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With the growing demand of advanced energy storage devices that have high energy
density and high power density to power electric vehicles and electrical grid, scientists
and engineers are exploring technologies beyond conventional Li-ion batteries which
have transformed the industry in the past thirty years. Li-S batteries have much higher
energy density than Li-ion batteries and are gaining momentum. However, the intrinsic
issues of Li-S batteries require a comprehensive systematic study of the protection of
Li metal anodes to put them into practical applications. In the first study of this
dissertation, we investigated using conventional electrolyte of Li-S batteries that
includes 1,3-dioxolane to electrochemically pretreat Li metal anodes. We concluded
that the electrochemical pretreatment of Li metal anodes generated an organic-
inorganic artificial solid electrolyte interface (ASEI) layer that greatly enhanced the

battery performance of the Li-S batteries. The properties of this ASEI can be tuned by



manipulating the current density and cycle number of the electrochemical pretreatment.
In the second study, we studied the comprehensive development and surface protection
of Li1oGeP2S12 (LGPS) material as solid-state electrolyte, which has ionic conductivity
comparable to liquid electrolytes, potentially for solid-state Li-S batteries. Lithium
phosphorus oxynitride (LiIPON) was coated onto LGPS pellets by atomic layer
deposition (ALD). It demonstrated great compatibility with LGPS and extends the
electrochemical stability window. The third study explored the potential of transferring
this electrochemical pretreatment method to the protection of other metal anodes,
particularly Mg. The study discovered the surprising catalytic capability of Mg?* in the
polymerization of solvent 1,3-dioxolane (DOL). A layer with poly-DOL component
was also found to grow on the surface of Mg metal anodes as a result of the
electrochemical pretreatment, and the overpotential of Mg-Mg symmetric cells cycling
dropped with the growth of the layer. Future studies are required to test the
effectiveness of this method in Mg batteries. Overall, these studies can help to
understand the surface chemistry of the electrochemically pretreated Li metal anodes,
provide guidelines on the improvement of Li-S batteries and contribute to the

development of solid-state Li-S batteries and multivalent metal anode batteries.
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1. Li-S Batteries: Technology beyond Li-ion Batteries

Some content discussed in this chapter has been published on Journal of Materials Science,
2019, 54, 3671-3693 and ACS Applied Materials & Interfaces, 2018, 10, 29, 24554-24563.

Dr. Emily Sahadeo contributed to the writing of introduction of Mg anode protection.

1.1 Background

With the depletion of fossil fuels and the increasingly dire situation with regard to air
pollution and climate change, academia, industries and governments have been searching
for renewable energy sources to match up to the world’s growing demand of energy.
Designing and developing energy storage devices that have high energy density, power
density, long lifespan and safety is one of the most crucial missions to accomplish the goal
of powering through the 21% century.

In 1991, Sony Corp. commercialized the first lithium-ion (Li-ion) batteries by using
graphite as anodes and the layered-structured LiCoO, cathodes discovered by
Goodenough.* 5° It has since transformed the industries of energy storage devices and
portable devices like electronics and small appliances thanks to its elimination of battery
memory effect, long lifespan and large energy density than prior rechargeable batteries. As
of today, Tesla, Inc. and other electric vehicle manufacturers are using lithium-manganese-
cobalt-oxide (LINMC) and LiFePO4 (LFP) cathodes as part of the battery packs in their
electric vehicles. However, even the state-of-the-art Li-ion batteries so far cannot deliver
enough energy and power to approach those generated from combustion of gasoline and
diesel in automobile markets.” Therefore, energy storage devices beyond Li-ion batteries

are required.”®



1.2 Lithium-Sulfur (Li-S) Batteries

1.2.1 Mechanism of Energy Storage in Batteries

Electrochemical storage of energy involves the conversion of electrical energy to chemical
energy or vice versa driven by electrochemical reactions in a battery when it is connected
to an external circuit. A battery is made of three components, the cathode, the anode and
the electrolyte. The electrolyte is a medium that allows the transport of ions but not
electrons between the two electrodes. The cathode is where the reduction reaction happens,
and the anode is where the oxidation reaction happens. Cathode and anode can switch when
the battery is under charging or discharging status.'®  In the example of a conventional
Li-ion batteries, when the battery is being charged, the electrons go from positive to
negative in the external circuit while Li* ions deintercalate and transport from LiCoO>
electrode to graphite electrode, in which graphite is intercalated. When the battery is being
discharged, Li* ions deintercalate and transport from graphite to LiCoO2 and the electrons
go from negative to positive in the external circuit which powers the electronic device it is
connected to.'? Generally, the discussion of cathodes and anodes is based on the
discharging state of the batteries.
There generally are three basic metrics to evaluate the performance of a battery. One is
energy density E, which is defined as the amount of energy a battery can hold. It is
commonly shown in the form of gravimetric (Wh/g), volumetric (Wh/L) and areal (Wh
cm). It can be calculated as shown in Equation 1.1

E=C XV

Equation 1.1



where C is the specific capacity of the cell and V is the potential of the cell. The potential
of the cell is calculated as shown in Equation 1.2
V=1-1
Equation 1.2
where V. is the voltage of the cathode and V. is the voltage of the anode. The theoretical

capacity of an electrode can be calculated as shown in Equation 1.3,

xF _ 26800x
MW~ MW

-1

C = mAh g

Equation 1.3
where X is the number of electrons transferred during charging or discharging, F is the
Faradic constant and MW is the molecular weight of the electrode material. The capacity

of the cell is calculated as shown in Equation 1.4

Ye=Ye + e,

Equation 1.4
where C. is the specific capacity of cathode and Ca is the specific capacity of anode. It can
be seen from Equation 1.4 that the electrode with the lowest specific capacity would restrict
the ceiling of the specific capacity of the entire battery. Therefore, in order to increase the
energy density of a full-cell battery, the specific capacities of both cathode and anode must
be improved. Power density is defined as how fast a battery can discharge certain amount
of energy or be charged back full at certain discharge and charge current densities. It is
commonly shown in the form of gravimetric W/kg, volumetric W/L and aerial energy
density Wh/cm?. Lifespan is defined as the total amount of cycle numbers a battery can run

before its capacity drops below an acceptable percentage of the initial capacity, usually



80%. All three metrics are very important to the practical application of the battery, but for
most current battery materials, there has to be a trade-off. Depending on the applications

of the batteries, certain metrics would be prioritized.% 1!

1.2.2 Principles of Lithium-Sulfur Batteries

One of the lithium-based battery systems that stands out and has great potential to be the
next breakthrough after Li-ion batteries is Li-S batteries system. Li-S batteries use Li metal
as anodes and elemental sulfur, which is usually incorporated with carbon materials, as
cathodes. The sulfur cathode has a theoretical specific capacity of 1675 mA h g* and
specific energy density of 2500 W h kg™.*"? Its specific capacity is around ten times larger
than conventional cathodes of Li-ion batteries. Lithium metal, which has the highest
specific capacity (3860 mA h g*) and lowest electrochemical potential (-3.04 V vs. SHE)
among metal anodes,compared to 372 mA h g™* for graphite anodes, is also regarded as the
key to achieving high energy density energy storage.* 713 Sulfur also has the advantages
of low-cost and high abundance.* ¢ ** However, the Li-S batteries system is facing its own
issues with regard to intrinsic properties and practical applications and those challenges

must be fully addressed before it can go into wider commercialization.
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Figure 1-1 Electrochemistry and cycling results of a Li-S battery. a) Typical voltage
profiles of Li-S cells measured in the DOL/DME (1:1 ratio) with 10 wt% LiTFSI
electrolyte solution without LiNO3 (blue curve) and with 2 wt% LiNOs (red curve) and b)
charge-discharge capacity vs. cycle number measured in DOL/DME (1:1 ratio) with 10
wt% LiTFSI and 2 wt% LiNO;. Reproduced with permission.®

Figure 1-1 demonstrates the basic electrochemistry of the Li-S batteries during
electrochemical cycling. During the discharging process, S in the cathode, usually in the
form of Ss, is reduced and dissolved into the electrolyte as long chain polysulfides Se¢>".°
The long chain polysulfides migrate to the Li metal anode side due to electrical fields and
are further reduced to shorter chain polysulfides S* until they become final products Li,S;
and Li2S which are insoluble. During the charging process, Li2Sz and Li.S are re-oxidized
to shorter chain polysulfides and diffuse back to the cathode side until they are fully
oxidized back and redeposit in the form of elemental sulfur. The diffusion of polysulfides

in between cathode and anode is called shuttle reactions or shuttle effect. The discharge
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curve of Li-S batteries shows two distinct plateaus around 2.3 V and 2.1 V vs. Li*/Li which
correspond to the phase change of continuous reduction of polysulfides.t 871415

The shuttle reactions result in multiple issues of Li-S batteries. The Li.S, and Li.S final
products on the anode side are insoluble and ionically insulating which cannot be fully
oxidized back to polysulfides.* ¥* On one hand, this always leads to low Coulombic
efficiency of the battery, which describes the ratio of total amount of charge released from
a battery to the total amount of charge put in the battery, and continuous loss of active
material on the cathode side.* 1* On the other hand, the generation of those sulfide products
can consume Li metal and build up on its surface which eventually becomes a thick
passivation layer that shuts down the reactions.™ *® The degradation of the anode due to
shuttle reactions is usually severe.5 14

In addition to shuttle reactions, S cathode and Li anode have their own issues. For S
cathodes, one stiff challenge is that elemental sulfur is not electronically conductive. As a
result, conductive materials such as carbon must be added to make C/S composite
electrodes.” ** Generally, it is preferred that the carbon material serving as substrate should
be able to contain as much sulfur as possible but it is important to find the optimal sulfur
loading since incorporating carbon materials means the active material loading would drop.
But meanwhile, high sulfur loading would result in overall low electronic conductivity of
the cathode and poor performance, even battery failure. The architecture of such composite
electrode is also crucial because it needs to have a large surface area to allow as much
contact as possible between S and the electrolyte and a large network to conduct electrons
to as much S as possible. The carbon material used as substrate must also be mechanically

robust due to the huge volume change results from the dissolution and deposition of sulfur



during discharging and charging processes respectively. The cathode often fails when the
carbon structure breaks down* ®,

As for Li metal anodes, besides the unique challenges brought by shuttle reactions, the
general issues of using a Li metal anode still persist. First, during electrochemical cycling,
the stripping and plating of Li metal always leads to the formation of Li dendrites when the
current density hits a threshold. Those dendrites not only can cause waste of Li metal
anodes by creating “dead Li” which is electrochemically inactive, but also can pierce
through separators and cause short-circuit of the cell which can lead to fire and other safety
hazards. In addition, Li metal reacts with most organic solvents to generate solid electrolyte
interface (SEI) layer on the surface, and the side reactions consume electrolytes which
eventually decreases the lifespan of the batteries and lowers the Coulombic efficiency.® 3
15 Last, the theoretically infinite volume change during the Li plating/stripping process
further aggravates the interfacial instability and causes the failure of the anodes.® 3 °
However, the reactions between Li metal and the electrolytes and the resulted the SEI
layers can be tuned to optimize the performance of the batteries. Such Li metal anode

protection strategy will be discussed in detail in the later chapters.

