changes (Figure 4.4).

Initial state After 1 week After 3 weeks

Figure 4.4. Photos of LisPSsCI-LiCl pellet in PC at the (a) initial state, (b) after 1 week

and (c) after 3 weeks.

Raman spectra of LizPSg, LigPSsCl, LisPSsCl-xLiCl (x=1, 2) mateirals are shown
in Figure 4.5. All samples show a strong peak at 421-425 cm™, corresponding to the
symmetric stretching mode of the P-S bond in the (PS;)* vibrational mode. This peak is
the primary vibrational mode for argyrodite-type solid electrolytes from solid-state
synthesis in previous reports 43139132 Additionally, LisPSsCl and LigPSsCI-xLiCl (x=1, 2)
samples also exhibit a weak and broad bump around 575 cm, which is attributed to the

asymmetric PS4* vibrational mode.
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Figure 4.5. Raman spectra of solvent-synthesized lithium argyrodites containing

different ClI content (Li7PSs, LisPSsCl, LigPSsCl-LiCl, and LigPSsCl-2LiCl)

The morphologies of LiCl-rich argyrodites were examined using SEM. SEM
images (Figure 4.6) of all LisPSsCl and LigPSsCI-xLiCl (x=1, 2) materials exhibit similar
granular morphologies, similar to those seen from undoped Li;PSe¢ (Figure 4.7).
LigPSsCl-LiCl powder was pressed into a pellet for additional observations. SEM images
of the SE pellet confirms a smooth surface with no visable cracks, and a thickness of ~600
um (Figure 4.7a and 4.7b). When PC liquid elecrotlyte is added to the surface of the
LigPSsCl-LiCl pellet, small bulges appear as a result of physical reactions between the solid
and liquid (Figure 4.7c and 4.7d). EDS scans confirm that the LisPSsCl-LiCl phase is not

affected by the addition of PC (Figure 4.7¢).
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Figure 4.6. SEM images and EDX mapping of lithium argyrodites with excess Cl

content: (a) and (c) LisPSsCI-LiCl; (b) LigPSsCl-2LiCl.

Figure 4.7. SEM images of top surface and cross-section for LisPSsCl-LiCl SE (a,b) and
LigPSsCI-LiCIl/PC SE (c,d). (e) EDS mappings of P, S and CI distributions for the

LigPSsCI-LiCI/PC pellet.
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4.3.3 Li-ion conductivity of LiCl rich lithium argyrodites

The Li-ion conductivities of lithium argyrodites containing different Cl content
were evaluated by EIS measurements. Figure 4.8 presents the Arrhenius plots of Li7PSs
and LigPSsCI-xLiCl (x=0, 0.5, 1, 1.5, and 2). The conductivities of all samples increase
linearly with increasing temperatures, and the slopes reflect the activation energy barriers

for Li-ion diffusion across the crystalline framework.
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Figure 4.8. Arrhenius plots of solvent-synthesized lithium argyrodites (LizPSs and

LigPSsCl-xLiCl withx =0, 0.5, 1, 1.5 and 2)

The compositional dependence between conductivities and activation energies for
LigPSsCl-xLiCl (0<x<2) materials is shown in Figure 4.9. As Cl content increases, the
room temperature ionic conductivity increases from 0.34 mS cm™' for LisPSsCl to the
highest value of 0.53 mS cm™ for LigPSsCl-LiCl and then decreases beyond it. The

increased ionic conductvity in LigPSsCI-LiCl is likely not related to additional defects
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created by the replacement of S?- with Cl- because XRD patterns show that excess Cl didn’t
enter the argyrodite’s structure (Figure 4.2). Instead, it is possibly a result of the space-
charge effect, which explains the enhanced conductivity of composites due to the formation

of charged surface (i.e. LisPSs;-LZNO, LisPS,-garnet).172-175
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Figure 4.9. Composition dependence of room temperature conductivities and activation

energies for lithium argyrodites with excess Cl content.

The little excess amount of LiCl may cause less resistance for the charged particles, which
leads to enhanced Li-ion conductivity for the parent electrolyte (LisPSsCl). However, when
the LiCl content is high enough, it will impede the forward motion of Li-ions since LiCl
displays a worse room temperature conductivity (107 Scm™) than LigPSsCl. The activation
energy data (Figure 4.9) collected from Arrhenius plots for LigPSsCl-xLiCl samples shows
a slight fluctuation depending on the composition. Notably, LisPSsCl-LiCl exhibits the
lowest activation energy of 0.29 eV, in comparison with 0.39 eV for LisPSsCl. The Nyquist

plots (Figure 4.10) of lithium argyrodites with different Cl content consist of a semicircle
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at higher frequency (R, total resistance) and a spike at lower frequency (Li-diffusion
resistance from blocking electrode). Because the influence of grain boundary resistance for
sulfides is significantly lower than it is for oxides, the resistance difference between
LigPSsCl and LigPSsCI-LiCl is considered to originate from the intragranular resistance,
that is, from the bulk material.1"6The addition of PC predictably has a positive influence on

conductivity as well, and this effect is maintained with increasing temperatures.
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Figure 4.10. Nyquist plots of (a) lithium argyrodites with different Cl content LizPSg and
LigPSsCl-xLiCI (x=0, 0.5, 1, 1.5, 2) at room temperature; and (b) comparison between
Nyquist plots of LigPSsCl and LigPSsCl-LiCl. (¢) Nyquist plots of LigPSsCI-LiCI/PC

(left) and LisPSsCI /PC (right) at temperatures of 30, 60, and 90 °C.
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4.3.4 Excess Cl content effect on electrochemical stability of lithium argyrodites

The electrochemical stability of LigPSsCl and LisPSsCl-LiCl samples against Li
metal was evaluated. Figure 4.11 shows the CV scanning curves collected in
Li/LigPSsCl-xLiCl/SScellsupto5V. There is only a pair of oxidation (Li dissolution, Li —
Li* + e~) and reduction (Li deposition, Li* + e~ — Li) peaks near 0 V vs Li/Li* without
other side reactions, indicating good electrochemical stability with a Li anode.

LigPSsCl-LiCl shows the highest values of anodic/cathodic current.
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Figure 4.11. Electrochemical stability tests of LizPSs, LisPSsCl, and LigPSsCI-LiCl SEs.

In addition, symmetriccells of Li/LisPSsCl-xLiCl/Li were assembled to study long-
term compatibility against Li metal. Figure 4.12 displays smooth voltage profiles for three
solid electrolytes (Li7PSs, LisPSsCl and LigPSsCl- LiCl) under a constant current density of
0.02 mA cm?, suggesting good cyclability of these solid electrolytes in symmetric cells.
Among the three solid electrolytes, LigPSsCl-LiCl exhibits the lowest polarization.

Symmetric cell cyclingwas also applied to LisPSsCI-LiCI/PC cells under different

current densitiesof 0.1, 0.2, 0.5, 0.8 and 1.0 mA cm? (Figure 4.13). As current density is
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increased, the polarization effect causes the voltage values to increase as well. Across all
current densities, the voltage profile remained stable with no indication of polarization
amplification, even up to 1.0 mA cm. This suggests that PC at the interface promotes

cycling stability and hinders dendrite formation even at high current densities.
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Figure 4.12. Symmetric cells cycling voltage profiles under 0.02 mA cm2,
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Figure 4.13. Symmetric Li cell with LisPSsCI-LiCI/PC cycled at various current densities of 0.1,

0.2,0.5,0.8and 1.0 mAcm=—=2.
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4.3.5 Excess Cl content effect on battery performance of LTO/Li cells with lithium

argyrodites
Solid-state Li/LisTisO12 (LTO) batteries were assembled with LisPSsCl and

LigPSsCI-LiCl as the solid electrolyte, respectively. Trace amounts (<15 pL) of PC were
added at the interface between the electrodes and electrolyte. Figure 4.14 displays the
cycling performance of Li/LTO cells at 0.2C within a voltage range of 1-3V. In
comparison, the cell with LiCl rich SE shows a higher specific capacity (135 mAh g1) than
LisPSsCl-based cell (110 mAh g*) after 50 cycles of charge/discharge, suggesting the
positive role of excess Cl on the enhancement of electrochemical property. The presence
of lithium halide (i.e. LiCl) at interface has been reported to stabilize SE/electrode interface
and block side reactions.1¢:177178 Thys, the better cycling performance is considered to be
related to the formation of a more stable solid electrolyte interphase (SEI) layer due to the

excess amount of Cl.
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Figure 4.14. Comparison of battery cycling performance of Li/LTO cells with

LigPSsCl-LiCl and LisPSsCl as the solid electrolyte under 0.2 C.
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Figure 4.15. (a) Cycling performance and Coulombic efficiency of the LTO/L.i cell with
LigPSsCI-LiCI/PC-11l SE at 1 C. (b) Rate capabilitiesat 0.2 C,0.5C, 1 Cand 2 C. (c)
Charge/discharge curves of the LTO/L.i cell with the LigPSsCl-LiCI/PC-11l SE at various
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The LigPSsCI-LiCI/PC battery also shows excellent performance at higher C-rates.
When the LTO| LisPSsCI-LiCI/PC|Li cell iscycled at 1C, it displays an impressive specific
capacity of 116 mAh g~ with a coulombic efficiency of ~99.9% for over 200 cycles (Figure
4.15a). The high stability at high charge rates is shown in C-rate testing where the battery
performance was observed at increasing current rates of 0.2C, 0.5C, 1C, and 2C (Figure
4.15b and 4.15c¢). Even at 2C, the cell shows good cycling performance with a capacity of

80 mAh g?. Moreover, when the current rate is returned to 0.2C, the cell was able to
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recover its original capacity and continue cycling, indicating minimal reactions or dendrite
formation at high C-rates. Once again, this excellent performance is attributed to the

synergistic effect of the LiCl and PC at the interface which forms a stable SEI layer.

After cycling, the LTO|LigPSsCl-LiCI/PC|Li cell was disassembled, and the surface
of the SE was analyzed using SEM and XPS. After 200 cycles at 1C, the cell morphology
of the PC-wetted SE indicates that the surface remains smooth, with no obvious cracks
appearing (Figure 4.16). SEI interfacial reactionswere investigated by analyzing the S 2p,
C 1s, and O 1s spectra via XPS (Figure 4.17). The S 2p spectrum reveals virtually no
change before and after cycling, indicating that typically expected decomposition products
such as Li»S were prevented from forming due to the presence of an SEI layer. For the C
1s spectrum, anew peak appears after cycling at 290.2 eV which is attributed to CO3?- from
a reaction of PC with Li metal to form Li>COs. This resultis further confirmed through the
O 1s spectrum. This indicates that the SEI layer which is formed in the
LTO|LigPSsCI-LiCI/PC|Li cell is a combination of LiCl salt and organic compounds

formed from between SE and Li metal.

Figure 4.16. SEM image of LisPSsCl-LiCI/PC pellet surface in LTO/Li cell after cycling.
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Figure 4.17. Detailed XPS spectra and peak fits of S 2p, C 1s and O 1s obtained from SE

of the cell with LigPSsCl-LiCl/PC SE before (top) and after cycling (bottom).

4.4. Conclusions

In summary, following the development of a solvent-based synthesis process for
halogen-doped argyrodite SEs, this technique was employed in the synthesis of LiCl-rich
LisPSsCI-xLiCl. XRD revealed that excess Cl cannot enter the argyrodite structure, instead
creating a composite material. As ClI content is increased, LigPSsCl-LiCl composite
electrolyte exhibited the highest ionic conductivity of 0.53 mS cm™* at room temperature
(5% 10 S cm™ at 90 °C), which then decreased as Cl content was further increased. The
CV and symmetric cell cycling results indicated that solvent synthesized halide doped
lithium argyrodites (LigPSsCl, LigPSsBr and LigPSsl, LigPSsCI-LiCl) had good
electrochemical stability with Li metal. Moreover, the addition of PC at the
electrode/electrolyte interface was shown to reduce interfacial resistance, maximize
interfacial contact, and prevent excess interfacial redox reactions. LTO-based battery cells
with LisPSsCI-LiCI/PC SE showed hgiher capacity and better cycling properties that cells

103



made with LigPSsCI/PC. Additionally, LisPSsCl-LiCl/PC-cells could be cycled at very high
current rates, achieving a stable capacity of 116 mAh g for 200 cycles at 1C. Finally, XPS
analysis revealed the formation of a stable SEI layer composed of LiCl and organic
compounds. These results indicate that LiCl-rich argyrodites coupled with PC is a good

approach for improving the interfacial properties of high performance SSBs.
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CHAPTER 5

SYNTHESIS OF FLUORINE-DOPED  LITHIUM  ARGYRODITE  SOLID
ELECTROLYTE FOR SOLID-STATE LITHIUM METAL BATTERIES®!

5.1 Introduction

Rechargeable battery technologies that offer high-energy-density, long cycle-life
and safety are urgently needed to meet the growing energy storage demands for the
electrification of road transport.'?2 State-of-the-art lithium ion batteries (LIBs) for electric
vehicles (EVs) employ flammable liquid electrolytes, which pose significant safety
concerns.!**179 This has sparked numerous investigations into alternative solutions that
offer high safety without compromising on energy density.>'8-18 Among these, a
particularly lucrative technology is the solid-state Li metal battery (SSLMB), wherein,
flammable liquid electrolytes are replaced by solid-state superionic Li-conductors (called
solid electrolytes or SES). Rapid advancements in high-performance ASSLBs requires the
development of SEs that exhibit (a) high Li* ion conductivity at room temperature (>10*
S cm™),'%% and (b) good interfacial stability with both Li-metal anodes and cathodes.®
Additionally, developing simple, economic, and scalable approaches for SE synthesis is
vital to bringing ASSLBs to the EV marketplace.*®

Several sulfides,341¢1 oxides,'’®®* and polymers’®!® have been proposed as
promising SE chemistries for use in ASSLBs. Of these, sulfide SEs exhibit high Li* ion
conductivity due to the high polarizability of sulfide ions.**’ In particular, much attention

has been given to lithium argyrodites such as Li;PSe and halide-doped LigPSsX (X = Cl,
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Br, 1) whose tetrahedral structure allows for the high mobility of Li ions within the atomic
framework 124132186 Alternatively, other anion dopants (i.e. Ge, Sn, Si) have been reported
to further increase the ionic conductivity of argyrodite structured solid electrolytes.> For
LigPSsX SEs, CI/Br doping not only increases the ionic conductivity, but also improves the
argyrodite’s electrochemical stability against the Li anode due to the formation of reductive
decomposition products (e.g., LixP, LiBr/LiCl and Li,S) at the solid electrolyte interphase
(SE') |ayer_166,180,187,188

The presence of LiF in the SEI layer has been reported to stabilize the SE/Li anode
interface!66.167.189-193 and has the potential to provide a wider electrochemical window for
sulfide SEs.'661%4 Typically, LiF is incorporated into the SEI layer by introducing
additional Li salt additives; this increases the complexity of processing and lacks precise
compositional control. From a synthesis standpoint, a more desirable approach would be
to directly prepare F-doped argyrodite electrolytes. While such efforts have been devoted
to doping LizPSe with CI, Br, and 1,18%88 research on the synthesis of fluoride (F)-doped
argyrodites (i.e. LisPSsF) remains in its infancy. Zhao et al. have reported the synthesis of
LisPSsClosFo7 via the solid-state method® and found that the excellent cycling stability of
symmetric cells was attributable to a high concentration of LiF within the argyrodite
structure. However, solid-state synthesis methods are both energy- and time-consuming,
typically requiring long periods of ball-milling and heat treatments of >550 °C. One way
to address this issue is to employ a solvent-based synthesis method that requires much
lower temperatures (<200 °C); such liquid-phase methods have been reported to produce

high purity argyrodite SEs (Li7PSe and LigPSsX; X = (ClI, Br, 1)).43:119.161
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Herein, for the first time, we demonstrate the synthesis of F-doped argyrodites
LisPSsFy and hybrid-doped LisPSsFosClos and LisPSsFosBros SEs via a simple, fast, and
scalable solvent-based approach. Effects of F-doping on the crystal structure, phase purity,
and conductivity of doped lithium argyrodites were studied. The results show that
LisPSsFosClos holds the highest ionic conductivity of 3.5x10* S cm™ at room temperature
and the lowest activation energy (0.32 eV). Furthermore, LisPSsFosClos also displays the
best stability against Li anode due to the synergistic effects of two halogen ions (Cl- and F
) at the interface, and the presence of reduced species with good Li* ion conductivity
(namely LisP). This work provides a concrete demonstration of the use of solvent-based
synthesis methods to explore new SEs with tunable composition, which will contribute to

the development of novel SE materials for the development of ASSLBs.

5.2. Experimental Section

5.2.1 Materials Synthesis

A solvent-based method was employed to synthesize F-doped lithium argyrodites
as detailed in previous chapters.**11® Lis. PSsF, samples with differing amounts of F
doping content were prepared by tuning the molar ratios of LiF to Li»S (y = 0.1, 0.2, 0.5,
1.0, and 2.0) following the given chemical reaction (Equation 5.1). Similarly, dual-doped
LigPSsFosXos (X = Cl and Br) samples were synthesized by mixing the lithium halides
using molar ratios for Li,S:LiF:LiCl (or LiBr) of 1.0:0.5:0.5, as shown in the chemical
reactionat Equation 5.2,
yLiF + Li,S + LizPS, - Lis,,PSsF, Eq. 5.1

0.5LiF + 0.5LiX + LiyS + LisPS, — LigPSsFysXos Eq. 5.2
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5.2.2 Structural Characterizations and Electrochemical Characterizations

For Lis+PSsFy and LisPSsFosXos powder samples, X-ray diffraction (XRD, Bruker D8
Discover) was carried out using nickel-filtered Cu-Ko radiation (A = 1.5418 A) for phase
identification. To calculate phase percentages in the electrolytes, XRD refinement was
performed using the GSAS-II crystallography data analysis software. Raman spectroscopy
(Renishaw in Via Raman/PL Microscope) was performed on synthesized samples using a
632.8 nm emission line of a HeNe laser.

All electrochemical tests were performed using the same techniques detailed in
previous chapters. After cycling, the symmetric cells were disassembled for XPS analysis
(Thermo VG Scientific) to study the interface. All electrolyte preparation and cell
assembly/disassembly took place inside a glovebox filled with Ar (O2, H,O<1ppm). The
electrochemical performance of F-doped argyrodite electrolytes was tested in full cells of
LiFePO, (LFP)||SE||Li. To prepare the cathode, LFP powder, PVDF and Super P with
weight ratio of 80:10:10 were mixed in N-methylpyrrolidone (NMP) to form a
homogeneous slurry, which was subsequently coated on an aluminum foil. The prepared
cathode with an active material loading of ~2 mg cm was dried at 120 °C. Prior to battery
cycling, trace amounts of nonflammable Pyrrolidinium-based (PYR) ionic liquid with 1M
LiTFSI salt was added on both sides of the SE pellet to reduce the resistance from
solid/solid contact. Charge and discharge tests were performed over a voltage window of

2.5-4.0 V using 2032-coin cells after the cells were rested for 8 h.
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5.3. Results and Discussion

5.3.1 Structural and lon Transport Behavior of Lis+,PSsF, Electrolytes

Using a solvent-based synthesis method, Lis./PSsFy argyrodites with varying F
content (y = 0.1, 0.2, 0.5, 1.0, and 2.0) were prepared and subjected to XRD for phase
identification (Figure 5.1). All samples show strong characteristic diffraction peaks at 260
=25.5°, 30°, and 31.2°, attributing to (220), (311), and (222) planes in the argyrodite crystal
(cubic F-43m symmetry), respectively. At low F content (y = 0.1 and 0.2), the diffraction
patterns of Lis.yPSsF, samples are almost identical to the characteristic peaks in
LisPSsCl,*° suggesting that F atoms fully incorporate into argyrodite crystal structure.
With increasing F content (y >0.5), new diffraction peaks at 20 = 38.6° and 65.6° (indexed

to LiF8%191) start to appear and become stronger.
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Figure 5.1. XRD patterns of F-incorporated lithium argyrodites Lis+,PSsFy(y = 0.1, 0.2,

0.5, 1, 2) that were synthesized from a solvent-based method.
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In contrast to the pure argyrodite structure observed for LisPSsCl,'*° the secondary
phase of LiF in Lis+PSsFy (y = 0.5) indicates low F~ incorporation levels in samples
synthesized from a solvent-based approach with low heating temperature (200 °C).
Additional LiCl phase was also observed for LisPSsCl samples when the CI/P ratio was
above 1.5.75119 To determine the phase purity and lattice parameters of Lis.,PSsFy (y > 0.5)
samples, XRD refinement was undertaken with the results shown in Figure 5.2 and Table
5.1. Wheny = 1.0, LisPSsF is found to have a lattice parameter of a=9.889 A, accompanied
by 9.5 wt% of LiF. In contrast, when the same doping content is used for LisPSsClI

synthesized through solvent-based methods, pure argyrodite structure is observed.
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Figure 5.2. XRD Refinements for (a) LigPSsF and (b) LigPSsFosClos argyrodites from

solvent-based synthesis. Residual, Ry < 5.000.
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Table 5.1. XRD referments results for LigPSsF and LiF phases in F-doped lithium

argyrodites to compare the phase purity and lattice parameters.

Sample Name

Wt % of  Weight % of Lattice Parameter, Conductivity at Room

LisPSsF LiF a (A) Temp (10-* S/cm)
Lis1PSsFo.1 N/A N/A 9.87843 0.134
Lis2PSsFo.2 N/A N/A 9.86394 0.142
LissPSsFos 91.5 8.5 9.88248 1.14
LisPSsF 90.5 9.5 9.88896 2.24
Li7PSsF2 76.8 23.2 9.86306 1.11
LisPSsFo5Clos 92.1 7.9 9.85947 3.51
(PS,)*
- Li,PSg
5 N\
% ]"\ Li5V1PSSF0_1
= LigoPSsF 5
5| N\ UePSFea
2 .. Lis sPS5Fq 5
£
._____j ‘ LigPS.F
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P
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Raman Shift (cm-')

Figure 5.3. Raman spectra of F-incorporated lithium argyrodites Lis+,PSsFy (y = 0.1, 0.2,

0.5, 1, 2) that were synthesized from a solvent-based method.
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All Lis+PSsF, samples show a strong peak at 421-426 cm™ in their Raman spectra
(Figure 5.3). This frequency range corresponds to the stretching vibration of the P—S bond
in PS,3 (ortho-thiophosphate), as reported by previous studies on argyrodite electrolytes
(Li7PSg, LigPSsBr and LigPSsCl).1871% The slight shifts in Raman spectra across the
different Lis.,PSsF, samples are related to the substitution of S2- anions by F- anions at the
S1 (16e) site; PS,* tetrahedra arrange into hexagonal cages connected via the interstitial
anion site in argyrodites.10

Figure 5.4a displays the Nyquist plots of Lis+/PSsFy, samplesat room temperature.
The resistance R is used to calculate the Li* conductivity following the equation of ¢ = RL—A,

where o is ionic conductivity, L is the thickness of the cold-pressed pellet, and A is the
cross-sectional area of the pellet. Lis+PSsFy (y = 0.1, 0.2) samples show poor ionic
conductivity of ~10° S cm™ despite exhibiting pure argyrodite structure. The highest Li-
ion conductivity of 2.3 x10# S cm™ is observed for LisPSsF, which contains a small amount
of LiF. The enhanced conductivity despite the presence of a secondary phase is similar to
previous observations in Cl-rich LigPSsCl argyrodite.”®11® Nevertheless, excessive LiF
content reduces Li* ion conductivity due to the lithium salt’s intrinsically poor conductivity
(10° S cm™).2%6 Arrhenius plots in Figure 5.4b show the temperature dependence of Li*

conductivity for Lis+,PSsFy samples following a linear relationship. The activation energies