1.3 Enhancing the Li-S Batteries

1.3.1 The Electrolytes of Li-S Batteries and the Solid Electrolyte

Interphase

The most fundamental work that has been done to enhance the performance of Li-S
batteries is by optimizing the electrolytes. Electrolyte decomposes on the surface of Li
metal and generate a layer called solid electrolyte interphase (SEI).* 1617 SEI has always
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been a double-edged sword in battery systems. An optimal SEI layer can serve as a
successful passivation layer to block further reaction between the electrolyte and the
electrodes, most importantly the anode, while retaining good or acceptable ionic
conductivity. A bad SEI, which is mostly the case, either completely passivates the surface
and blocks the transport of ions or is unstable and the side reactions and growth of dendrites
would continue or even be accelerated by the SEI. Modifying the electrolyte components
can generate a stable passivation layer upon cycling, which can reduce further side
reactions between electrolyte and the anode and also minimize the generation of
electrochemical hotspots that trigger the growth of dendrites. 1618

In comparison to Li-ion batteries system which generally uses carbonate solvents for
electrolytes, the Li-S batteries system uses ethers, including both cyclic ethers and short-
chain or glycerol ethers.* ® This is due to polysulfides anions are nucleophilic and can
attack the unsaturated bonds mainly carbonyl groups in conventional carbonate electrolytes
and results in irreversible reactions. Ethers, on the other hand are compatible with
polysulfides.* 161920

The most conventional electrolyte used in Li-S batteries system is lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) as salt, 1,2-dimethoxyethane (DME) and 1.3-
dioxolane (DOL) as co-solvents and LiNOs as additive.” ** 2! The salt and co-solvents
combination is compatible with both S cathodes and Li anodes within the operating voltage
window of Li-S batteries, generally 1.4 V — 2.8 V vs Li*/Li. Compared to DME, DOL has
larger viscosity and is less polarized which results in lower solubility of polysulfides in the
electrolyte.* 2! However, such properties also come at a cost of Li* ionic conductivity and

the utilization of sulfur active material.?% 2? Therefore, a combination of DOL and DME as



cosolvents of the Li-S electrolytes is a good balance between ionic conductivity of the
electrolyte and the deterrence of shuttle reactions.?X The DOL solvent is able to
electrochemically polymerize on the surface of Li metal anodes to form a preferable SEI
layer with elastomeric component with improved mechanical properties that is able to
accommaodate the volume change of Li during cycling, suppress the growth of Li dendrites
and retain good Li* ion conductivity. 1®23 These unique properties of DOL will be further
discussed in detail in latter chapters. According to research done by Mikhaylik et al., LINOs
can oxidize Li metal and solvent molecules to form a passivation layer onto the surface to
protect the anode from further erosion by components of electrolyte. It strongly limits the
shuttle reactions and, in some cases, even double the capacity of S cathodes due to the
mitigation of the shuttle effect.?" However, with only DOL as solvent and LiNO3 as
additive the improvement of Li-S cycling is still limited. When the cycling current is
beyond a threshold, this SEI layer cannot maintain its uniformity and good mechanical
property, thus causing fast capacity decay (< 150 mAh g, after 100 cycles) or Li dendrites

formation at high power.* 28
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Figure 1-2 A schematic representation of the contribution of the various components in DOL/LiTFSI/Li,Ss
/LiNO; solutions to the surface chemistry of Li electrodes. Reproduced with permission.*



As a result of the various electrochemical reactions and electrolyte system involved, the
SEI layer on the surface of Li metal anode is very complex and the nuanced surface
chemistry remains to be investigated. Figure 1-2 shows the diverse components of SEI on
the surface of Li metal anodes and their origins.* It can be categorized as a composite layer
consisting of inorganic and organic components. The inorganic layer is made up of
decomposed salt and those products of decomposition are important for the transport of
Li*, coordination of the stripping and plating of Li and are generally imbedded below the
organic layer. The elastomeric organic layer which mainly consists of poly-DOL can
suppress the growth of dendrites and accommodate drastic volume change of Li during
cycling. Deciphering the fine structure of the SEI and tuning each part to maximize its

protective function and ionic conductivity would be crucial to any Li metal anode study.*

16, 29, 30

1.3.2 The Enhancement of Cathodes

Based on the issues the sulfur cathodes are facing, the enhancement of S cathodes have
been commonly approached by a) confining the polysulfides within the carbon material
substrates to prevent dissolution and b) building a stronger carbon structure that can
withstand the volume change and store as much sulfur as possible without sacrificing the
electronic conductivity too much.

Applying a coating layer on the surface of C/S composite cathodes is one of the most
studied subjects.®" 32 Li-permeable metal oxides, sulfides and halides such as TiO2%®,
ZnS**, LiBr®® and Lil®® have been used as protective layers. Several conductive polymers®”-
3 such as PEDOT*, polypyrrole** and polyaniline*? have been applied via physical,

chemical and electrochemical coating methods.
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Another successful method that has been used so far to improve the sulfur cathodes is
heteroatom doping, mainly by electron-rich nitrogen*® 44 and electron-deficient boron*®: 4
on the carbon substrates. By doping those atoms, the electronic conductivity of the entire
electrode is greatly improved. Due to the affinity between the heteroatoms and polysulfides
anions, the dissolution of polysulfides is also mitigated.*" 48

An important approach toward containing sulfur and confining polysulfides is by
engineering the architecture of carbon materials. Organized microporous*® and mesoporous
carbon®® 5! gained a lot of attention by having a large surface area and organized structure
to increase the electron conducting network and confine sulfur and polysulfides within the
pores. In addition, carbon nanotubes®, porous nanofibers®, hollow carbon spheres®* and
graphene® are also promising host materials for sulfur.

Other methods, including polysulfides-trapping interlayers in between the cathode and the
separators®®, novel sulfur hosts beyond carbon®” and polysulfides-blocking separators>® °
have all been reported. All those methods contribute immensely to the overall enhancement
of S cathodes, but many will have troubles to realize their practical application and
commercialization due to high toxic materials deployed, and materials and/or processes

used being too costly and not widely available.

1.3.3 The Enhancement of Anodes

Compared to sulfur cathodes, there has been less work done on the Li metal anodes side
due to the complexity and difficulty of the issues. The efforts to enhance the Li metal
anodes can be summarized as a) suppressing the formation and growth of dendrites, b)
accommodating and constraining the volume change, c) stabilizing and optimizing the

surface SEI layer.® % Such improvement would have universal benefits on all battery
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systems that use Li metal as anodes, such as Li-air or Li-oxygen batteries and high voltage
cathode (HVC) Li-ion batteries. As for Li-S batteries, if there can be a mechanism on the
anode side that can block the polysulfides from reacting and converting to the forms of
insoluble and insulating Li.S and Li>S,, the continuous consumption of electrolyte and
cathode active material would be mitigated thus the shuttle effect itself would not be the
most detrimental issue.

In the liquid electrolyte system, novel 3D Li host structures have been fabricated and built
to shield Li from parasitic reactions, suppress dendrite growth and accommodate volume
change.®* Applying designed protective layers to the surface of Li anodes is another widely
used strategy. There has been a lot of research done on electrolyte modification to optimize
the properties of the SEI formed on Li metals.> 628 Among all the methods employed,
applying protective layers stands out because of its feasibility, variety, controllability, and
the capability to address multiple issues with this single strategy. This dissertation is
dedicated to the systematic study of the electrochemical fabrication of the artificial SEI
(ASEI) layer to protect the Li metal anodes. A more thorough review of the work that has

been done on the protective layers on Li metal anodes will be discussed in latter chapter.

1.4 Beyond Conventional Li-S Batteries: Solid-State Li-S Batteries

and Multivalent Metal Anodes

1.4.1 Solid-State Li-S Batteries

In order to solve the dendrite growth problem of Li metal anodes and the associated safety
hazards, and to resolve the polysulfides dissolution issue of sulfur cathodes once and for

all, researchers are turning to a brand-new solid-state electrolyte and battery system as the
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future for utilizing Li metal > 8 8 |t was calculated that if the shear modulus of the
separator/electrolyte is larger than 6 G Pa, then the dendrite problem of Li metal could be
solved.®® Promisingly, the mechanical strength of most solid-state electrolytes can meet
this standard. By replacing liquid electrolyte with solid electrolyte, the issue of the
flammability of the organic solvents is also mitigated.

The most important component of the solid-state batteries system is the solid-state
electrolytes (SSE). Generally, solid-state electrolytes for Li-S batteries can be divided into
two categories, inorganic solid-state electrolyte and polymer solid state electrolyte.
Inorganic SSEs include NaSICON-type and garnet-type materials.®4% For polymer solid-
state electrolytes, polyethylene oxide (PEO) is the most widely used and commercialized.
However, the ionic conductivity of dry polymer solid electrolyte is too low for practical
applications.” Composite polymer SSEs consisting of inorganic and polymeric materials
are made to solve this problem.8?

The research on solid-state electrolyte and solid-state Li-S batteries is gaining growing
attention and momentum. However, there is still a long way to go before it can be
commercialized. First, most solid-state electrolytes have lower ionic conductivity at room
temperature, which makes them unable to meet the demand of high-power batteries for
electric vehicles. Second, solid-state electrolytes and Li metal usually have poor contact
which results in low wettability of the electrodes and high charge transfer and interfacial
impedance at the interface. Third, solid-state electrolytes must be fully compatible with Li
metal and both chemically and electrochemically stable under the operation conditions of
the batteries. Unfortunately, some polymer and inorganic materials for solid-state

electrolytes are not thermodynamically stable against Li metal and/or undergo phase
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change during cycling. It is crucial to further investigate those issues and find ideal
candidates for solid-state Li-S batteries. At the same time, the study of solid-state
electrolytes also provides valuable insight into how to design and apply ideal protection
layers for Li metal anodes in liquid-electrolyte Li-S batteries, which will still be the major
practical application of Li-S batteries in the near future.