-E
are calculated according to the equation o = aOeR—Ta, and results for different compositions

are displayed in Figure 5.5. Among Lis.+/PSsFy, samples, LisPSsF possesses the lowest
activation energy of ~0.45 eV, which is slightly higher than the 0.4 eV displayed by liquid

synthesized LisPSsCl argyrodite.!°
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Figure 5.4. (a) Nyquist plots and (b) Arrhenius plots of F-incorporated lithium
argyrodites Lis+PSsFy (y = 0.1, 0.2, 0.5, 1, 2) that were synthesized from a solvent-based

method.
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Figure 5.5. Conductivity and activationenergy of Lis+/PSsF, (y = 0.1, 0.2, 0.5, 1, 2)

samples with various amounts of F content.
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5.3.2 Synthesis and Characterization of Hybrid Halide Doped LigPSsFq5X0.5 Argyrodites

In addition to single-halogen doping (i.e., FY), LisPSsFos5Xos (X = CI, Br) samples
containing two halogen dopants were also synthesized using a solvent-based method.
Figure 5.6a presents the XRD pattens for LisPSsFosClos and LigPSsFosBros samples,
which show characteristic peaks at 20 = 25.5°, 30°, 31.2°, corresponding to the (220), (311),
and (222) planes in the argyrodite structure. These diffraction peaks are in excellent
accordance with that for Li;PSg and LigPSsX (X = ClI, Br, 1).11° A small peak at 20 = 38.6°
(indexed to LiF) is still present in LigPSsFosXos samples. XRD refinement results show
that LisPSsFosClos contain 7.9 wt% LiF, slightly lower than that in LisPSsFos (8.5 wt%).
This comparison suggests that the second halide ion (i.e., Cl- or Br) is beneficial to the
incorporation of F~ ions into the argyrodite structure. Raman spectra for LigPSsFo5Xo5 (X
= Cl, Br) (Figure 5.6b) samples exhibit an obvious peak at 421-423 cm* attributed to the
stretching vibration of P-S bond in PS4%, which is the primary vibrational mode for

argyrodite SEs.**®

(a) (b)
SN * LiF
L N TNAY)
4
’5 Li;PS:F g
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A LigPSF o :Bro s
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Figure 5.6. (a) XRD patterns, (b) Raman spectra of LisPSsFo5Xo5 sSamples (X=CI, Br), in

comparisonwith LigPSsF.
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Figure 5.7a shows the Arrhenius plots of LigPSsFosXos (X = CI, Br) and LigPSsF
from room temperature to 110 °C. LigPSsFosClos sample exhibits the lowest activation
energy of 0.32 eV while also possessing the highest ionic conductivity of 3.5x10* S cm*
at room temperature (Figure 5.7b), followed closely by LisPSsFosBros at 3.2x10* S cm™.
Both LigPSsFosClos and LisPSsFosBros have faster ion transport properties than those
solvent-synthesized argyrodites with single dopants, i.e., LigPSsX (X = Cl, Br),**7%119 and

LisPSsF (2.3 x10* S cm-?).
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Figure 5.7. (a) Arrhenius plots and (b) RT conductivity/activation energy of

LigPSsFo5Xo5 samples (X=CI, Br), in comparison with LisPSsF.

Table 1.1 displays a large variety of argyrodite SEs synthesized from different
methods: solid-state, solvent-based, and hybrid.64656869.7L.75 |n general, the solid-state
synthesis approach—which requires extensive ball-milling high temperature heat treatment
(=550 °C)—yields argyrodites with the fastest Li-ion transport.®"? For the hybrid synthesis
method, the starting materials are mixed in solvents and finished by the high temperature

heat treatment (400-550 °C).5268 Such heat treatment results in higher ionic conductivity
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of hybrid-synthesized argyrodites than those from solvent-based synthesis method after
heated at low temperature (<200 °C).”%">78 In thiswork, the ionic conductivity of F-doped
and dual doped argyrodites SEs falls well within the expected range (~10“S cm™) for low-
temperature, solvent-based synthesized LisPSsX (X = CI, Br) argyrodites. Despite
relatively lower ionic conductivity, a solvent-based synthesis method with low heating
temperature and a short reaction time (1-3 hours) is attractive for practical applicationsin
large-batch synthesis.

5.3.3 Electrochemical Stability in Li Symmetric Cells

Symmetric cells (Li||SE||Li) were assembled and cycled to evaluate the
compatibility of F-doped argyrodite SEs (LigPSsFo5Clos and LisPSsF) towards metallic Li
anode. Before cycling, the impedance of three symmetric cells shows a decreasing trend of
2200 Q for LigPSsF, 910 Q for LigPSsCl, and 370 Q for LigPSsFo5Clos. Such discrepancies
in the total resistance (Riotal) Of the three symmetric cells is ascribed primarily to different

interfacial resistances (Rin:) present in each cell (Figure 5.8 and Table 5.2).
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Figure 5.8. Impedance spectra and fitting results of Li symmetric cells before cycling

using three SEs (LisPSsFo5sClos, LigPSsF, LisPSsCl). Insert is the Equivalent circuit.
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Table 5.2. Impedance analysison Li symmetric cells before cycling.

SE material Rse () Rint (£2) Riotar (£2)
LisPSsFo5Clos 175 195 370
LisPSsClI 200 710 910
LigPSsF 350 1850 2200

Figure 5.9a displays the symmetric cell cycling for three SEs under a low current
density of 0.05 mA cm, all of which show smooth voltage profiles with polarization
voltage values following LisPSsFosClos < LisPSsCl < LigPSsF. When the current density
is increased to 0.1 mA cm2 (Figure 5.9b), the LisPSsF-based cell fails firstas there is no
observable increase in polarization voltage. After cycling for 12 cycles, a sudden voltage
drop is observed for the cell with LigPSsCl SE, which is confirmed to be a short-circuit
based on EIS measurement (Figure 5.10). In contrast, LigPSsFo5Clo s-based symmetric cell
exhibits stable cycling performance under the same current density (0.1 mA cm™2). After
further increasing the current density to 0.15 mA cm, the symmetric cell with
LigPSsFo5Clos SE shows flatand stable voltage profiles for over 300 cycles (Figure 5.9¢c),
which indicates stable interface formation between LisPSsFosClos SE and Li anode in the

symmetric cells.
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Figure 5.9. Voltage profiles of Li|||[SE||Li symmetric cells cycling using three SEs

(LigPSsF, LigPSsCl, LisPSsFosClos) under different current densities: (a) 0.05 mA cm2,

(b) 0.10 mA cm?; (c) 0.15 mA cm™
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Figure 5.10. Impedance spectrum of LisPSsCl-based symmetric cell after short circuit

happens.
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Figure 5.11a shows the XPS spectra of the electrode/electrolyte interface in the
LisPSsFo5Clos-based symmetric cell after cycling. Beside strong (PS4)3 motifs originating
from the argyrodite structure, it is observed that the LigPSsFo5Clo s SE undergoes reductive
decomposition upon contact with Li metal to form a solid electrolyte interphase (SEI) layer.
The best fits for S 2p, and P 2p peaks reveal that such an SEI layer in the LigPSsFos5Clos-
based cell contains reduced species of P (P2Sy, LisP) and S (Li2S); the Li 1s peak fitting
suggests the co-presence of LiF and LiCl.160180.197 For the two other cycled symmetric
cells, reductive species such as P,S, Li2S, and LiF (or LiCl), are observed at the SE/L.i
interface, but are notably missing the LisP peak at 129.5 eV which is present in the dual-

doped SE (Figures 5.11b and 5.11c).
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Figure 5.11. XPS spectra of S 2p, P 2p, and Li 1s peaks from the cycled interface of Li

symmetric cell using (a) LisPSsFosClos, (b) LisPSsF and (¢) LigPSsCl SEs.
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5.3.5 Electrochemical Performance in Solid-state Li Batteries Using LigPSsFo5ClosSE

Solid-state Li batteries were assembled using LisPSsFo5Closas SE, Li metal as the
anode, and LFP as the active material in composite cathode and were cycled within the
electrochemical window of 2.5-4.0 V. Figure 5.12a shows the cycling performance of the
LFP||LigPSsFosClos||Li battery under 0.2 C, which has a specific discharge capacity of 122
mAh g for the first cycle. The specific discharge capacity further increases to 130 mAh
g* aftera few cycles, which can be attributed to the formation of an LiF and LisP-rich SEI

layer; by the 50" cycle, a decent value of 105 mAh g* has been maintained (Figure 5.13a).
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Figure 5.12. (a) Cycling performance of LFP||LisPSsFosClos||Li cell under a current
density of 0.2 C; (b) Rate performance of the cell under various C-rates (0.2 C, 0.5C, 0.8

C).

The charge/discharge capacity of LFP||LisPSsFosClos||Li battery is clearly better
than that of the cell using LigPSsCl (Figure 5.13b), confirming the positive role of F-
contained SE. In addition, the C-rate cycling performance of LFP||LisPSsFo5Clos||Li
battery under various C-rates (0.2, 0.5, and 0.8 C) is shown in Figure 5.12b. As expected,

an obvious specific capacity drop is observed when cycling under higher C-rates, but the
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battery displays a resumed specific capacity at ~120 mAh g after the C-rate is returned to
0.2 C. The great electrochemical performance of LisPSsFo5Clos SE in LFP||Li cells can be
attributed to both the stabilizing effect of F- and CI- from SE, and the adding LiTFSI at the
electrode/SE interfaces. Nonetheless, these results demonstrate the excellent potential for

F-doped argyrodite SEs to be used in full battery applications.
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Figure 5.13. Charge-discharge voltage profiles of LFP||Li cell using (a) LisPSsFo5Clos
SE (voltage window 2.5-4.0V) at 10, 20t", 30t", 40t" and 50" cycles, and (b) Charge-
discharge voltage profiles of LFP||Li cell using LisPSsCI SE (voltage window 2.5-4.0V)

at 1%, 2" and 3 cycles.

5.4. Conclusion

In summary, for the first time, we reported the synthesis of F-doped lithium
argyrodites (Lis+/PSsFy) and hybrid-doped argyrodites (LisPSsFosClos and LigPSsFosBros)
by a solvent-based approach with low temperature heat treatment. The F-content and
hybrid-doped content (F/Cl and F/Br) in argyrodites significantly influences the phase

purity and ionic conductive properties. LisPSsF exhibits an impressive conductivity of 2.4
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x10* S cm™ while LisPSsFosClos exhibits a higher value of 3.5 x10* S cm™ at room
temperature. Moreover, LisPSsFosClos SE shows the best stability towards Li metal in
symmetric cells among the tested halide-doped argyrodites. XPS analysis and AIMD
simulations reveal that such enhanced stability is attributed to the conductive species
(LisP), and to the co-presence of LiCl and LiF. The assembled LFP||LigPSsFo5Clos||Li cell
displays good cycling performance with a specific discharge capacity above 105 mAh g
after 50 cycles. This work demonstrates the synthesis of F-doped lithium argyrodites and
investigates the interfacial stability of F-doped argyrodites against Li metal, contributing

to the development of novel solid electrolytes for use in future solid-state Li batteries.

123



CHAPTER 6

HIGHLY CONDUCTIVE IODINE AND FLUORINE DUAL-DOPED ARGYRODITE
SOLID ELECTROLYTE FOR LITHIUM METAL BATTERIES

6.1. Introduction

Current lithium-ion battery (L1B) technologies have seen tremendous success in the
past 30 years. However, there are still several challenges concerning safety and energy
density which must be overcome to meet the ever-growing energy needs of the future. To
achieve high energy density, metallic lithium (Li) is a promising anode candidate due to its
highest theoretical capacity (3,860 mAh g*) and the lowest reduction potential of -3.04 V
(v.s. standard hydrogen electrode).541’® Nevertheless, Li metal batteries that use
conventional liquid electrolytes (LES) suffer from safety issues due to internal short circuits
caused by dendrite formation, which leads to thermal runaway.*?? Solid-state Li metal
batteries (SSLMBs) with nonflammable solid electrolytes (SEs), offer a great solution for
dendrite suppression while simultaneously reducing flammability.'”® The most popular
state-of-the-art inorganic SE candidates mainly fall into three categories: oxides,?2176:184
sulfides,3*161.1% and halides.®>6:1%° Of these three, sulfides are notable for their impressive
Li-ion conductivity at room temperature, lower synthesis temperatures, and cold-press
induced densification, making them attractive for use in SSLMBs.58119

The halogen-doped LigPSsX (X = F, CI, Br, 1) argyrodites, as representative
sulfides, have received much attention in the past decade 81125:132.143.200 |n an argyrodite
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material, the Li-ion hopping mechanism and ionic conductivity are dependent on the
tetrahedral-based structure of the crystal lattice. Compared with Li;PSg, halide-doped
LisPSsX utilizes the partial replacement of S?- with halogen anions (F, CI-, Br-, I), thus
altering the atomic structure due to differencesin ion size and polarization. Moreover, the
doping effects are different depending on the specific halogen anion. For instance, both
LigPSsCl and LigPSsBr display obviously enhanced ionic conductivity when compared
with Li;PSg,"*119124 which is attributed to the particularly disordered lattice caused by the
unbalanced sharing of the 4a and 4d anion sites by both S?- and CI-/Br-.672%t Therefore,
much effort has been devoted to Cl- or Br-doped argyrodites and to the demonstration of
their feasibility in solid-state Li batteries.””"980.146202 |n contrast, LigPSsl with iodine
doping has continuously been reported to show poor ionic conductivity (107 S cm?, 3-4
orders of magnitude lower than its CI/Br counterparts) due to the lack of disorder in its
crystal structure.567:159203 Recently, it has been reported that LisPSs! with nanocrystalline
structure exhibits boosted ionic conductivity (10# S cm™) following high-energy planetary
ball milling treatment. This is attributed to the mechanically introduced disorder in the
nanocrystalline structure.?%

In addition to LigPSsX argyrodite with single halogen anion doping, hybrid-doped
argyrodites (e.g. LisPSsClosBros and LisPSsClosFo7)"°8 have been reported to distribute
the occupancy at the 4a and 4d sites differently, tailoring the disordering in the crystal and
leading to increased ionic mobility and thereby improved conductivity. Our recent work
also proves the beneficial effect of hybrid-doping-caused disorder through the observation
that LigPSsFo5Clos possesses higher ionic conductivity than either LisPSsF or LisPSsCl.8

Additionally, iodine containing hybrid argyrodites such as LisPSsClo7lo3 exhibit much
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higher room temperature Li-ion conductivity than pristine LigPSs1.2* Stemming from this,
the introduction of F- to partially replace I in LigPSsl is intriguing, because F~ has the
smallest ionic size (133 pm) while I has the largest ionic size (216 pm). It should be
possible to generate a more disordered structure by coinhabiting F~ and I at anion sites,
thus decreasing the energy barriers for Li-ion jumps. Moreover, the presence of fluorine at
the electrode/electrolyte interface has been reported to contribute to the formation of a
stable solid electrolyte interphase (SEI) layer.166:189-192196.205 Neyertheless, to the best of
our knowledge, studies on introducing F~ into LigPSsl argyrodites have not been reported.

In this chapter, we report the synthesis of LigPSsI and hybrid-doped LisPSsFxl1-x (X
= 0.25, 0.5, 0.75) argyrodites through a solvent-based approach. After undergoing heat
treatment at 200 °C, the produced LigPSsI shows high room temperature ionic conductivity
of 25 x 10* S cm™. When introducing F into the LisPSsl structure, LigPSsFo25l07s
achieves the highest conductivity of 3.5 x 10 S cm~*among hybrid-doped argyrodites with
various F/I ratios. With higher F-content, LisPSsFo 751025 displays the best electrochemical
stability and battery cycling performance. Using LisPSsFo7slo2s as solid electrolyte, Li
symmetric cells display long-term stable cycling up to 1,100 hours under a current density
of 0.05 mA cm. In addition, solid-state Li metal batteries with LTO as positive electrode
show great capacity retention of 105 mAh g after 200 cycles at 0.1 C. This research
expands new compositions in the argyrodite-class solid electrolytes and promotes the

development of solid-state Li metal batteries.

6.2. Experimental Sections

6.2.1 Materials synthesis
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LigPSsl and hybrid-doped LigPSsF«xlix were synthesized via a solvent-based
approach, following our previous chapters.*>!' For use in the controlled experiment,
further heat treatment at 290 °C was performed to produce 290C-LisPSsl sample. For
LigPSsFxlix (X = 0.25, 0.5, 0.75) argyrodites, lithium fluoride (LiF, Acer, 99.5%) was
introduced as another precursor while the content of Lil was decreased accordingly,
followed by the same mixingand heating process at 200 °C.

6.2.2 Structural and morphology characterizations

The produced powder samples (LisPSsl and hybrid-doped LigPSsFxlix) were
subjected to X-ray diffraction (XRD) measurements using Bruker D8 Discover with nickel-
filtered Cu-Ko radiation (A = 1.5418 A) for phase identification. XRD refinement was
carried out using the GSAS-I1I crystallography data analysis software. Raman spectroscopy
(Renishaw in Via Raman/PL Microscope) was performed on synthesized samples using a
632.8 nm emission line of a HeNe laser. The morphologies of argyrodite samples were
analyzed using transmission electron microscopy (TEM, Tecnai F20 FEG-TEM/STEM).

6.2.3 Electrochemical Characterizations

All SE preparation and cell assembly/disassembly took place inside a glovebox
filled with Ar. All electrochemical testing was carried out using the methods described in
previous chapters. In addition, solid-state Li metal batteries were assembled and cycled.
The battery structure used F/1-doped argyrodite as SE, Li metal as the anode, and LisTisO12
(LTO) as the active cathode. The composite cathode consisted of super P, PVDF binder
and LTO with a weight ratio of 1:1:8. In the Li metal batteries, trace amounts (<10 pL) of
propylene carbonate were introduced at the interface to reduce the resistance associated
with solid-solid contact. The assembled Li metal batteries were cycled under different C-
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rates (0.1, 0.2 and 0.6) at room temperature, which were calculated based on the theoretical

specific capacity of LTO (0.175 Ah g ).

6.3 Results and Discussion

6.3.1 Structure analysis and morphology of LigPSsI and F/I co-doped argyrodites

In thiswork, LigPSsl and hybrid-doped LisPSsFxl1-x (X = 0.25, 0.5, 0.75) argyrodites
were synthesized via a solvent-based approach, and the produced samples were subjected
to XRD characterization to identify the crystal structure and phase purity. As shown in
Figure 6.1, LisPSsI sample shows characteristic diffraction peaks at 20 = 17.7°, 25.2°,
29.6°, and 31.0°, corresponding to the planes of (200), (220), (311), and (222) in argyrodite
structure (space group F-43m). The XRD patterns are in good agreement with pure phase
LisPSsl as reported from mechanochemical synthesis.2% In addition, the lattice parameter

of as-synthesized LisPSs| is estimated to be 10.1235 A, which is slightly higher than the
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Figure 6.1. XRD pattens of solvent-synthesized LisPSsl, LisPSsFxl1x (x =0.25, 0.5,

0.75) argyrodites

values of LigPSsCl (9.850 A) and LigPSsBr (9.980 A).1%° This is attributed to the larger
ionic radius of I" (206 pm for I" vs 182 pm for Br- and 167 pm for CI"). When both halide
ions (I" and F) are introduced, all hybrid-doped samples exhibit strong and dominant
argyrodite structure diffraction patterns.*>!1° Notably, while synthesized LigPSsl is a pure
phase argyrodite, the addition of 0.25 mols of F- to synthesize LisPSsFo2slo.75s appears to
make it difficult for iodine to fully incorporate, as small secondary peaks corresponding to
Lil can be observed at 20 = 42.4° and 50.2°.2°7 As F-content is increased, the Lil peaks
disappear. Instead, a minor impurity peak at 20 = 39.1° starts to appear which is attributed
to small amount of secondary LiF phase.'1%* XRD refinement results (Figure 6.2) reveal

that the LigPSsFoslo.25 and LigPSsFo 751025 sSamples contain around 6.7 wt% and 9.0 wt% of

LiF, respectively.
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Figure 6.2. XRD refinements of LigPSsI and hybrid-doped LisPSsFxl1x argyrodites (x =

0.25, 0.5, 0.75).

Raman spectra (Figure 6.3) of the LigPSsl and hybrid-doped argyrodites show
strong bands around 420 cm, with smaller bands appearing at 575 cm=*and 200 cm?, all
of which have been reported to indicate the presence of the PS,*" tetrahedra.®® Very slight
shifts in Raman bands between differently doped argyrodite samples have been observed,
which is due to the variable substitution of S anions with F-and I at the S1 (16e) site, as

well as the different energy associated with P-S bonds resulting from various proportions
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of the dopants.’®® The morphologies of these I-containing argyrodite powders were
observed through scanning electron microscopy (SEM) images (Figure 6.4a and 6.4b).
These particles are self-adhesive and easily form a solid mass when pressed. Energy-
dispersive X-ray spectroscopy (EDS) was employed to examine the elemental distribution
of phosphorous (P), sulfur (S), fluorine (F), and iodine (I) in LisPSsFo 751025 argyrodite. The

aggregation of F is observed in a local area, corresponding to unincorporated LiF phase.
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Figure 6.3. Raman spectra of solvent-synthesized LigPSsl, LisPSsFxlix (x = 0.25, 0.5,

0.75) argyrodites
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Figure 6.4. SEM images of (a) LigPSsl, and (b) LisPSsFo.75l0.25 (X = 0.75) with elemental

mapping.

6.3.2 Fast Li-ion transport in solvent synthesized LisPSsl and F/l co-doped argyrodites

The ionically conductive properties of solvent-synthesized LigPSsl and hybrid-
doped LisPSsFxl1-x argyrodites were examined by electrochemical impedance spectroscopy
(EIS) measurements. In a halide doped argyrodite structure, octahedrally arranged Li ions
form a cubic lattice with PS,*" tetrahedra and face centered anions (S% or X (X =F, Cl, Br,
1)), allowing for three levels of lithium ion jumps to occur: (i) localized jumps, (ii) intra-
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cage jumps, and (iii) inter-cage jumps, the latter of which is the primary bottleneck for Li
ion mobility.6779201203208 Ynlike the fast ion transport in LisPSsCl and LigPSsBr
argyrodites, LisPSsl exhibits poor ionic conductivity due to the absence of anion site
disorder,>8159200 glthough high-energy ball milling and doping chemistry have been

reported to introduce additional disorder and promote ion-transport.201:209.210
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Figure 6.5. Raman spectra of LigPSsl samples that synthesized after 200 and 290 -C

heating treatment, respectively.

For our LigPSsl argyrodite, two different heat treatment temperatures of 200 °C and
290 °C were employed during the solvent-based synthesis process to form 200C-LisPSsl
and 290C-LigPSsl, respectively. Both samples show strong (PS4)*  bands in Raman spectra
(Figure 6.5). Figure 6.6 presents the Arrhenius plots of these two LigPSsl samples. At

room temperature (RT), the 290C-LigPSsI sample exhibits an ionic conductivity of 1.8 x
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10 S cm™, which is in good agreement with previous reports from solid-state synthesis

methods (>400 °C).132.134
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Figure 6.6. Arrhenius plots of solvent synthesized LisPSs| after two different heating

treatment temperatures (200, 290 °C).