In this dissertation, we studied using sulfide-type solid-state electrolyte LiioGeP2Sio
(LGPS) in solid-state Li-S batteries, by applying ALD-coated LiPON as ASEI layer on
LGPS, which can extend its electrochemical stability window and greatly enhance its
stability against Li metal. LGPS has Li* conductivity comparable to conventional liquid
electrolyte. By protecting LGPS with ALD-coated LiPON material, it has shown much
superior electrochemical cycling stability. The detailed study will be discussed in latter

chapters.

1.4.2 Multivalent Metal Anodes: Rechargeable Mg Batteries

Li-powered rechargeable electronic devices have been the tales of tremendous success in
both the business world and academia. However, researchers and industry insiders are
increasingly inclined to move beyond Li metal toward more novel technologies. One
reason is the reserve of lithium is relatively low on earth compared to many other metals
that can serve as anodes of energy storage devices. Another reason is many countries that
have the largest deposit of lithium in earth’s crust are developing and geopolitically
unstable countries. Mining lithium in these regions always comes with serious moral and
logistical issues. Last but not the least, the metallurgy and recycling of Li metal, and the

waste and pollution generated during the processes are also a huge concern. Therefore, it
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becomes more and more appealing to move beyond Li metal system towards more
sustainable ones.

Multivalent metal anodes, which mostly have been focused on zinc, magnesium,
aluminum, and calcium due to their much greater abundance than lithium and the high
charge capacities due to the extra charges the ions carry. Most of those multivalent metal
anodes are still very early even in terms of scientific studies. Among them, magnesium-
sulfur (Mg-S) batteries are a promising technology due to the high theoretical capacity of
sulfur cathodes and the abundance and high volumetric capacity (3,832 mAh cm®) of Mg
metal anodes. While Mg has a higher reduction potential (-2.37 V) relative to Li (-3.04 V),
magnesium deposits in a non-dendritic morphology in electrolytes compatible with the Mg
anode, making it inherently safer than the dendritic deposits typical of Li metal. Creating
a Mg-S battery can enable a cost-effective system with a high theoretical energy density
(3200 Wh L™t and 1700 Wh kg1).8-8 Although promising, issues mentioned earlier, such
as polysulfide shutting, which persist in Li-S batteries largely remain in Mg-S systems.
However, Mg metal has a more complex problem involving the potential for passivation
film formation at the Mg anode surface that would block electrochemical activity.?%9 In
this dissertation, we delved into the study of applying the methodology of electrochemical
protection methodology of lithium metal to magnesium metal. There is still a long way to
go on this route, but the early results we have obtained so far contain important information
on the unique challenges Mg metal anodes are facing and where the possible breakthroughs

lie. It will be discussed in a latter chapter.
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1.5 Objectives of This Dissertation

In this dissertation, electrochemical protection of Li metal anodes is systematically studied
to understand the surface chemistry of the ASEI layer and its impact on the electrochemical
performance of the Li metal in Li-S batteries system. Conventional and well-defined
electrolyte and S cathode materials are used to focus on the study of anode. The main goals
of this dissertation are:

(1) Use electrochemical method to fabricate an ASEI serving as the protective layer on
Li metal anodes.

(2) Study and understand the surface chemistry and electrochemical impact of this
ASEI and provide further guidance on the optimization of the ASEI layer and Li-S
batteries system

(3) Develop the electrochemical methodology and apply it to solid-state batteries and
Mg batteries systems.

In Chapter 2, the electrochemical protection of Li metal anodes in the liquid electrolyte Li-
S batteries system is studied which satisfies the first two objectives of the dissertation. In
Chapter 3, the development of solid-state electrolyte LGPS and the application of ALD-
coated LIPON on LGPS in the solid-state Li-S batteries system are studied. In Chapter 4,
the electrochemical protection of Mg metal anodes is studied, and the up-to-date results are
discussed. These two chapters meet the third objective of the dissertation. In the final

chapter, the summaries of these studies and the prospects are discussed.
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2. Electrochemical Protection of Li Metal Anodes in
Liquid Electrolytes

The work discussed in this chapter has been published in ACS Appl. Mater. Interfaces.

2018, 10, 29, 24554-24563 and Journal of Materials Science. 2019, 54, 3671-3693.

2.1 Introduction

2.1.1 ASEI Layers for Li Metal Anodes

Among all the methods employed to protect Li metal anodes, applying protective layers
stands out because of its feasibility, variety, controllability, and the capability to address
multiple issues with this single strategy. An ideal protection layer, also known as an
artificial SEI (ASEI) layer must meet the following criteria. First, the layer should be
chemically and electrochemically stable against Li metal and the electrolytes in the desired
operating environment, current densities, and voltage window.®® Second, the layer must be
mechanically strong enough to suppress the growth of dendrites.®? Third, the layer must be
flexible enough to accommodate the huge volume change during cycling. Being too rigid
can cause cracks on the layer that create local hot spots and dendritic formation which lead
to disastrously fast decay of the battery. The layer is desired to be conformal and uniform
to prevent uncovered hot spots.®* Fourth, ideally the layer shall be electrically insulating,
yet have excellent ion conductivity to selectively conduct Li* or other metal cations.® 0 62
There has been tremendous work done in the field of designing and optimizing ASEI as
protective layer, and herein the following examples of the different types of ASEI layers

and methods of fabrication are discussed.
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The first type is inorganic materials, which have long been used as coating materials for
electrodes, separators, and current collectors of batteries because of the variety of materials
and fabrication methods to choose from. Inorganic materials are also favored for formation
of protection layers due to their robust mechanical strength, some with good conductivity,
and the feasibility for fabrication and modification.®® Metal oxides are also widely used as
coating layers because of their high chemical stability which could withstand the corrosion
from the electrolyte.* % Kozen et al. used plasma-assisted atomic layer deposition (ALD)
to deposit a 14-nm thick Al,Os layer on the surface of Li metal anodes which demonstrated
the capability to prevent Li corrosion in atmosphere, organic solvents, and polysulfide
electrolytes.®” In addition to metal oxides, LiF has gained tremendous attention due to its
electrochemical stability in a wide electrochemical window and its capability to regulate
surface tension, despite its low ionic conductivity.” *¢-1°* Moreover, LisPS410%205, LisN,
Si021%7, M0S,'%, and LS3'® mixed ionic and electronic conductor (MIEC) thin films!
are other inorganic materials which have been employed as protective layers recently.
Though inorganic materials are effective in suppression of dendrite growth due to their
high modulus and ability to mitigate side reactions with the electrolytes thanks to their
electrochemical stability*'!, the rigid structures develop cracks or pinholes and these
defects could create local hotspots that facilitate severe growth of dendrites which often
leads to the failure of the protective layers and the anodes. In addition, by preventing the
electrolyte from accessing the Li surface, it also results in poor interfacial ion transport and
sometimes sacrifices the Li ion conductivity.!?

Another type of material that has been extensively studied and used for protection layers

is polymers.112117 Major advantages that polymer materials have over inorganic materials
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are elasticity and self-healing properties of the materials.5? These characteristics make them
promising for accommodating the volume change and suppressing the growth of dendrites
during battery cycling. By modifying the surface functional groups and adjusting the
degree of cross-linking of the polymers, the protective layers can further facilitate smooth
plating/stripping of Li on the surface of anodes and enable solely Li* transport.** Liu et al.
developed an adaptive “solid-liquid” interfacial protective layer consisting of cross-linked
polydimethylsiloxane (PDMS). The protective layer greatly inherited the flowability of
material, enabling it to act as a stable and conformal interface between the Li anodes and
electrolytes regardless of the charging or discharging state of the batteries.''® The
viscoelasticity of the polymer materials makes them a favorite as the protective layers for
Li metals. However, the electrochemical stability of the polymeric layers and their
compatibility with Li metal and the components of the electrolyte with a large voltage
window and high cycling current densities are still in question. While they are more
successful in accommodating the drastic volume change of the Li metal anodes during
cycling, the lack of rigidness of some polymeric SEI layers may not be able to control the
growth of dendrites in long-term cycling of the cells.!!!

Inorganic and polymeric materials both have their advantages and drawbacks when it
comes to protecting Li metal anodes from side reactions with electrolytes and the growth
of dendrites. Therefore, combining the advantages of both to fabricate composite or hybrid
artificial SEI layers to balance their mechanical rigidity and flexibility is a promising
strategy for Li anode protection.!%124 Xy et al. designed “soft-rigid” protective layer by
hybridizing copolymer poly(vinylidene-co-hexafluoropropylene) (PVDF-HFP) and

embedding LiF particles in the copolymer. Therefore, the layer was able to manage a
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smooth deposition of Li, attributed to LiF, while also accommodating volume change and
the growth of dendrites due to the soft and sticky nature of the copolymer.? Composite
protective layers may be the most desirable ones for Li metal batteries with liquid
electrolytes because they incorporate the favorable properties of both inorganic and
polymeric materials, while compensating for their respective disadvantages when used
alone as protective layers. However, further improvement of techniques for applying the
ASEI layers are needed to make the practical application of composite protective layers

more feasible.

2.1.2 1,3-Dioxolane and the Electrochemical Protection of Li Metal

Anodes

Regarding composite protective layers, one group that cannot be ignored is the one
naturally grown on the surface of Li anodes during electrochemical cycling of Li-S
batteries. One solvent used in conventional electrolytes for Li-S batteries, 1,3-dioxolane or
DOL, is known for its ability to polymerize and electropolymerize. Aurbach et el. reported
that during electrochemical cycling of Li-S cells, DOL can electropolymerize to form an
elastomeric layer that is able to both accommodate the volume change and suppress
dendrite growth, as shown in Figure 2-1.1 Additionally, the additive LiNOs and dissolved
polysulfides can form an inorganic component of the SEI layer. This inorganic layer
combined with the naturally formed DOL layer enables the Li anodes in Li-S batteries to
have a much better conditioned SEI layer than Li anodes in conventional systems with
carbonate solvents. Even though the in situ formed SEI layer in Li-S batteries is unable to
fully protect the Li metal from shuttle effects or dendrite growth, it has given valuable ideas

to several research groups to take advantage of DOL and use it to create much more
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optimized artificial SEI layers.?® 126128 Cheng et al. took advantage of the synergic effect
between polysulfides and LiNOs to form a conformal and stable passivation layer by
electrochemically charging then discharging the Li metal anodes for one cycle in a
conventional Li-S electrolyte with both LiINO3 and Li.Ss as additives. The ex situ formed
artificial SEI is smooth, conformal and compatible with both conventional electrolyte for
Li-S batteries and carbonate electrolyte for Li-ion batteries.’?® Because of the
electrochemical polymerization property and its conventionality in Li-S electrolyte, it is
highly desired to be used as the building bricks of a protective layer without introducing

more chemicals in an already complex electrolyte system.
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Figure 2-1 A schematic illustration of surface film formation on lithium electrodes in alkyl carbonates and in
1,3-dioxolane solutions. Reproduced with permission.*

In addition, electrochemical protection method has the advantages of fine tuning the

conditions of how the ASEI layer is grown. By manipulating the current density and

21



electrochemical cycling time along with adjusting the electrolyte used for the fabrication
of ASEI layer, the properties of the layer can be tuned to yield the enhanced performance
of the Li metal anodes. It also has cost-effective benefits compared to many physical and

chemical methods that require complex and expensive processes and chemicals.