In contrast, a high ionic conductivity value of 2.5 x 10* S cm™ at RT is achieved
for the LisPSsI sample after a low heat treatment temperature at 200 °C. This conductivity
is not only more than two orders higher than that of 290C-LigPSsl, but also is amongst the
highest values for pure LisPSsl argyrodite reported thus far. The Nyquist plots for both
samples (Figure 6.7) at RT display the typical semicircle in the high frequency range and
a spike in lower frequency range, with 200C-LigPSsI sample displayinga much smaller
resistance value. Additionally, 200C-LisPSsl argyrodite also achieves a much lower

activation energy (0.34 eV) than that of 290C-LigPSsl (0.55 eV).
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Figure 6.7. Nyquist plots of LisPSsI samples that synthesized after two heating

treatments (200 and 290 -C).

Figures 6.8a and 6.8b show transmission electron microscopy (TEM) elemental
mapping of the LisPSsl samples after heating treatment under 200 °C and 290 °C,
respectively. The 290 °C-heated sample has ahomogenous distribution of Sand | elements.
In contrast, the 200 °C-treated sample displays a mismatched distribution with iodine (1)
aggregating at the edges while the sulfur remains in the inner region. Such edge-aggregated

iodine may contribute to the decreased grain boundary resistance and promote the fast ion

transport, which is similar with observations seen in previous reports.176:201
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Figure 6.8. TEM elemental mapping of synthesized LigPSsl argyrodite after heating

treatmentat (a) 200 °C and (b) 290 °C. (S in Yellow, I in Red, O in Pink).

For hybrid-doped LisPSsF«l1-x (x = 0.25, 0.5, 0.75) argyrodites, Figures 6.9a and
6.9b show their Nyquist plotsat RT and Arrhenius plots between temperature range of 30-
90 °C. When x = 0.25, LigPSsFo2s5lo.75exhibits the smallest resistance and the highest RT
ionic conductivity of 3.5 x 10* S cm™, indicating that a minor amount of F mixed with a
majority of | provides the best pathway for Li* transport across the argyrodite structure.
With further increasing F-content, the ionic conductivity continually decreases, with
LisPSsFo 751025 (x = 0.75) showing the lowest conductivity of 1.5 x 10* S cm™. The slower

ion transport is attributed to the increased minor LiF secondary phase in argyrodite
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structure (shown in XRD results). Unlike the large fluctuations for ionic conductivity, the

activation energy for both hybrid-doped LigPSsF«lix (x = 0.25, 0.5, 0.75) and pristine

LigPSsl argyrodites are close to each other (Figure 6.9a). For instance, LisPSsFo 251075 With

low F-content has the lowest activation energy value of 0.34 eV, while LisPSsFo 751025 with

high F-content exhibits a slightly higher value of 0.37 eV.
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Figure 6.9. (a) Arrhenius plots (30-90 °C) of LigPSsl and hybrid-doped LigPSsFxlix (X =

0.25, 0.5, 0.75) argyroditesand (b) Nyquist plots at room temperature.
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6.3.3 Electrochemical stability of F/I hybrid-doped argyroditesin Li symmetric cells

The electrochemical stability of hybrid-doped LisPSsFxl1-x (x = 0.25, 0.5, and 0.75)
and LigPSs| argyrodites towards metallic Li anode was examined in Li symmetric cells. At
a current density of 0.05 mA cm?, stable cycling performance is observed for most
argyrodites except LigPSsFoslos.

As shown in Figure 6.10a, the polarization voltage of the LisPSsl-cell obviously
increases from its initial value of 0.18 V (1% cycle) to 0.37 V (100" cycle), while the other
two symmetric cells display more flat voltage profiles. Among them, the LisPSsFo.2710.25-
cell shows the lowest polarization voltage at 0.03 V for over 100 cycles, suggesting low
interfacial resistance and the formation of a stable interphase layer between the argyrodite
and Li metal. Figure 6.10b compares the impedance spectra of LisPSsFo.75lo25-based Li
symmetric cell before and after 100 cycles, in which the slight change of total resistance
(2,950 Q vs 2,780 Q) further confirms the stable interface in such cell. The long-term
cycling stability of LigPSsFo7slo25-based Li symmetric cell is displayed in Figure 6.10c,
which runs continuously for 1,100 hours without short circuit. The initial polarization
voltage at 0.03 V slightly drops to 0.025V over the first 150 hours due to interfacial
reactions to form a stable SEI layer, which further contributes to stable cycling (~0.022 V)

for the remaining 950 hours.
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Figure 6.10. (a) Cycling performance of Li symmetric cells with LigPSsl, and hybrid-
doped LigPSsFxl1x (x =0.25, 0.75) argyroditesas SEs under current density of 0.05 mA
cm?; (b) Nyquist plots of LisPSsFo75l0.25-based symmetric cell before and after cycling
for 100 cycles; (c) voltage profiles of LisPSsFo.75l025-based symmetric cell cycling up to

1,100 hours (0.05 mA cm?).

X-ray photoelectron spectroscopy (XPS) was performed on the LisPSsFo75l0.25-
symmetric cell after long-term cycling to investigate the chemical composition and to
understand the interfacial reactions at the interface layer. In the XPS spectra (Figure 6.11a-

c), doublet peaks for | 3d at 619.4 eV and 630.5 eV originated from Li-1 bonding 2°¢, while
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the peak at 56.2 eV for Li 1s is attributed to Li-F bonding.8* This observation indicates that
the interfacial reactions between LisPSsFo7slo2s and Li metal form an SEI layer that
contains both LiF and Lil during the symmetric cell’s cycling. In such an SEI layer, the
presence of LiF has been found to stabilize interface and prevent Li dendrites in previous
reports,64:166.190-192196.211 Moreover, Lil may also contribute to the enhancement of
interfacial stability, as has been observed for LiBr or LiCl at the interface between LisPSsBr

or LigPSsCl with Li metal,160.178:212
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Figure 6.11. XPS spectra of cycled symmetric cell with LigPSsFo 751025 SE: (a) 1 3d, (b) S

2p, and (c) Li 1s.

6.3.4 Cycling performance of LigPSsFo 751005 SE in solid-state Li metal batteries

Using LisPSsFo7slo25 argyrodite as SE, we assembled solid-state batteries with a
structure of Li||[SE||[LTO, inwhich LTO is chosen as the positive electrode due to its small
volume change and inexpensive elements.?'32'4 Figure 6.12a presents the charge-
discharge voltage profiles within an electrochemical window of 1.0-2.8 V under a C-rate
of 0.1 C. The cell delivers an initial specific capacity of about 140 mAh g, which slightly

decreases to 128 mAh g at the 50" cycle. After the 100" and 200" cycles, the cell
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maintains decent specific capacity values of 115 and 105 mAh g, respectively. In Figure
6.12b, a stable cycling performance with high coulombic efficiency close to 99.95% is

observed for the LigPSsFq 7519 25-based cell.
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Figure 6.12. (a) Cycling performance and (b) charge-discharge voltage profiles of Li
metal batteries with LisPSsFo 7s5lo2sas SE and LTO as active cathode cycled at 0.1 C rate
at room temperature. (c) C-rate performance (0.1, 0.2, and 0.6 C) of solid-state Li metal

batteries with Li6P85F0_75|0_25 as SE.

When cycled under higher C-rates (Figure 6.12c), such a cell retains a high specific
capacity of 121 mAh g at 0.2 C. While the cell displays a large drop to low capacity at

0.6 C, the specific capacity of the cell returns to values above 120 mAh g when the battery

141



cycling is returned to 0.1 C. The battery cycling performance proves the great

electrochemical stability of LigPSsFo 75025 argyrodite in solid-state Li metal batteries.

6.4. Conclusion

In summary, we reported the synthesis of highly conductive LisPSsl and hybrid-
doped LisPSsFxl1-x (x =0.25, 0.5, 0.75) argyrodites through a solvent-based approach. The
as-synthesized LigPSslI after 200 °C heat treatment showed an impressive ionic
conductivity of 2.5 x 10* S cm™ at RT. For hybrid-doped LigPSsFxlix argyrodites,
LisPSsFo25lo.75 with low F-content displayed the highest ionic conductivity of 3.5 x 10# S
cm due to the anion-disordering introduced by F-and I- dual dopants. LigPSsFo.75l0.25 with
high F-content exhibited the best electrochemical stability, which is evidenced by 1,100
hours of stable cycling in Li symmetric cells under 0.05 mA cm-2. Moreover, the assembled
solid-state Li metal battery (LTO as cathode) delivered a decent specific capacity of 105
mAh g after 200 cycles under 0.1 C. This work expands new compositions in the
argyrodite family solid electrolytes and promotes the future development of solid-state Li

metal batteries.
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CHAPTER 7

POLYMER COMPOSITE WITH LITHIUM FLUORINE-DOPED LITHIUM
AGRYRODITE FOR LITHIUM METAL BATTERIES

7.1 Introduction

The continued development of lithium-ion batteries is crucial to meet the ever-growing
demands of portable electronics and electric vehicles. Key to this process is the
achievement of the Li metal battery, whose unparalleled capacity (3,860 mAh g1) and high
negative reduction potential (-3.04 V vs SHE) make it an excellent choice for use as an
anode.?® Several issues continue to plague the use of Li metal in batteries, including
instability with electrolyte materials, rapid dendrite formation, and most seriously, high
safety issues resulting from flammability and thermal runaway.®22® The past decades
have seen non-flammable solid electrolytes become a heavily researched topic, with
materials such as oxides,???° sulfides?®>* (including Li10GeP2S12,2*" LizPS4,2*8 Li7P3S11,1%°
and LigPSeCI®*11), and polymers (PEO,®® PVDF,*> PMMA?2!® and PVDF-HFP®)
receiving much attention. Each material class has advantages and disadvantages associated
with them. For example, sulfides are noted for their high ionic conductivity and thermal
stability under high temperatures, but strongly suffer from air instability. Conversely,
polymersare highly flexible materials that are relatively easy to process at large scales, but

they suffer from low room temperature ionic conductivity.!'2
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In recent years, much attention has been devoted to the concept of a ceramic-polymer
composite material, which takes advantage of positive aspect of both materials. These
efforts have included both oxide-polymer composites,®’1% and sulfide-polymer
composites, 44216220 gIfide-polymer composites are promising due to the possibility of
utilizing the high conductivity of sulfide materials alongside the air stable, highly flexible
nature of polymer gel membranes. Using this approach, the polymer matrix provides a
mechanical scaffolding which can hold the sulfide particles in place, providing an effective
web for ion conduction to take place between the inorganic ceramic filler,114220.221 The
addition of sulfide particles into the matrix also increases ionic conductivity by decreasing
crystallinity of the polymer membrane. 108

Recent research has addressed an important hurdle, as carefully tuned ceramic sulfides
have been shown to form a stable SEI layer with electrode materials within a relatively
wide voltage window (1.8-4 V), most importantly with metal Li anodes.???-22* Much of
this progress has come with the inclusion of LiF at the electrode/electrolyte interface, a
compound which has long been known to be important to the formation of a stable solid
electrolyte interface (SEI) layer.80167.190.193.225 | iE plays a key role in regulating the
transportation of Li* ions while simultaneously a) inhibiting the growth of Li dendrites,
and b) preventing the decomposition of the electrolyte by blocking electron transfer
through the SEI layer.??® LiF is commonly added through the addition of Li saltsin liquid
electrolyte solvents, such as LiTFSI, LiPFs, or LiFSI in ethylene carbonate (EC), 1,2-
dimethoxyethane (DME), or propylene carbonate (PC).166:190226

An alternative approach for incorporating F into the SEI layer is through doped solid

electrolytes. For example, F-doped argyrodites such as LisPSsFosClos or LigPSsFo7Clos
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can form a stable and dendrite-preventing SEI layer with lithium metal anodes due to the
formation of LiF at the electrode/electrolyte interface layer.8%8! Utilizing this co-doped
halogen material in sulfide-polymer composites creates the possibility for a polymer solid
electrolyte that has several desirableattributes, including a) high ionic conductivity, b) high
air stability, c) high flexibility, and d) high compatibility with lithium metal anodes. In this
work, we report the preparation of a sulfide-polymer composite (PVDF-HFP and fluorine-
doped sulfide argyrodite LisPSsFosClos) in ambient environment without protective
atmosphere. The synthesized composite solid electrolyte (CSE) membranes show that the
ionic conductivity is strongly dependent on the weight percentages of sulfide argyrodite in
the PVDF-HFP matrix, achieving the highest ionic conductivity of 7.9 x 10* S cm™ at
room temperature for 5 wt% LPSFCI. Full lithium metal batteries with LFP cathodes are
constructed and tested, and a systematic investigation of wetting agent with dissolved
LiTFSI is undertaken. PVDF-HFP/5 wt% LPSFCI in conjunction with PYR:DOL (1:1
ratio) and 2M LiTFSI is found to produce an LFP-based battery that maintains a decent
capacity of over 125 mAh g* for 40 cycles, and an LTO-based battery with a capacity of
over 120 mAh g for 90 cycles. These results indicate the effectiveness of the fluorine-
doped sulfide-polymer composite as a possible candidate for use in future solid-state

batteries.

7.2 Experimental Sections

7.2.1 Materials synthesis.

Polymer-sulfide composite materials were prepared with commercially purchased
PVDF-HFP polymer, LiTFSI salt, and synthesized LisPSsFosClos (LPSFCI) lithium

argyrodite solid electrolyte. The ceramic powder was made using the process outlined in
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previous chapters.** The polymer-sulfide composite was prepared by first creating
solutions of PVDF-HFP and LiTFSI in THF at a ratio of 100 mg to 1 mL. These solutions
are mixed while a third solution of appropriate amount of ceramic powder is mixed in THF
solution for one hour, creatinga loose slurry mixture. The PVDF-HFP/LiTFSI solutionis
combined with the ceramic slurry and stirred via magnetic bar for 45 minutes. The polymer
coating is cast on a PTFE plate (Area = 11.34 cm?) in ambient atmosphere and left to
evaporate for ~18 hours. The different amounts of LPSFCI powder added to the polymer
matrix were calculated based on weight percentages, either 0% LPSFCI (0-wt%LPSFCI),
2% LPSFCI (2-wt%LPSFCI), 5% LPSFCI (5-wt%LPSFCI), or 10% LPSFCI (10-
Wt%LPSFCI).

7.2.2 Structural characterizations.

X-ray diffraction (XRD, Bruker D8 Discover) was measured for LisPSsl and co-
doped samples using nickel-filtered Cu-Ko radiation (A = 1.5418 A) for phase
identification. XRD refinement was carried out using the GSAS-II crystallography data
analysis software. Raman spectroscopy (Renishaw in Via Raman/PL Microscope) was
performed on synthesized samples using a 632.8 nm emission line of a HeNe laser.
TESCAN Vega3 scanning electron microscope (SEM) was used to study the morphology
of samples.

Differential scanning calorimetry (DSC) was used to determine the crystallinity
(x.) of the polymer electrolyte membrane. The test was run in the temperature range of -
60-80 °C, with a heating rate of 10 °C min, with a sample mass of 5 mg. The crystallinity

was calculated using Equation 7.1

AHp

Xe=—F7— —
AHpypF-HFP

Eq. 7.1
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where AHpypr_yrp IS the melting enthalpy of pure crystal PVDF-HFP (104.7 J g1)®° and
AH,, is the melting enthalpy of the measured composite SE material.

7.2.3 Electrochemical Characterizations.

After being cast for 18 h, the prepared composite membranes were placed in a
vacuum chamber for 30 minutes to completely remove residual solvent. Following this, the
membranes were cut using a hole puncher into 4” circles for further testing. The polymer
membrane samples (with stainless steel on each side) were subjected to electrochemical
impedance spectroscopy (EIS) measurements to evaluate the conductive properties using
a Bio-Logic SP300 Potentiostat using an excitation voltage of 100 mV within a frequency
range of 1 MHz to 1 Hz. The battery structure used composite polymer membranes as SE,
Li metal as the anode, and LiFePO4 (LFP) or LisTisO12 (LTO) as the active cathode. The
composite cathode consisted of super P, PVDF binder and LTO with a weight ratio of
1:1:8. Before assembling, the composite membranes were soaked in PYR ionic liquid for
2 minutes, using different ratios of LiTFSI saltand DOL. The assembled Li metal batteries
were cycled under different C-rates (0.1, 0.2 and 0.6) at room temperature, which were

calculated based on the theoretical specific capacity of LTO (0.175 Ah g1).

7.3. Results and Discussion

7.3.1 Characterization and Morphology of Sulfide/PVDF-HFP Composites

XRD patterns of the LigPSsFo5Clos/PVDF-HFP composite materials with different
weight percentages of LPSFCI are seen in Figure 7.1. The dominant phase in this material
is the polymer/LiTFSI matrix, with LPSFCI material constituting a small enough
percentage as to not show up in XRD scans. PVDF-HFP/LITFSI is a primarily non-

crystalline material, as can be seen in the scan for pure PVDF-HFP/LiTFSI, showing broad
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peaks at 26 = 22° and 40°, in good agreement with previous reports on this material 11322~
229 The representative diffraction peaks for argyrodite phase at 20 = 25.5°, 30°, and 31.2°,
are not present in the composite XRD.*311° When LPS wt% is much higher (75%), these
argyrodite peaks are observed, even when the polymer is cast inambientair. This indicates

that the amount of the polymer network encapsulates the small amount LPS particles

almost completely when wt% < 10%.
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Figure 7.1. XRD patterns of PVDF-HFP/LITFSI polymer membranes with different

amounts of LPS sulfide SE added.

Raman spectra of the composite SEs are shown in Figure 7.2. The main peak at
750 cm? is also attributed to the PVDF-HFP/LIiTFSI matrix, with no obvious peaks
observed indicating the PS,* tetrahedra present in the argyrodite material. This is in

accordance with the XRD results.
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Figure 7.2. Raman spectra of PVDF-HFP/LiTFSI polymer membranes with different

amounts of LPS sulfide SE added.

Morphological evaluation was conducted via SEM shown in Figure 7.3. Cross
sectional imaging of the membrane confirms the width of the membrane as 50 um (Figure
7.3a) Direct imaging of the SE film shows a mostly smooth surface with some amount of
small holes as a result of solvent evaporation (Figure 7.3b). The pure PVDF-HFP/LITFSI
membrane is clear and transparent, while the addition of LPSFCI materials results inamore
opaque film. The composite SEs are confirmed as both thin and flexible, and stable in
ambientair. EDS evaluation was conducted to determine the elemental composition of the
membrane. The presence of argyrodite LisPSsFosClos SE is evidenced by the even
distribution of P, S, and Cl atoms. F atoms can be attributed to both the ceramic solid

electrolyte as well as the organic polymer membrane and lithium salt.
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Figure 7.3. (a) Cross sectional SEM image of 5%-LPS PVDF-HFP/LITFSI polymer
membrane. (b) EDS results and SEM image of SEM image of 5%-LPS PVDF-

HFP/LITFSI polymer membrane

7.3.2 lon Conduction of Composite Polymer Electrolytes.

Figure 7.4 shows the EIS spectra of RT CSEs with differing amounts of ceramic
LPSFCI material added. The pure polymer (0 wt%-LPSFCI) sample has a higher resistance
value(~180 ;2.2 x 10° S cm™) than the composite samples as aresult of its higher degree
of crystallinity. The addition of ceramic SE material to the polymer matrix decreases
crystallinity and increases the amorphous regions responsible for fast ion conduction, as
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evidenced by the drastic drop in resistance observed for the 2 wt%-CSE and 5 wt%-CSE
samples, which results in ionic conductivity values of 5.3 x 10* Scm™ and 7.9 x 10* S
cm?, respectively. These results are an order of magnitude higher than PVDF-HFP
composite made with LLZTO and are several times higher than previous PVDF-
HFP/Sulfide ceramic composites,113116.220228.229 Thjg js confirmed by DSC results (Figure
7.5) which display a drop in crystallinity from 66% in 0 wt%-LPSFCI to 37% and 47% in
2 wt%-LPSFCI and 5 wt%-LPS, respectively. While crystallinity was less in the 2-wt%
sample, the increased conductivity observed for the 5-wt% sample can be explained by the
beneficial effects of LPSFCI as an ion conductor.

Further increasing the LPSFCI content (10 wt%) results in a decrease of the ionic
conductivity, which can likely be attributed to the ambient environment the CSE is cast in.
Small amounts of LPSFCI SE can be surrounded and protected by the PVDF-HFP polymer
material, but this is not possible with higher amounts of the sulfide material. The overnight
exposure to air likely contributes to the formation of H,S and Li,S, greatly inhibiting the
ion transport properties of the CSE. Regardless, the 10 wt%-LPSFCI sample still achieves
a decent ionic conductivity value of 1 x 10 S cm™*, which comparable to previous reports

where the CSE is cast under protected environment).13
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Figure 7.4. EIS results for LPS PVDF-HFP/LIiTFSI polymer membrane with 0% (red),

2% (blue), 5% (green), and 10% (brown) weight percent LPS SE.

0.2 02
@ (b)
0.4 4 044 1
9 )
ETN Y
z z
o i=)
w w
T 035 T 08
T T
1.0 1.0
12 T T T T T T T 12 T T T T T T T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Temperature (°C) Temperature (°C)
(c) 2 (d) o2
jp——
0.4 044
5 3
2 o064 £ 064
5 8
e o
YR T g6
T £
1.0 1.0
1.2 T - - T r T T 1.2 T - - r T T T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Temperature (°C) Temperature (°C)

Figure 7.5. DSC results for PVDF-HFP/LITFSI polymer membranes with different
amounts of LPS sulfide SE added. (a) 0 wt%-LPSFCI, (b) 2 wt%-LPSFCI, (c) 5 wt%-

LPSFCI, (d) 10 wt%-LPSFCI
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7.3.3 Electrochemical Performance of Composite Polymer Electrolytes in Li Metal

Batteries

LFP||LPSFCI/PVDF-HFP/LITFSI||Li full cell batteries were assembled and tested
to evaluate the battery cycling performance using different weight percentages of LPSFCI
and different PYR ionic liquid-based configurations. Prior to battery assembly, the as-
synthesized CSEs were soaked in either PYR or PYR/DOL with variable amounts of
dissolved molar LiTFSI salt. Figure 7.6 shows the cycling performance of a 5-wt%LPS
CSE soaked in pure PYR with 1M added LiTFSI (PYR/1M LiTFSI). As can be observed
from the capacity values, this battery was unable to cycle at all. This is attributed to the
high viscosity value of PYR/1M LiTFSI, which results in prohibitively high interfacial

resistance and negligible active material usage.?%°
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Figure 7.6. Battery data of LFP||5-wt%LPS/PVDF-HFP/LiTFSI||Li cell with 1:1

DOL:PYR/1M LiTFSI ionic liquid.
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To reduce the viscosity of PYR ionic liquid, adding a co-solvent such as DOL is
one appropriate approach..?*° This strategy was employed and tested on the various
LFP||LPSFCI/PVDF-HFP/LITFSI||Li full cells with differing LPSFCI weight percentages.
Figure 7.7 shows the performance of LFP||Li cell with pure polymer (0-wt%LPSFCI) with
1:1 DOL:PYR/1M LIiTFSI at 0.2C. This 1:1 ratio with 1M LiTFSI reduces the viscosity of
the ionic liquid to 6.91 cP.2%° The cell with no added ceramic sulfide SE shows a decent
first cycle capacity, but displays poor capacity retention over subsequent cycles. By cycle

40, the capacity has dropped to ~65 mAh g
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Figure 7.7. Battery data of LFP||0-wt%LPS/PVDF-HFP/LITFSI||Li cell with 1:1

DOL:PYR/1M LiTFSI ionic liquid.