2.1.3 Objectives of This Project

In this chapter, our research focuses on controlling the electropolymerization of DOL to
electrochemically pretreat the Li metal anodes to grow well-defined SEI layer that serves
as a good protection layer of Li metal that possesses good mechanical properties for high
power cycling. We systematically studied the effects of electrochemical pretreatment under
various conditions (e.g. current density, the cycling number and total time). Additionally,
we identified the chemical variations of the artificial SEls grown under different
conditions, which allows us to connect the chemical composition of the SEls and the
electrochemical performance to the pretreatment conditions. The Li anodes protected by
the controlled elastomer (LPE) demonstrated much better Li-S battery performance
compared to the cells that have untreated pristine Li with uncontrolled formation of SEI,
in terms of specific capacity, rate capability and Li dendrites formation. Therefore, this
controlled ASEI layer in Li-S system can better accommodate the volume change and
suppress dendrites growth during electrochemical cycling, which may as a result greatly
expand its cycle life and alleviate the safety risk. We also conducted extensive
characterizations and testing to study the surface chemistry and morphology of the layer,
to understand how parameters of electrochemical pretreatment affected its properties which

ultimately determined the battery performance of the Li metal anodes.
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2.2 Experimental Methods

2.2.1 Fabrication of Sulfur Cathodes

In order to study the electrochemically protected Li metal anodes, we controlled the sulfur
cathodes we used in the project so it would not be the limiting factor. We chose to use a
well-defined carbon/sulfur composite cathode, activated carbon cloth (ACC)/S. ACC is
made by weaving activated carbon fibers into cloth and it is easy to cut this cloth into small
disks to serve as the carbon substrate to store sulfur and improve electronic conductivity
due to the high surface area and large amount of micropores and mesopores on the carbon
fibers. Another important benefit of using ACC is it can be used as a freestanding current
collector with incorporated sulfur. This saves a lot of efforts of using binder and making
cathode slurries. Elemental sulfur has a melting point at 115 €€ and at 155 <€, it has the
lowest viscosity. Due to capillary effect, the melted elemental sulfur can easily diffuse into
the micropores and mesopores of ACC and be impregnated inside after it freezes.

Based on such properties, activated carbon cloth (ACC-507-15(c), Kynol) pieces with 9.5
mm diameter were cut and vacuum heated at 200 <€ for 24 h first to remove moisture. Then
they were mixed with weighed elemental sulfur in the glove box under Ar atmosphere. A
special cell shown in Figure 2-2 with a Cu gasket to block air from coming in was made
for fabrication of the composite electrodes. Sulfur was weighed and placed in the bottom
with ACC on top. The cell was sealed in the glove box then transferred to an oven set at
155 <€ for 12 hours to have the sulfur fully incorporated in ACC. After fabrication, the
cell was disassembled, and the electrodes were put into a vacuum oven heated at 200 €

for an hour to remove sulfur on the outer surface of ACC fibers. The sulfur loading is
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calculated as 25 % of the total weight. The areal loading of sulfur is 2.116 mg cm™. The

cathodes were dried at 120 <€ for 30 minutes every time before using.

Figure 2-2 Special cell to make ACC/S composite electrodes.

2.2.2 Electrochemical Pretreatment

The 9.5 mm in diameter Li metal anodes were punched from 0.75 mm thick Li ribbon
(Sigma-Aldrich) stored inside an Ar filled glovebox (MBraun LabStar 20) and pressed onto
304 stainless steel spacers (15.5 mm diameter x 0.2 mm). Those Li metal anodes were
assembled into symmetric coin cells (CR2032, MTI Corp) with a Celgard separator and 80
L of 0.35 M LiTFSI (Lithium bis(trifluoromethane)sulfonamide, Sigma-Aldrich) in DME
(1,2-dimethoxyethane, Sigma-Aldrich):DOL (1,3-dioxolane, Sigma-Aldrich) (1:1, v/v)
electrolyte with 1% w/w LiNOs (Alfa Aesar) as additive. During pretreatment, these
symmetric coin cells were cycled for different discharge/charge cycles (i.e. 25, 50, 100 and
200, annotated as LPE-25, LPE-50, LPE-100 and LPE-200 respectively) of 1 h per
discharge or charge process at a low current density of 0.03 mA cm to form the polymeric

SEI layer.
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Separately, symmetric coin cells were also cycled at a higher current density of 0.3 mA
cm to study the effect of pretreatment current density on the formation of the polymeric
layer and the subsequent battery performance, which were annotated as LPE-50-x10.

After the Li metal anode pretreatment, the coin cells were disassembled, and the anodes
were removed in glove box. Those anodes were washed with DME then vacuum dried for
30 min in a vacuum transfer chamber loaded directly from the glove box. Later the
pretreated anodes were separately stored in dry packs inside the glove box. Li metal anodes
freshly cut from Li ribbon without any pretreatments were used as control for all

characterizations and electrochemical testing which were annotated as LPE-0.

2.2.3 Characterizations

The pretreated Li anode samples and untreated control samples were transferred via an air-
tight glove bag with dry nitrogen atmosphere to an XPS system for surface chemical
analysis. The samples were exposed to the dry nitrogen atmosphere for less than 1 minute.
XPS data were collected on a Kratos axis 165 X-ray photoelectron spectrometer operating
in hybrid mode, using monochromatic Al Ka x-rays (240 W). Charge neutralization was
required to minimize sample charging, the working pressure of the instrument was 5 x 10°
8 Torr or better throughout data collection. Survey spectra and high-resolution spectra were
collected with pass energies of 160 eV and 40 eV respectively. Peak fitting was done using
Casa XPS software after application of a Shirley background, using peaks with a 30 %
Lorentzian, 70% Gaussian product function. All peaks within a region were fixed to have
peaks of equal FWHM (full width at half maximum), the spin-orbit split components of
the S 2p were fixed to have spin-orbit splitting of 1.18 eV and area ratios of 2:1 for the 3/2,

1/2 components respectively, the O-C-O, RCOOLi and CO3*> were fixed to have
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separations of 1.0, 2.0, 3.4 eV separation from the R-C-O peak. All spectra were calibrated
to the C-C/C-H peak at 285.0 eV.

The samples for focused-ion beam (FIB) - scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) characterizations were sealed in glove bag
with Ar atmosphere in the glove box. The glove bag was not opened until the samples were
ready to be loaded onto an SEM stage, which ensured minimal (<30 s) air exposure. The
Li anode samples underwent FIB cross-sectioning by using 30 kV Ga* ion beam. The angle
between the electron beam and the ion bean is 55< A 10 pm (length) by 6 pm (width)
trench was milled with 6 nA current for 5 min and then the cross-section was polished with
lower current step by step and finished with 50 pA. Finally, the surface and cross-section
of the samples were imaged using a Tescan XEIA Plasma FIB/SEM. EDS mapping of the
cross-sections of the samples were performed using Tescan XEIA Plasma FIB/SEM. And
to investigate the effect of polymeric layer on dendrite growth, we employed SEM imaging

to observe the surface morphology of Li anode samples post-cycling.

2.2.4 Electrochemical Testing

The pretreated and untreated control Li anode samples were paired with ACC/S electrodes
to make full cells. The coin cells were assembled using a Celgard separator and 100 i
0.35 M LiTFSI in DME:DOL (1:1, v/v) with 1% w/w LiNO3 and sealed in glove box. The
sulfur loading to electrolyte ratio is 7.7:1, m/m. The assembled cells were then
galvanostatically discharged and charged on an Arbin BT2000 Battery Test Station at
different C-rates at 0.1 C (~0.3 mA cm2), 0.5 C (1.5 mA cm) and 1.0 C (3 mA cm2) from
1.6 Vt0 2.6 VV vs Li*/Li. Cyclic Voltammetry (CV, Bio-Logic MPG-2) was performed with

0.25 mV/s scan rate scanning from 1.6 V to 2.6 V vs Li*/Li.
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The assembled Li-S full-cells were also tested on the Bistat for electrochemical impedance
spectroscopy (EIS) measurements (Bio-Logic VSP). The EIS was measured from 500 kHz
to 10 mHz with an AC amplitude of 10 mV. EIS was measured before cells were
galvanostatically cycled at 0.5 C from 1.6 V to 2.6 V vs Li*/Li. Then additional EIS was

measured after 10 cycles and 50 cycles.

2.3 Results and Discussion

2.3.1 Formation of Elastomeric ASElI and Symmetric Cell Profile Study
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Figure 2-3 (a) Brief demonstration of electropolymerization and elastomer formation process. (b)
Pretreatment cycling profiles of Li-Li symmetric cell. (¢) Cyclic voltammetry profile of Li-S full cell.

The polymeric elastomer formation process is briefly described in Figure 2-3.% 3° DOL
undergoes electropolymerization to form a polymeric and continuous layer on the surface

of Li anodes which covers and protects the anodes from further parasitic chemical
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reactions.l” 1° Figure 2-3 (b) shows the Li/Li symmetric cell cycling curves which
demonstrate the pretreatment process. At a constant small current condition (0.03 mA cm”
2), the pretreatment cycling process displays a small overpotential (<0.015 V) and stable
cycling patterns. It indicates that the stripping and plating of Li is happening easily on the
surface while the electrochemical polymerization of DOL taking place. The rather flat
symmetric cell cycling curve proves there is no dendrites growing or “dead Li” forming on
the surface.® This 0.03 mA cm current density is smaller than the threshold current
density that can trigger the growth of Li dendrites.?®2 132 Therefore, it is proper to be used
for the pretreatment of Li metal to electrochemically grow the elastomeric ASEI layer.

In Figure 2-3 (c), the 50-cycle pretreated Li anode (LPE-50) shows the same characteristic
CV curve as a conventional (LPE-0) Li-S battery with pristine Li metal. During discharging
process, Li-S generally displays two peaks at 2.3 V and 1.9 V correspond to elemental S
being reduced to long-chain polysulfides and long-chain polysulfides further become short-
chain polysulfides. This resemblance indicates that the pretreated anode samples did not

alter the electrochemistry of the Li-S battery.
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2.3.2 Study of ASEI by Varying Cycle Numbers of Pretreatment
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Figure 2-4 Partial XPS survey spectra of (a) LPE-0 and (b) LPE-50.

Name At% Name At%
Cls 34.5% Cls 51.0%
O 1s 40.2% O 1s 30.6%
Lils 24.7% Lils 15.4%
N 1s 0.6% N 1s 0.8%
S 2p - S 2p 0.6%
F1s - F 1s 1.6%

Table 1 Atomic percent of each element in LPE-0 and LPE-50
samples.

The first control study that was done is to study the surface chemistry and electrochemical
performance of the electrochemically protected Li metal anodes by varying the cycle
number of the pretreatment. Each charge/discharge is an hour and the cycle number of
pretreatment controls the total amount of charge passed through and the duration of the
reaction time. A small cycle number may not result in an ASEI thick enough to fully cover
the surface to protect Li metal anode while a large cycle number may lead to an ASEI too

thick to allow the transport of Li* ions. Thus, understanding the surface chemistry and
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chemical composition at the cycle number that results in the best battery performance is
extremely crucial for the development of this electrochemically formed ASEI.

To investigate the surface chemistry of the pretreated Li anodes and the composition of the
surface SEI layer, high-resolution XPS scan and analysis were performed on untreated and
various pretreated Li anodes. Figure 2-4 shows partial XPS survey spectra of LPE-0 and
LPE-50 samples. Target elements and contaminants are both labeled. As shown in Figure
2-4 (b), the F 1s peaks around 690 eV and S 2p peaks spanning from 162 eV to 172 eV are
attributed to the pretreatment, during which an SEI layer formed on the surface and the
decomposition and deposition of LiTFSI salt also occurred. In Figure 2-4 (a), the XPS peak
for C 1s in LPE-O spectrum comes mostly from adventitious hydrocarbon and lithium
carbonate, and the O 1s peak is due to native carbonate layer on Li. Based on Table 1,
which compares the atomic percent of each element in the two samples, it should be noted
that the amount of carbon on the surface of the anode significantly grew, which can be
attributed to the electropolymerization of DOL.1 30134135 The decrease in the relative
amount of Li in the XPS spectrum of LPE-50 also indicates the Li surface was covered by
the polymeric layer. The low intensities of N, S and F peaks suggest residual LiTFSI and
inorganic salts which could be embedded in the layer.t ¥

High-resolution XPS spectra were obtained to investigate the detailed surface chemistry
and chemical composition before and after the electrochemical pretreatment. Figure 2-5
shows the high-resolution C 1s and N 1s XPS spectra of pristine LPE-0 as baseline. The
peaks in high-resolution C 1s and N 1s XPS spectra are due to the highly reactive surface

of Li and the solvent vapors in the glove box.
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Figure 2-5 High-resolution (a) C 1s and (b) N 1s XPS spectra of LPE-0.
High-resolution XPS spectra confirmed the formation of the controlled SEI on Li anodes
through pretreatment processes. Figure 2-6 shows the high-resolution C 1s, N 1s, F 1s and
S 2p XPS spectra of the LPE-50 sample. In Figure 2-6 (a), the high-resolution C 1s XPS
spectrum displays several characteristic peaks of the components of the polymeric surface
layer. Figure 2-6 (e) shows the unit structure of the major component of the polymeric
elastomer layer.> 13 There are two types of carbon in this unit, which were labeled as C1
and C2 respectively. C1 corresponds to the C-O-R peak at 286.5 eV in Figure 2-6 (a), and
C2 corresponds to the O-C-O peak at 287.6 eV in Figure 2-6 (a). As can be seen in Figure
2-6 (), the ratio of peak area of C1/peak area of C2 is around 2:1. This result confirms the
successful formation of controlled, polymeric layer under constant small current density
conditions. In Figure 2-6 (c), the LiNOz peak at 407.6 eV in the spectrum of LPE-50 is
from the additive LiNOz in the electrolyte. The LiNxOy peak at 403.8 eV is the
characteristic peak of SEI layer formed on Li anode due to the reaction between the Li
anodes and LiNOs.”* 130 For peaks shown in S 2p spectrum in Figure 2-6 (d), the peak at

169.3 eV corresponds to the formation of sulfone structure from the LiTFSI salt. The peaks
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ranging from 168.4 eV to 164.4 eV are sulfur compounds generated during pretreatment

via complex electrochemical reactions.

(a) ccic-H C1s
4 \
T T T T T - - T T T T \1
294 292 _29(_) 288 286 284 282 692 690 688 686 684 682
Binding Energy (eV) Binding Energy (eV)
SO - S2
(c) N-C;{N-S N 1s (d) p

410 408 406 404 402 400 398 396 174 172 170 168 166 164 162 160
Binding Energy (eV) Binding Energy (eV)

“ {nanocno)
CH,CH,0CH,0
A

C1 C1 (2

Figure 2-6 High resolution (a) C 1s, (b) F 1s, (c) N 1sand (d) S 2p XPS spectra of LPE-50. And (e) unit
structure of the major component of the polymeric layer.

We further studied the surface morphology changes and the thickness of the polymeric SEI
layer formed by pretreatment on Li anodes with scanning electron microscopy (SEM) and
focused ion beam (FIB). The surface SEM image of pristine, untreated LPE-0, and smooth
and uniform surface morphology of the LPE-50, Li anode pretreated for 50 cycles, can be

seen in Figure 2-7. It shows the surface of Li metal anode has been well covered by the
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ASEI after being pretreated for 50 cycles. The smoothness of the surface also decreases the

chance of nucleation of dendrites and their drastic growth, 3¢ 137

Figure 2-8 EDS mapping of (a) field of view, (b) C, (c) O and (d) S of LPE-100 sample. Scale bar of all the
images is 1.0 pm.

33



To further verify the chemical components of the artificial SEI layer, we performed FIB
cross-sectioning and used EDS mapping to examine the cross-section of LPE-100 sample.
Figure 2-8 (a) is the field of view of the EDS mapping and the artificial layer is on the top.
Figure 2-8 (b) and Figure 2-8 (c) show the clear existence of C and O in the area where the
artificial SEI layer resides. On the other hand, Figure 2-8 (d) shows S signal is very weak
in the mapping area which indicates S-containing components only exist on the very

surface of the anode.

(a) LPE-0 (b) LPE-25

| i

(¢) LPE-50 (d) LPE-100

Figure 2-9 SEM cross-section images of (a) LPE-0, (b) LPE-25, (c) LPE-50 and (d) LPE-100. Scale
bar of all the images is 1.0 pm.
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The SEM cross-sectional images of Li anodes with various pretreatments are shown in
Figure 2-9 (b) to Figure 2-9 (d) show the SEM cross section images of pretreated samples.
There is a distinct difference between the surface layer and the bulk Li metal, where the
bulk Li shows a columnar structure, as a result of FIB milling. There is a possibility that
the increasing of pretreatment cycle number might promote cross-linking of the polymer
chains formed by electropolymerization of DOL monomers. ! 127 130. 134,135 g ch cross-
linking of the surface polymer could have multiple effects. On one hand, the mechanical
properties of the polymeric layer could be improved, and the layer becomes more resilient,
which means the layer could more effectively accommodate volume change and suppress
dendrite growth during cycling. Conversely, if the degree of cross-linking is too high, it
would pose a tremendous obstacle for the diffusion of Li* from bulk to the surface, thus
affecting the rate capability and overall specific capacity. Therefore, an optimized
procedure of pretreatment conditions is needed.
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Figure 2-10 Charge and discharge profiles of LPE-0, LPE-50 and LPE-100 at (a) 1st cycle and (b) 100th
cycle being cycled at 0.1 C.

We evaluated the battery performance of Li-S full-cells with both untreated and pretreated
Li anodes under different conditions paired with ACC/S composite cathodes. The cells
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were galvanostatically charged and discharged at different C-rates to evaluate their cycling
performance and power capability. The charge and discharge profiles of samples LPE-O0,
LPE-50 and LPE-100 are shown in Figure 2-10, Figure 2-11 and Figure 2-12.
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Figure 2-11 Charge and discharge profiles of LPE-0, LPE-50 and LPE-100 at (a) 1st cycle and (b) 100th
cycle being cycled at 0.5 C.

Figure 2-10, Figure 2-11 and Figure 2-12 show the charge and discharge profiles of LPE-
0, LPE-50 and LPE-100 at 1st cycle and 100th cycle being cycled at 0.1 C, 0.5 C and 1.0
C. C-rate is defined as how fast the theoretical capacity of the battery can be fully
discharged. At 1.0 C-rate, the battery would be fully discharged in one hour. Using C-rate
instead of current density in battery studies is a great way to normalize the different masses
of the electrodes. At all C-rates, the charge and discharge profiles of all samples at 1st cycle
show distinct plateaus which indicate the phase changes due to the electrochemical
reactions. The potentials of those plateaus are very close which again confirm that the
artificial SEI layers on the anodes did not alter the electrochemical behaviors of the cells
at the beginning of cycling. However, when comparing to charge and discharge profiles at
100th cycle cycled at different C-rates, it shows at 100th cycle, LPE-50 and LPE-100

samples still retain relatively stable plateaus between 1.9 V and 2.0 V vs. Li*/Li, but

36



untreated LPE-0 sample loses such plateau especially at high C-rate 1.0 C at 100" cycle.
This demonstrates that with the polymeric SEI layer on samples LPE-50 and LPE-100, it
successfully mitigated the shuttle reactions while unprotected LPE-0 could not endure the
polarization at high current densities. This serves as another evidence that the artificial SEI

layer greatly improved the battery performance of Li-S full-cells.
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Figure 2-12 Charge and discharge profiles of LPE-0, LPE-50 and LPE-100 at (a) 1st cycle and (b) 100th
cycle being cycled at 1.0 C.
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Figure 2-13 shows the Li-S full-cell galvanostatic cycling profiles at 0.1 C 0.5 C and 1.0
C. At all three C-rates (0.1 C, ~0.3 mA cm?;, 0.5 C, ~1.5 mA cm?; and 1 C, 3.0 mA cm),
cells with LPE-50 and LPE-100 anodes exhibit improved specific capacity compared to
cells with LPE-0 (untreated) anodes. The specific capacities of the cells were calculated
based on the weight of the sulfur. As summarized in Figure 2-13 (d), at 0.1 C, LPE-100
has the largest specific capacity of 919 mAh g after 100 cycles compared to 651 mAh g
Lof LPE-0. At 0.5 C, LPE-50 has a specific capacity of 557 mAh g compared to 301 mAh
gl of LPE-0. At 1.0 C, LPE-50 has a specific capacity of 475 mAh g* compared to 138
mAh g of LPE-0. All samples demonstrate that the controlled pretreatment of anodes

effectively enhances the specific capacity of long-term cycling of Li-S full cells,
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particularly demonstrating the superior performance at the high power (current) cycling
conditions. This indicates the controlled formation of the polymeric layer successfully
alleviates shuttle reactions at the anode side while maintaining excellent Li ion
conductivity. Therefore, the loss of S active material from cathode side is reduced, and the
further erosion of the Li anode and the deposition of ionically insulating reduction products

Li>So/Li2S is mitigated.
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Figure 2-13 Li-S full-cell galvanostatic cycling profiles at (a) 0.1 C (b) 0.5 C and (c) 1.0 C. And (d) specific
capacity comparison of LPE-0, LPE-50 and LPE-100 at the 100th cycle at different C-rates.