In comparison, when the cell is assembled using 2-wt%LPSFCI CSE, the
charge/discharge curves (Figure 7.8a) clearly show a flat plateau at 3.5/3.3 V for the 1%
cycle with specific capacity of 140 mAh g*. As cycling proceeds, the discharge capacity
values decrease to 135 mAh gat 10" cycle with larger polarization voltages (3.6/3.2 V),

and then drops to 83 mAh g at the 40" cycle. Although this performance is better than
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pure polymer, it seems that the small amount of added sulfide SE was not enough to form

the stable SEI layer necessary for long term cycling.
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Figure 7.8. (a) Battery data of LFP||2-wt%LPS/PVDF-HFP/LiTFSI||Li cell with 1:1

DOL:PYR/1M LiTFSI ionic liquid. (b) Battery data of LFP||10-wt%LPS/PVDF-

HFP/LITFSI||Li cell with 1:1 DOL:PYR/1M LiTFSI ionic liquid.

Conversely, the LFP||Li cell using 10-wt%LPSFCI CSE with 1:1 DOL:PYR/1M
LiTFSI isshown in Figure 7.8b. From the beginning, this cell displays both a lower initial
capacity (130 mAh g for the first cycle) and a pronounced and rapid capacity fade. This

resulted in the cell losing nearly all of its capacity by cycle 25. This can likely be attributed
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to the poor ion conducting properties of the 10-wt%LPS CSE sample, as well as the
possibility of LPS material not being encapsulated by the polymer, meaning the material
would have already reacted during the casting process. This could have resulted in H,S
formation and LPS degradation into polysulfides which would have compromised the
battery performance.

Finally, the 5-wt%LPSFCI CSE-based LFP||Li cell (Figure 7.9) performed the best
out of all the tested CSEs, with both high initial capacity (158 mAh g for the first cycle)
and a steady coulombic efficiency for over 40 cycles. This improved performance is due
both the high intrinsic ionic conductivity of the 5-wt% LPS CSE, as well as the small
amount of LPS to both be entirely protected by the polymer matrix and still usable at the
interface to create good cycling performance. After 40 cycles, this cell still delivers specific
discharge capacity pf 125 mAh g. The promising performance of 5-wt% LPS CSE led us
to choose this composition for further testing.

To further enhance the electrochemical cycling of LFP||Li cell with 5-wt%LPSFCI
CSE, the concentration of wetting agent (DOL:PYR/LITFSI) is investigated. First, we
increase the DOL: PYR ratio to 2:1 instead of 1:1 to decrease the viscosity of the ionic
liquid. Surprisingly, the cell with the increased ratio of DOL:PYR had a very low initial
capacity of ~75 mAh g1, which then steadily declined over 40 cycles to ~ 10 mAh g
(Figure 7.10). Such poor cycling performance is possibly due to the fact that high
concentration of DOL increases the relative solubility of the ceramic LPS, taking it out of

the polymer matrix and to into the solvent.?*°
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Figure 7.9. Battery data of LFP||5-wt%LPS/PVDF-HFP/LIiTFSI||Li cell with 1:1

DOL:PYR/1M LIiTFSI ionic liquid.
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Figure 7.10. Battery data of LFP||5-wt%LPS/PVDF-HFP/LiTFSI||Li cell with 2:1

DOL:PYR/1M LiTFSI ionic liquid.

In response to the previous results, the DOL:PYR ratio was returned to 1:1, and

instead the possibility of increasing the concentration of LiTFSI to 2M rather than 1M was

explored. Figure 7.11 shows the cycling performance of an LFP||5-wt%LPS/PVDF-

HFP/LITFSI||Li with the CSE soaked in 1:1 DOL:PYR/2M at 0.2C. Increasing the salt

concentration leads to a lower initial capacity of 130 mAh g%, which isin line with previous
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reports on 1:1 DOL:PYR/2M.23° Additionally, the 2M LiTFSI concentration leads to an
increase of coulombic efficiency of >99% (after an initial “aging” process in the first 15
cycles). These phenomena are explained by the increased salt concentration resulting in a
reduction of free solvent molecules (i.e. DOL). This shifts the location of the LUMO from
the solvent towards the TFSI- anions, which in turn results in the formation of more
inorganic compounds such as LiF and Li;0.2%! These compounds both limit the Li*
mobility across the interface (resulting in the lower capacity) and contribute to a stable SEI
layer (resulting in the improved coulombic efficiency). This process is observed in real
time, where the first several cycles show increased charge capacities, which can be
interpreted as excess Li* ions being used up in the formation of SEI product molecules.
After ~15 cycles, this process has reached equilibrium, and the battery cycling performance

resumes with excellent capacity retention and coulombic efficiency.
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Figure 7.11. Battery data of LFP||5-wt%LPS/PVDF-HFP/LIiTFSI||Li cell with 1:1

DOL:PYR/2M LiTFSI ionic liquid.

The previous cells all used an LFP cathode because of its high operating voltage

values which leads to batteries with higher energy density. However, the high voltage also
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contributes to more rapid molecular decomposition of the various components within the
battery, making it difficult to build batteries with high C-rates or very long cycle lives. As
such, LTO-based Li metal batteries were also tested, which are noted for their excellent
stability and high safety.

Figure 7.12 shows the C-rate performance of an LTO|5-wt%LPS/PVDF-
HFP/LITFSI||Li cell soaked in 1:1 DOL:PYR/2M LiTFSI. At 0.1C, the battery has a good
capacity of 125 mAh g and maintains good coulombic efficiency. This value is barely
changed when the C-rate is increased to 0.2C. The cell maintains a high capacity above
100 mAh g even at a very high C-rate of 0.8C, and 85 mAh g at 1C. After cyclingat 1C
for 5 cycles, the cell was returned to 0.1C where it returned to its initial capacity of 125
mAh g,

Figure 7.13 shows the cycling performance of a similar cell cycled at 0.2C for an
extended period. As with the LFP cell, the first several cycles show variable capacity values
as Li*is used up in the formation of astable and robust SEI layer. By the 10'" cycle, a stable
capacity of 120 mAh g has been reached with a coulombic efficiency >99%. This capacity
Is maintained for over 90 cycles. These results indicate the promising possibility of using
5-wt%LPS CSE with PVDF-HFP/LITFSI as the electrolyte in both LFP and LTO-based Li

metal batteries.
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Figure 7.12. C-Rate test of LTO||5-wt%LPS/PVDF-HFP/LIiTFSI||Li cell with 1:1

DOL:PYR/2M LiTFSI ionic liquid.
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Figure 7.13. Battery data of LTOJ||5-wt%LPS/PVDF-HFP/LiTFSI||Li cell with 1:1

DOL:PYR/2M LiTFSlI ionic liquid.

7.4 Conclusion

In summary, we demonstrated the synthesis of a sulfide-incorporated composite
polymer electrolyte in ambient environment by embedding LigPSsFo5Clos argyrodite into
a PVDF-HFP matrix. The preparation process was carried out in an unprotected

environment conditions overnight yet showed very little effects of sulfide decomposition,
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demonstrating the protective qualities of the PVDF-HFP polymer which. Moreover, the
addition of 5-wt% LPSFCI exhibited the highest ionic conductivity of 8x10-4 S cm-1 at
room temperature, dramatically higher than that of pure polymer as a result of a decrease
in crystallinity. Following this, the effects of different ionic liquid/co-solvent mixtures with
varying salt concentrations were explored through the electrochemical cycling of full cells,
and an optimized composition of 1:1 ratio of DOL:PYR ionic liquid with a 2M LiTFSI was
established. Utilizing 5-wt% LPSFCI CSE, the LFP||Li cell achieved a high initial capacity
of 158 mAh g for the first cycle and retained a decent value of 120 mAh g* after 40
cycles. Moreover, the LTO-based cells showed a capacity of 125 mAh g with even longer
capacity retention of up to 90 cycles. These results demonstrate the feasibility of the
preparation of sulfide-CSEs in ambient environment, and show that composite SEs are a

promising candidate for use in future solid-state Li metal batteries.
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CHAPTER 8

CONCLUSION

This dissertation seeks to address specific issues related to the development of solid
electrolytes in solid-state Li metal batteries. These issues include the following:
manufacturing concerns of solid electrolyte materials due to harsh synthesis conditions, the
low ionic conductivity of solid electrolyte materials, safety concerns associated with Li
metal anodes due to the propagation of Li dendrites through the electrolyte, poor interfacial
stability between electrodes and solid electrolyte, and the air sensitivity and brittle nature
of sulfide solid electrolytes. Each of these issues were addressed in different ways with a
common theme of developing sulfide argyrodites as the ideal material for use as solid
electrolytes in solid-state batteries. The conclusions are organized in five parts.

8.1 Development of Liquid Synthesis Process for Li;PSg and LigPSsX (X = CI, Br, 1)

Prior to the publication of the manuscripts outlined in Chapter 3, the vast majority
of argyrodite solid electrolytes described in the literature were synthesized using harsh
solid-state methods. These methods included long periods of ball milling followed by long
periods of high temperature heat treatment, typically 550 °C for 10+ hours. In response,
this dissertation outlines an alternative, solvent-based process using nontoxic ethanol. This
process is both economical and fast, taking less than 3 hours total to complete. As such,

solvent-based synthesis is a much more attractive option for large scale manufacturing.
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Pure phase argyrodite LizPSwas synthesized using a stoichiometric mixture of Li,S
and LisPS, which was dissolved in ethanol and reprecipitated using a 200 °C heat
treatment. The resulting powder was collected and further tested to confirm phase purity
and electrochemical properties. It was found that Li7PSe displayed pure argyrodite phase,
with XRD revealing primary peaks at 260 = 25.5, 30, and 31.2°, corresponding to (220),
(311), and (222) planes in the cubic HT-phase of LizPSg (space group F43m). Additionally,
Raman spectroscopy revealed the presence of the (PS,4)* tetrahedrain liquid synthesized
LizPSs. SEM images reveal a granular morphology attributable to use of ethanol solvent,
and EDS confirmsa homogenous distribution of P and S atoms. The ionic conductivity of
solvent-synthesized LizPSg was found to be 1.1 x 10* S cm™ with an activation energy of
0.43 eV. Finally, Li7PSs was shown through CV and symmetric cell testing to have decent
stability with Li metal, though higher current densities results in harmful interfacial
reactions.

In addition to pure phase Li;PSg, the solvent method was utilized to synthesized
halogen doped LisPSsX (X = Cl, Br, I). Similar to pure Li;PSe, all halide-doped samples
display sharp peaks at 26 ~25.5°, 30°, 31.2°, and Raman spectroscopy revealed the presence
of the (PS4)? tetrahedra. Due to the replacement of S at the 4d position with either Cl-or
Br-, Cl and Br-doped samples displayed improved ion conducting properties compared to
pure phase Li;PSs, with values of 3.4 x 10* S cm?and 3.1 x 10* S cm™, respectively.
Additionally, the presence of LiX materials at the interface improved the electrochemical
stability of these materials with Li metal.