Additionally, at all three C-rates there is a relatively consistent trend that LPE-50 and LPE-
100 have the best battery performance. With an increase in C-rate, LPE-50 eventually is

better than LPE-100. Further, LPE-200 has an even lower specific capacity compared to

38



the untreated LPE-O especially at higher C-rates. This result indicates that there is an
optimal range of pretreatment cycle numbers. For LPE-200, the degree of cross-linking of
polymeric SEI layer generated from pretreatment may be too high for Li* to diffuse
through, which essentially curtails the electrochemical reactions. On the other hand, LPE-
50 and LPE-100 prove to have a reasonable thickness and degree of cross-linking of the
SEI layer which guarantees a successful diffusion of Li* while still being able to maintain
its structure stability and surface uniformity to suppress dendrite growth and accommodate
volume change. The fact that performance of LPE-50 gradually surpasses LPE-100 at
higher C-rates can be explained by the fact that mass transfer is a more limiting factor when
current density increases. To facilitate the diffusion of Li*, the SEI layer needs to be thinner
and less compact to provide more efficient ion transport, while not compromising too much
on its ability to suppress dendrites and alleviate shuttle reactions. This finding can serve as
an important guideline when pretreating anodes for full-cells cycled at even higher current

density.

39



—LPE-O
——LPE-50

1m(2)

= = =

0 20 400
Re(Z) (Ohm)

Figure 2-14 EIS spectra of Li-S full-cell at 50th cycle.
The assembled Li-S full-cells were also tested for electrochemical impedance spectroscopy
(EIS) to study charge transfer and diffusion impedance at the interface after a protective
ASEI layer was formed on the surface of Li metal anode. Figure 2-14 shows the EIS of Li-
S full-cells with LPE-0 and LPE-50 anodes at 50th cycle after they were electrochemically
cycled at 0.5 C. First of all, the double semicircles in LPE-50 curve presents a multi-
interphase structure, which again confirms the successful formation of the polymeric
elastomer, which has Li surface/elastomer and elastomer/electrolyte multi-interphases. The
results also show after the pretreatment, LPE-50 has a much smaller charge transfer
resistance (semi-circle) compared to the untreated LPE-0. This is largely due to the
improvement of surface conditions between anode and electrolyte. Such reduction of
charge transfer resistance also explains the greatly enhanced rate capability of the
pretreated anodes. With charge transfer resistance decreases, it is easier for the transfer of

Li* ion throughout the pretreated surface even at high C-rate.
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Figure 2-15 High-resolution S 2p XPS spectra of (a) LPE-0 and (b) LPE-50 after being cycled in Li-S full-
cellsat 0.5 C for 100 cycles.
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To study the surface chemistry of the Li anodes and how the polymeric layer mitigated
shuttle reactions, we conducted XPS analysis on LPE-0 and LPE-50 samples after they
were cycled in Li-S full-cells at 0.5 C for 100 cycles. Figure 2-15 shows the high-resolution
S 2p XPS spectra of LPE-0 and LPE-50. The results show that LPE-50 sample, which has
the polymeric layer to protect the anode, has a much lower amount of Li>S; and Li.S
components at only 11.2% based on the relative peak areas. In comparison, the unprotected
LPE-0 has a much higher amount of Li»S; and Li»S at 26.9%. Overall, S counts 6.1% of
surface components of LPE-0 sample while it only counts 4.4% in LPE-50 sample. These
results demonstrate that with the polymeric layer, LPE-50 is much more successful at
mitigating shuttle reactions compared to the unprotected LPE-0. The better battery

performance of LPE-50 can be attributed to the smaller amount of insulating and insoluble
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Li»S, and Li.S generated, which not only hinder the transport of Li ions but also lead to

capacity loss.
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Figure 2-16 High-resolution C 1s XPS spectra of (a) LPE-0 and (b) LPE-50 after being cycled in Li-S full-
cellsat 0.5 C for 100 cycles.

Figure 2-16 shows the high-resolution C 1s XPS spectra of LPE-0 and LPE-50 after full-
cell cycling. The CFs peak comes from the salt of the electrolyte LiTFSI. LPE-50 has a
much higher O-C-O (C2) peak compared to LPE-0, which indicates even after cycling in
full-cell at high current density, the LPE-50 sample still relatively maintained its polymeric
elastomer layer, while there is little poly-DOL formed at 0.5 C current density for full-cell
cycling, or the poly-DOL component is more imbedded beneath the surface. This is another
important evidence that the ASEI can preserve its structure and chemical composition to

serve its protective function.
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Figure 2-17 Surface SEM images of (a) LPE-0 and (b) LPE-50 after being cycled in Li-S full-
cells at 0.1 C for 100 cycles. And (c) LPE-0 and (d) LPE-50 after being cycled in Li-S full-cells
at 0.5 C for 100 cycles. The insets show higher resolution SEM micrographs. Major scale bar of
all the images is 50-m long. Inset scale bar of all the images is 2-pm long.

To study how the optimized formation of the polymeric layer suppressed the dendrite
growth, stabilized the Li metal surface, and contributed to the improvement of the battery
performance, we performed SEM imaging on Li anodes, which were cycled after 100
cycles at various C-rates in Li-S full-cells. At 0.1 C, shown in Figure 2-17 (a), for the Li
anodes without optimized pretreatment, the surface consists of 5 pm large-sized pieces of
Li grains agglomerated together with small high surface area features surrounded. At 0.5

C shown in Figure 2-17 (c), the entire surface of untreated LPE-0 samples formed three-
43



dimensional Li dendrites after high current cycling. In contract, the Li metal with
optimized pretreatment exhibits smooth surface morphology after cycling, shown in both
Figure 2-17 (b) and (d). This indicates that the layer can withstand high C-rates, and
simultaneously suppresses dendrite growth and curbs shuttle reactions. This observation
provides insights of why LPE-O (untreated) anode demonstrates an acceptable capacity
after 100 cycles at 0.1 C-rate — the interfaces allow more uniform Li nucleation and
deposition under smaller current density. Nevertheless, at higher C-rates, the severe Li
dendrite formation results in fast anode degradation and battery decay. Under high current
density passage, the SEI layer was not able to maintain a stable structure and a smooth
surface but leads to continual erosion of the anode by electrolyte and rampant dendrite
growth, as apparent in Figure 2-17 (c).

The Coulombic efficiency of the Li-S full-cell was also calculated to understand how much
does the ASEI protective layer help to mitigate the shuttle reactions. The Coulombic
efficiency of Li-S full-cell is calculated by the following equation,

discharge specific capacity at (n + 1)th cycle
CE (Coulombic Ef ficiency) = ge specif pacity at ( )thcy

charge specific capacity at nth cycle

Equation 2.1
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Figure 2-18 Li-S full-cell Coulombic efficiency profile of LPE-0 and LPE-50 at 0.5 C
Both LPE-0 and LPE-50 cells were discharged at 0.5 C first. At early stage of cycling, the
pristine LPE-0 sample only has a very poor Coulombic efficiency as low as ~94% and it
takes over 40 cycles to finally stabilize to a still low Coulombic efficiency of ~98%.
Nonetheless, the protected LPE-50 sample has a Coulombic efficiency over 99% and it
stabilized to this value after first 5 cycles. This is another evidence of the superior
performance of the polymeric SEI layer which significantly prevents the reaction between

polysulfides and the anodes, thus successfully protecting it.

2.3.3 Study of ASEI by Varying Current Density of Pretreatment

The second control study that was done is to study the surface chemistry and
electrochemical performance of the electrochemically protected Li metal anodes by

varying the current density used for the pretreatment. Increasing the current density can
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change the total amount of charge going through the cell, but most importantly it has the
probability of altering the electrochemical reactions happening on the surface of Li metal
and change the chemical composition or structure which would certainly affect its function
as a protective layer. In addition, high current density, generally about 1 mA cm2, can
trigger the growth of Li dendrites and the degradation of the anodes. On the other hand, a
current density too low may not be enough to initiate the electrochemical reactions on the

surface thus resulting in a failed layer.
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Figure 2-19 Partial XPS survey spectrum of LPE-50-x10.
To reveal the effect of pretreatment current density, we pretreated the Li anodes for 50
cycles at 0.30 mA cm, a current density ten times larger than the one for other LPE
samples. The new sample is annotated as LPE-50-x10. The partial XPS survey spectrum is

shown in Figure 2-19. Table 2, which shows the atomic percent of each element in LPE-

50-x10. Comparing to Table 1, the amount of carbon on the surface dropped while the
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amount of oxygen increased. This indicates the change of chemical composition and

surface chemistry at high current density of pretreatment.

Name At%
Cls 44.7%
O 1s 33.4%
Lils 16.9%
N 1s 1.3%
S 2p 0.5%
Fls 3.1%

Table 2 Atomic percent of each element in LPE-50-x10 sample.

Figure 2-20 shows the high-resolution C 1s, N 1s, F 1s and S 2p XPS spectra of LPE-50-
x10. The most distinct change in XPS spectra of LPE-50-x10 is shown in Figure 2-20 (a)
that in the high-resolution C 1s spectrum, the O-C-O (C2) peak at 287.6 eV almost
disappeared compared to that of the LPE-50 shown in Figure 2-6 (a). The ratio of peak area
of C1/peak area of C2 equals 2 is regarded as evidence of formation of polymeric layer and
electropolymerization of DOL monomers in Figure 2-6 (a). Therefore, the nearly
disappeared O-C-O peak in Figure 2-20 (a) indicates more drastic reactions with the
LiTFSI salt and the additive LiNO3to form a complex inorganic/organic mixture with little
electropolymerization of DOL. As Table 2 shows, the relative amount of F on the surface
of LPE-50-x10 sample is 3.1%, which is almost twice of that on the surface of LPE-50
sample, which is 1.6%. Based on Figure 2-20 (b), the peak area ratio of LiF to C-F is 2:1

in LPE-50-x10 compared to that of LPE-50 which is 1:2 in Figure 2-6 (b). Such a huge
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increase of LiF peak intensity in the F 1s spectrum of LPE-50-x10 confirms the fast
breakdown of LiTFSI salt at high current density. These all indicate very different surface
reactions and surface layers are formed on Li anode at high current density with less desired
property, which largely affects their protective functionality in Li-S chemistry that will be

shown in the next section.
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Figure 2-20 High resolution (a) C 1s, (b) F 1s, (c) N 1s and (d) S 2p XPS spectra of LPE-50-x10.
The SEM image of cross-section of LPE-50-x10 is shown in Figure 2-22 and the layer

corresponds to the ASEI layer formed on the surface is much thicker than what was shown

in Figure 2-9 and hard to see the boundary between Li and the ASEI layer.
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Figure 2-22 SEM cross section image of LPE-50-x10.
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Figure 2-21 Charge and discharge profiles of LPE-0, LPE-50 and LPE-50-x10 at (a) 1st cycle and (b) 100th
cycle being cycled at 0.5 C.

Li-S batteries were tested to demonstrate the cell performance with various pretreatment

conditions of Li anodes. The charge and discharge profiles of LPE-0, LPE-50 and LPE-50-

x10 are shown in Figure 2-21. Similarly, all three samples display distinct plateaus at same

potential at 1st cycle. However, at 100th cycle, LPE-50-x10 has nearly lost its plateaus and
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shown very low discharge specific capacity. This again confirmed with large pretreatment

current density, the formed ASEI layer is unable to protect the anode surface.
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Figure 2-23 (a) Li-S full-cell galvanostatic charge and discharge profile at 0.5 C.
(b) SEM surface image of LPE-50-x10 after pretreatment and (c) post-cycling
surface SEM images of LPE-50-x10 after being cycled in Li-S full-cellsat 0.5 C
for 100 cycles. The insets show higher resolution SEM micrograph. Major scale
bar of both images is 50-jum long. Inset scale bar is 2-m long.

The Li-S full-cell performance was also studied. Figure 2-23 (a) shows the galvanostatic
cycling profile of LPE-0, LPE-50 and LPE-50-x10. For LPE-50-x10, the cells decay fast
and have a specific capacity of 177 mAh g at 100 cycles, which is an even lower specific
capacity compared to the one of LPE-0 (no pretreatment). Figure 2-23 (b) show the surface
SEM images of LPE-50-x10 after pretreatment. Compared to the surface SEM image of

LPE-50 after pretreatment shown in Figure 2-7 (b), the surface of LPE-50-x10 is much
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rougher and a porous SEI layer may be formed. And it locally increased current density
through pores which caused more severe dendrite growth during charge-discharge cycling,
as shown in Figure 2-23 (c), the post-cycling surface image of LPE-50-x10 after being
cycled in Li-S full-cells at 0.5 C for 100 cycles. Moreover, as Figure 2-20 shows, the
surface layer has a very different chemical composition at high pretreatment current density.
Obviously, the changed chemical composition and the poor conformality of the surface
layer formed by high current density pretreatment cannot serve as an effective protection
layer to suppress the dendrite formation (Figure 2-23 (c)), to improve the electrode stability,
and Li-S cell performance. Instead, it exhibited negative effect to the Li-S full cell cycling
performance.

This result demonstrates the importance of using small current density, which is equivalent
to 0.01 C cycling, for pretreatment to form an ideal SEI layer. Such small current density
guarantees the formation of a conformal, polymeric SEI layer that can accommodate
volume change and stay conformal during electrochemical cycling, especially at high C-
rates. Nevertheless, at large pretreatment current density, the DOL decomposes and
undergoes more complex electrochemical reactions instead of simply electropolymerizing,
along with the fast breakdown of Li salts. Moreover, the large current density 0.3 mA h
cm2used for pretreatment is similar to 0.1 C for cycling with our mass loading. The poor
battery performance at large pretreatment current density also serves as evidence that the
naturally formed in situ SEI layer on the surface of unprotected anodes is not enough to
protect the anodes from forming dendrites or parasitic reactions. These outcomes plausibly

contribute to the damaged, unstable, and non-conformal surface layer that is unable to
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protect Li anode from the undesired parasitic chemical and electrochemical reactions, and

therefore leads to a fast capacity decay.

2.4 Conclusion and Future Work

2.4.1 Conclusion

The pretreatment of the Li anode at constant small current successfully formed a controlled,
conformal and polymeric SEI layer which demonstrated exceptional battery performance
in terms of specific capacity and power capability. An optimal pretreatment cycling
number, LPE-50 was determined. Such improvement of performance largely came from
the optimized surface conditions which effectively suppressed dendrite growth,
accommodated volume changes during cycling, and prevented further erosion of Li anode.
In addition, it retained excellent Li ion conductivity at optimal thickness. There may be a
growing degree of cross-linking within the polymeric structure with the increase of
pretreatment cycling number. The degree of cross-linking has both pros and cons in terms
of polymeric properties and battery performance. Further investigation and manipulation
of the cross-linking is crucial to the success of this anode protection method and it will be

a continuing focus of our research.

2.4.2 Future Work and Prospect

Previous study has shown that “solvent-in-salt” electrolytes, which have ultrahigh
concentration of LiTFSI salts can greatly improve the cyclability of the Li-S batteries by
reducing the solubility of polysulfides and greatly increasing the Li-ion transference

number.13® However, using electrolytes of very high concentration can lower the energy
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density of the battery system overall and may be too costly for industrial manufacturing. It
could instead be a smart strategy for pretreatment of Li metal anodes which requires less
electrolytes. However, there is a boundary to draw because high concentration of salt would
also increase the viscosity of the electrolyte and lower the ionic conductivity of the
electrolyte.’3® Therefore, the next step for the electrochemical pretreatment of Li metal
anodes is to control the concentration of the Li salt in order to establish a correlation
between it and the surface chemistry and chemical composition of the ASEI. In addition,
because DOL is the main component in the ASEI and poly-DOL plays the major role in
providing the flexible yet sturdy structure, it is worth studying the effect of using an
electrolyte with higher DOL ratio or even pure DOL for the pretreatment of Li metal
anodes. Pure DOL electrolyte is not feasible due to the less than half utilization rate of
sulfur active material but it could be a great choice for pretreatment because no elemental
sulfur is involved.? 3

Another effort that can be pursued is to increase the amount of LiF in the ASEI which has
proved to be able to fine tune the surface morphology and have large electrochemical
stability window. This can be done by using lithium bis(fluorosulfonyl)imide (LiFSI) salt
to replace LiTFSI salt due to the smaller anion size, higher ionic conductivity and easier to
decompose on the surface of Li metal to donate F.'% 14! Ether solvents used in the
electrolytes can also be fluorinated to generate more LiF in the ASEI, which has seen some
success in previous study in the cycling of Li-S full-cells.!4>144 At last, substituting the
additive with fluorine containing compounds other than conventional LiNO3 is another

direction.}*
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The electrochemically pretreated Li metal is not restricted to liquid electrolyte Li-S
batteries system, but could also be applied to other Li metal batteries system, including
high voltage cathode (HVC) Li-ion batteries by pairing with LiCoO2, LiMn2Os and
LiNiMnCoO: cathodes, which are important for the fulfillment of electric vehicles and
grids. The pretreated Li metal can also be used with solid-state electrolytes, many of which
have narrow electrochemical stability window and are prone to react with Li metal.**® They
also suffer from poor solid-solid contact as well. The malleable poly-DOL can be a natural
wetting agent that could greatly diminish the interfacial impedance and the ASEI can serve
as a barrier to block the degradation reactions between direct contact of Li and solid-state
electrolyte.” Essentially, this ASEI can act as a pseudo-SSE to improve the anode/SSE
interface and achieve great electrochemical performance. All in all, the electrochemical
protection of Li metal is simple, feasible and can be finely tuned by varying the conditions
of formations to meet diverse demands in different systems. Its application may not be
restricted to liquid electrolyte Li-S batteries but can be deployed in many Li metal batteries
system, and the electrochemical pretreatment strategy using poly-DOL might be

potentially used in other metal anode systems.
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3. Towards Solid-State Li-S Batteries and the
Development of LiicGeP2S12 (LGPS) Solid-State
Electrolyte

The project described in this chapter was done in collaboration with Dr. Alexander Kozen
and John Hoerauf of University of Maryland, Dr. Chuan-Fu Lin and Binh Hoang of the
Catholic University of America. Dr. Kozen ran all the ALD coating processes, all the XPS
characterizations and their data analysis. Binh Hoang and John Hoerauf participated in
the fabrication of LGPS pellets after the method was developed by the author of the
dissertation, Yang Wang. All the electrochemical testing and data analysis were done by

the author of the dissertation, Yang Wang.