8.2 Investigation of Conductive Properties and Interface Stability of LiCl-Rich Argyrodite

LigPSsCl for High-Performance Batteries
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This chapter focuses on the modification of the electrode/electrolyte interface by
two means: excess Cl doping and the addition of trace amounts of PC. LiCl-rich argyrodites
LigPSsCl-xLiCl (0<x<2) were made through tuning the ratios of LiCl:LizPS4 during solvent
synthesis. It was found through XRD that excess LiCl does not enter the argyrodite
structure, but instead exists as pure LiCl. Moreover, the addition of PC on the SE surface
does not change the crystal structure, even after three weeks of soaking. Despite the
presence of pure LiCl, the ionic conductivity of LisPSsCl-LiCl was not negatively affected,
and was actually found to increase to 5.3 x 10* S cm™, which is possibly a result of the
space-charge effect. Further LiCl doping does result in a decrease of ionic conductivity,
likely due to the insulative properties of LiCl.

The presence of LiCl was found to have an additional advantage, as it could be
utilized in the SEI layer at the electrode/electrolyte interface. CV scans show good
compatibility with Li metal up to 5 V, with LigPSsCI-LiCl having higher anodic/cathodic
current values than LisPSsCl. Moreover, during symmetric cell testing, LisPSsCI-LiCl
showed a lower polarization voltage than LisPSsCl and could withstand higher current
densities, up to 0.1 mA cm. The interfacial properties of LigPSsCl-LiCl was further
improved through the addition of trace amounts of PC at the interface, where symmetric
cells showed stable cycling as high as 1 mA cm™2.

Finally, full cell Li metal batteries were constructed using LTO cathode and
LisPSsCI-LiCl SE with trace amounts of added PC. These cells were able to achieve a high
current density of 135 mAh g at a C-rate of 0.2C with stable cycling. C-rate tests showed
good performance even up to 2C. At 1C, the LTO| LisPSsCI-LiCI/PCJLi cell displayed an

impressive capacity of 116 mAh g with 99.9% coulombic efficiency for over 200 cycles.
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After cycling, the cell was disassembled for XPS testing. Here it was found that the SEI
layer formed was a combination of LiCl salt and organic Li,COs. The excellent cycling
ability of the full cell battery is attributed to this combination of molecules. These results
indicate the promising combination of LiCl-rich argyrodite coupled with PC as a viable
route for the development of high performance SSBs.

8.3 Synthesis of Fluorine-Doped Lithium Argyrodite Solid Electrolytes for Solid-State

Lithium Metal Batteries

Having investigated the effects of LiCl on the SEI layer in argyrodite-based
batteries, it was desirable to explore the effects of LiF, which is a more commonly cited
component of robust SEI layers. Moreover, F-doped lithium argyrodites had received very
little attention, and had never previously been synthesized using solvent-based methods. A
combination of both LiF and LiCl was even more intriguing, as a dual-doped material could
possess beneficial properties from both dopants.

F-doped Lis+yPSsFy and co-doped LisPSsFosXos (X = Cl, Br) were synthesized
using the solvent method, with properly tuned ratios of LiF to Li,S. Unlike in Cl and Br-
doped argyrodites, very little LiF was able to be successfully incorporated into the crystal
structure, with XRD revealing the presence of pure LiF when y > 0.5. It was found that
LigPSsF possessed the highest ionic conductivity and lowest activation energy of all F-
doped samples, with values of 2.3 x 10* S cm™ and 0.45 eV, respectively. lon transport
properties were improved through co-doping, as LisPSsFosClos displayed an ionic
conductivity of 3.5 x 10* S cm™ and an activationenergy of 0.32 eV.

Compatibility of F-doped and co-doped argyrodites was tested using symmetric

cells. Co-doped LisPSsFo5Clos had the lowest interfacial resistance value of the three, and

165



was able to withstand a high current density of 0.15 mA c¢cm-? for over 300 cycles. XPS
testing on the cycled symmetric cell revealed an SEI layer with a combination of LiCl, LiF,
and LisP, which was attributed as the cause of the excellent performance by AIMD
simulations. Finally, full cell batteries with LFP||LisPSsFo5Clos||Li were cycled at 0.2C and
achieved an excellent initial capacity of 130 mAh g which remained above 100 mAh g
after 50 cycles. These results indicate the positive role that F-doping has on the interfacial
stability of Li metal batteries with solid electrolytes.

8.4 Highly Conductive lodine and Fluorine Dual-Doped Argyrodite Solid Electrolyte for

Lithium Metal Batteries

Of the three most common halogens used for doping lithium argyrodites (Cl, Br,
and 1), iodine has traditionally been seen as the worst option as a result of its low intrinsic
ionic conductivity. This is due to the tendency for |- to replace S?- at the 4a site rather than
the 4d site, creating a large degree of anion order. However, LisPSsl made using the solvent
synthesis process shows a surprisingly high ionic conductivity, and this chapter focuses on
exploring the reasons for this phenomenon. In addition, the co-doping technique from the
previous chapter was implemented to better improve the interfacial properties of I-doped
argyrodites in Li metal batteries. Doping with both F and | provides the benefits of both
improved ionic conductivity due to the cohabitation of the 4a and 4d sites, and the interface
stabilization properties of LiF.

Following the same liquid-based process as previously described, LigPSsI and
LigPSsFxlix (x =0.25, 0.5, 0.75) solid electrolytes were synthesized. As before, XRD and
Raman confirms the presence of argyrodite sulfide solid electrolyte and the (PS4)*

tetrahedra, with pure LiF appearing when x > 0.5. The performance of pure phase LigPSsl
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was explored after being synthesized at low temperature (200 °C) and high temperature
(290 °C). While the 200C-LisPSs! has a high conductivity of 2.5 x 10 S cm?, the 290C-
LisPSsl sample has a significantly worse value of 1.8 x 10 S cm™. This discrepancy was
investigated through TEM imagery, which revealed that 290C-LisPSsI has a uniform and
well-formed crystal with homogenous distribution of S and | elements, whereas the 200C-
LisPSsl sample has hotspots of localized concentrations of S and I. This indicates that
200C-LisPSsl is a less crystallized with a higher degree of grain boundary regions, which
mitigates the effects of the typically ordered structure of LisPSsl.

For the co-doped samples, LisPSsFo2slo.7s displayed the best ionic conductivity
with a value of 3.5 x 10 S cm™. This result was confirmed by AIMD investigation, which
showed that this configuration yielded the largest amount of crystal disorder. While
LisPSsFo75l025 had a worse value of 1.5 x 10 S cm™, it performed the best of the tested
samples in symmetric cells and full cell batteries. This is attributable to the large amount
of free LiF which could be utilized to form a stable and robust SEI layer. As a result,
symmetric cells using LisPSsFo 751025 Were able to cycle for over 1100 hours at a current
density of 0.05 mA cm2. XPS testing on the deconstructed cell revealed the presence of
both LiF and Lil, both of which contribute to a stable SEI layer. Full cell LFP-based Li
metal batteries could displayed an excellent initial capacity of 140 mAh gt which was
maintained above 100 mAh g by the 200" cycle.

8.5 Polymer Composite with Lithium Fluorine-Doped Lithium Argyrodites for Lithium

Metal Batteries

While argyrodite sulfide solid electrolytes excel in their ion conducting properties

and have good electrochemical stability with Li metal, their main drawback is their air
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sensitivity and brittle mechanical nature. In response, this chapter focuses on using
argyrodite SE material which has been incorporated into a polymer matrix which serves as
protection against decomposition. Additionally, the polymer membrane is easy to
construct, flexible, and provides excellent contact with electrode materials. A crosslinked
polymer PVDF-HFP infused with LiTFSI salt was chosen as the polymer matrix due to its
high degree of solvent absorption and its relatively high intrinsic ionic conductivity.

Different weight percentages of LisPSsFosClos (0%, 2%, 5%, 10 wt%) were
incorporated into the polymer membrane. XRD results indicate that the amount of LPSFCI
is too small to be detected, even at 10-wt% LPSFCI, although the argyrodite phase does
show up at 75-wt% LPSFCI. SEM imaging confirms a very thin membrane layer of only
50 um, as well as a smooth surface with homogenous distribution of LPS material.

The pure PVDF-HFP/LITFSI membrane with no added LPS had a relatively low
conductivity of 2.2 x 10° S cm™, which is attributed to its higher degree of crystallinity,
confirmed by DSC testing. By adding in small amounts of LPS of 2-wt% and 5-wt%, the
ionic conductivity was greatly improved to 5.3 x 10% S cm™® and 7.9 x 10* S cm,
respectively. This is explained both by the decrease in crystallinity as well as the positive
effects of LPSFCI as an ion conductor. The 10-wt% LPS membrane showed a decrease of
conductivity, attributed to the high percentage of LPS not being completely encapsulated
by the protective polymer matrix.

Following this, full cell batteries were constructed after soaking the polymer
membrane in ionic liquid with dissolved LiTFSI salt, to both improve interfacial contact
and lower interfacial resistance. Pure PYR/1M LiTFSI was too viscous for ion migration,

so the solutionwas diluted with DOL. It was found thata 1:1 ratio of DOL:PYR with 2M
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LiTFSI was the ideal concentration for the battery cells, as it provided both low enough
viscosity for ion transport and high enough concentration of TFSI-which could be used for
the SEI layer. Additionally, the 5-wt%LPSFCI CSE showed the best performance, owing
to its very high ionic conductivity and its proper proportion of LPS material which could
be used at the interface. The LFP||5-wt%LPS/PVDF-HFP/LITFSI||Li cell soaked in 1:1
DOL:PYR/2M LiTFSlI ionic liquid exhibited a high capacity of 158 mAh g for the first
cycle and maintained a decent capacity of over 120 mAh g for 40 cycles. In addition, the
LTO||5-wt%LPS/PVDF-HFP/LITFSI||Li cell soaked in 1:1 DOL:PYR/2M LIiTFSI could
also maintain a high capacity of 120 mAh g* for up to 90 cycles. This indicates the
feasibility of using LPS-infused polymer matrix to create Li metal batteries.

8.6 Concluding Remarks

In conclusion, this dissertation furthered the prospects of using sulfide argyrodite
solid electrolytes in next-generation Li metal batteries. Each of the aforementioned
concerns were thoroughly investigated and addressed in turn.

e A solvent synthesis method was proposed and developed which will alleviate the
harsh synthesis conditions of traditionally used solid state methods.

e The low ionic conductivity of the solvent-synthesized argyrodites was improved
through halogen doping.

e The prevention of Li dendrites and improvement of interfacial stability was
achieved through excess Cl-doping, and by doping with the novel halogen, F. The
poor interfacial contact between electrode and electrolyte was improved through

the addition of trace amounts of either PC or PYR in full cell batteries.
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e And finally, the air sensitivity and brittle mechanical properties of sulfide
argyrodites was addressed by incorporating the LPS material into a PVDF-HFP
polymer matrix.

8.7 Future Works

While this dissertation paves the way forward for sulfide based SSB to be more feasible,
there remain several areas of interest which should be explored in future works. For one,
while the solvent-based process is ideal for large scale purposes, the SE products showed
relatively lower ionic conductivity than those which come from solid state synthesis. The
highest value reported in this dissertation was 5.3 x 10* S cm* which was achieved by the
LisPSsCI-LiCl sample. Ideally, this value would be on the order of 10 S cm™ or higher,
meaning there is still room for improvement. This work focused on halogen doping to
replace the sulfur atoms, but perhaps other dopants or doping strategies could be
implemented to improve the SE’s performance.

Another area of research which demands more attention is the characterization of
SEI layer. This work showed the positive effects that LiCl and LiF have on battery cycling
capabilities, but there is still much mystery surrounding the exact nature and mechanism
of the SEI layer. Specifically, the SEI formation could be investigated using in situ X-ray
microscopy or Raman spectroscopy, both of which would reveal important information
regarding compound development during battery cycling. Despite these lingering
questions, this dissertation opens the way for a more feasible solid-state Li metal battery

using sulfide solid electrolytes.
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