3.1 Introduction

3.1.1 Pros vs. Cons of Solid-State Electrolytes for Li-S Batteries

The inflammability of organic liquid electrolytes widely used in Li batteries, including Li-
S batteries, has always been an issue due to the profound safety hazard. Therefore, using a
nonflammable solid-state electrolyte (SSE) to replace the inflammable electrolyte is an
ideal way to mitigate the safety concerns long associated with Li-ion and Li metal batteries,
which has the potential to finally realize the goal of safely using Li metal in batteries to
achieve much higher specific capacity and energy density.3% 147 In addition to the intrinsic
nonflammable nature of solid-state electrolytes, they also hold the following advantages
over conventional liquid electrolyte, especially for Li-S batteries system. First, it can stop

the diffusion of polysulfides and solve the low Coulombic efficiency problems from the
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root by preventing the shuttle reactions from happening. Second, the stiffness of the SSE
may be able to suppress the growth of dendrites on the surface Li metal based on some
studies, which is another grave concern of safety. Moreover, SSEs generally have good
mechanical strength, wide temperature ranges and high Li-ion transference number. The
fact that they can be manufactured in large scale and tightly pressed with electrodes makes
them more favorable for practical applications.8% 148 149

However, solid-state electrolytes still face daunting challenges for wide commercialization
due to series of intrinsic and practical reasons. First, SSEs generally have lower ionic
conductivity of Li*, many are several orders of magnitude lower than conventional liquid
electrolytes. Second, the contact between SSEs and electrodes is bad due to the non-
conformal morphologies of solids. The interfacial resistance that arises from the often
point-to-face or point-to-point contacts worsens the capacity and energy density of the
batteries. This issue is particularly severe in Li-S batteries on the interface between SSE
and sulfur cathode. Sulfur is already being plagued by the intrinsic electronic insulating
nature and requires conductive carbon substrates to improve it. The lack of contact would
make it even harder to exploit sulfur encapsulated in carbon networks.* Third, SSEs,
depending on the specific material, have different electrochemical windows. Therefore, it
may be electrochemically unstable against either or both electrodes which can lead to rapid
degradation and cell failure. Another very troubling fact discovered in recent years is Li
dendrites can still grow in SSEs, often through the grain boundaries inside the solid state
electrolyte pellets, due to the often-neglected electronic conductivity of SSEs, which is
higher than liquid electrolytes.*®® Due to the high electronic conductivity, dendrites not

only can grow from anodes to cathodes, but can grow in the middle of SSEs, especially
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along the grain boundary, which is defined as the interface between LGPS particles, and
inside voids and cracks. All those urgent issues demand attention in order to push the solid-

state technologies forward.® 147

3.1.2 Li10GeP2S12 (LGPS), the Promising Candidate
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Figure 3-1 Thermal evolution of ionic conductivity of the new Li10GeP.S;2 phase, together with those of
other lithium solid electrolytes, organic liquid electrolytes, polymer electrolytes, ionic liquids and gel
electrolytes. Reproduced with permission.®

In 2011, Kamaya et al. first discovered a sulfide superionic conductor LiioGeP2S12 (LGPS)
and it has since changed the landscape of solid-state electrolytes. LGPS has a theoretical
ionic conductivity of 1.2 x 102 S cm™, which is comparable or even higher than commonly
used liquid electrolytes and far higher than many other solid-state electrolytes, as shown in
Figure 3-1. LiioGeP,S1> has a three dimensional framework structure consisting of

(GeosPos)Ss tetrahedra, PS4 tetrahedra, LiSs tetrahedra and LiSe octahedra, as shown in
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Figure 3-2. In crystalline solid materials, the transport of ions depends on the concentration
and distribution of defects. In order to have high ionic conductivity in solids, an open
crystal structural framework, a high concentration of mobile ion carriers and highly
polarizable ions to lower the migration energy barriers are all essential 8! The structure has
a one-dimensional (1D) lithium conduction pathway along the ¢ axis. Mo et al. also studied
it has weak conduction pathways formed by corner sharing LiS4 tetrahedra in the ab plane.

The fast 1D diffusion along the ¢ direction and slower Li* diffusion in the ab plane

b (Ge/P)S, c
LiSg
1D chain
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(Ge/P)S,
LiS,

6 S

Figure 3-2 Crystal structure of Li;oGeP.S1,. (a) The framework structure and lithium ions that participate in
ionic conduction. (b) Framework structure of Li;gGeP,S1,. One-dimensional (1D) chains formed by LiSe
octahedra and (GeosPos5)Ss tetrahedra, which are connected by a common edge. These chains are connected
by a common corner with PS, tetrahedra. (¢) Conduction pathways of lithium ions. Zigzag conduction
pathways along the ¢ axis are indicated. Lithium ions in the LiS, tetrahedra (16h site) and LiS, tetrahedra (8f
site) participate in ionic conduction. The anisotropic character of the thermal vibration of lithium ions in three
tetrahedral sites gives rise to 1D conduction pathways. Reproduced with permission.®

contributed to the exceptional ionic conductivity that LGPS has.® 1°1: 152
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Currently, LGPS powder of ionic conductivities ranging from half of the theoretical value,
to near the theoretical value with a grain size as small as 3 microns is commercially
available and well-defined. The most common way of using it is by cold pressing the
powder into disk pellets,’>31% thanks to the fact that LGPS has a Young’s modulus in
between oxide SSEs and polymer SSEs which makes it softer.15% 1°6: 157 However, it has
been observed that the cold pressed LGPS pellets have a very porous structure and porous
structures are not beneficial for accomplishing its high ionic conductivity, as the pores act
as barriers to Li* migration in the SSE.**® Moreover, pellets pressed at low temperature
often have particles poorly agglomerated together and lack good contact. Additionally, it
is reported that cold pressing of sulfides can result in the formation of an intermediate layer
and may induce irreversible side reactions during electrochemical testing which would
decrease the cell performance.®>” 5% 10 |n order to fully realize its potential of high ionic
conductivity, hot press to fabricate the pellets is necessary. Hot press is one of the most
common ways for materials fabrication since it may yield favorable crystalline structures
that have higher ionic conductivities.’®*-¥%4 Hot press under high pressure to make pellets
can greatly densify the pellets and decrease the porosity to increase the mechanical strength
of the pellets which is extremely important to withstand the drastic volume change of
electrodes during cycling, while the annealing can also largely reduce the grain boundary
impedance to have more robust electrochemical properties.%3-1% However, it is not always
good to press the pellets at a temperature too high because it may exacerbate the
microcracks within the SSE due to the growth of grain size at higher temperature, % 164 |t
is important to note that hot pressing of an already made powder into pellet does not change

the ionic conductivity of the bulk material, but by densifying it to improve the contact
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within SSEs and decrease grain boundary resistance. To our knowledge, the fabrication of
LGPS by hot press has not been reported before and it will be discussed in the following

section.

3.1.3 Issues on the Interface and the Strategies of Surface Protection

Although LGPS has high ionic conductivity and several advantages over other common
SSEs, it suffers from its incompatibility with both Li metal anodes and conventional Li-
ion cathodes. The thermodynamic electrochemical stability window of LGPS is only from
1.7 V to 2.5 V (vs. Li*/Li), which makes it a lot narrower than common SSEs and oxide
SSEs.151:152.167 O the anode side, at below 0.6 V (vs. Li*/Li), the Ge in LGPS would form
alloy with Li and the product is electronic conductive which makes it prone of continuous
degradation and facilitates the growth of Li dendrites.*®3170 On the cathode side, due to the
high voltages of conventional Li-ion cathodes, the oxide cathodes with transition metal
would spontaneously react with sulfide to form metal sulfides and such side reaction
products build a non-passivating mixed ionic and electronic conducting interface, which
allows the degradation to go on and generate an incompatible interface that would lower
the ionic conductivity.'®? 157171172 Nonetheless, the low operation voltage of S cathodes,
which is generally a disadvantage due to the lowered energy density of the battery, turns
out to be a good thing since it falls within the electrochemical window of LGPS and make
them compatible. 1% 157

Quite a lot of work has been done to address the interfacial incompatibility issue to improve
the electrochemical stability.1”31’” One of the most feasible and effective method is surface
protection using artificial SEI (ASEI) layer, either on the electrodes or on the surface of

LGPS pellets. By using the ASEL, it can block the direct contact electrodes and LGPS solid-
60



state electrolyte thus preventing the spontaneous interfacial reactions from happening upon
assembly of the cells. By applying the appropriate ASEI that has an electrochemical
stability window that matches the cathodes and the anodes, it can effectively bridge the gap
of electrochemical window between the electrodes and LGPS, therefore protecting LGPS

from unwanted side reactions.!* 178
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Figure 3-3 Schematic of ALD process. (a) Substrate surface has natural functionalization or is treated to
functionalize the surface. (b) Precursor A is pulsed and reacts with surface. (c) Excess precursor and reaction
by-products are purged with inert carrier gas. (d) Precursor B is pulsed and reacts with surface. (e) Excess
precursor and reaction by-products are purged with inert carrier gas. (f) Steps 2-5 are repeated until the
desired material thickness is achieved. Reproduced with permission.?

To be agood ASEI candidate, the material itself must be chemically and electrochemically
stable against both the SSE and electrodes within the operation voltage window. It needs
to have reasonable mechanical strength that can suppress the dendrites but also malleable
enough to accommodate the volume change. It must have ionic conductivity high enough

to retain the energy density of the cell. The ASEI should be electronically as insulating as
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possible to prevent the growth of dendrites and plating of Li on top of the ASEI which

would make every effort moot.**°
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Figure 3-4 Cartoon of the Proposed ALD LiPON Process Chemistry. (a) Hydroxyl terminated substrate; (b)
metastable surface after the LiOtBu pulse; (¢) H2O pulse removes the tert-butanol ligands and forms LiOH
on the surface; (d) TMP reacts with surface LiOH through ligand exchange reaction, evolving CH3;OH; (e)
N2 plasma cross-links phosphorous atoms and evolve CH3OH and CH.O; (f) LiOtBu reacts with —OCHj3
ligands and evolves both CH,OH and CH,O. The initial LiOtBu and H;O pulses shown in (a) and (b) are
required “activate” the substrate prior to deposition. For all subsequent ALD cycles, the process chemistry
in (c) through (f) is repeated as one ALD cycle. Reproduced with permission.®

Atomic Layer Deposition (ALD) is an effective method to create such an ideal ASEI layer.
It is a thin film deposition technique employs self-limiting gas-solid reactions. As shown
in Figure 3-3, a functionalized substrate first reacts with pulsed in precursor A. By
controlling the reaction time, the surface of the substrate can be completely saturated while
no more than one monolayer of reaction product can grow on the substrate. Subsequently,
carrier gas purges out all unreacted remaining precursor A and reaction by-products. A
second precursor B is then pulsed in and reacts with the just formed monolayer to build up

another monolayer. Then the remaining precursor B and by-products are purged out. By
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repeating such steps, with finely tuned pulsing time and the total number of steps and
choosing the right precursors, a thin film with desired thickness, composition and a
conformal morphology can be developed.? ALD has found broad success in depositing
metal oxide thin films and has been small-scale commercialized.? 1"* 18 Among all the
viable deposited products, lithium phosphorus oxynitride (LiIPON) is a promising
candidate due to its large electrochemical stability window against both high voltage
cathodes and Li metal anodes, and an acceptable ionic conductivity of ~10® S cm™. It has
found success in microscale all-solid-state batteries but is generally too thin to serve as
solid-state electrolyte. However, that makes it a perfect candidate to be the ASEI for
LGPS.181:182 |n this Chapter, the LIPON ALD-coating process was developed by Kozen et
al. and operated by Dr. Alexander Kozen. The illustration of the protocol is shown in Figure
3-4.° It uses lithium tert-butoxide (LiOtBu), H20, trimethylphosphate (TMP), and plasma
N2 as precursors. The layer is thin, conformal and has demonstrated good electrochemical
stability up to 5.5 V vs Li*/Li and ionic conductivity up to 2x10° S cm™. Therefore, it is
being used to coat the surface of LGPS to serve as a protective ASEI.®

Another surface protection strategy is to use the Li protected by elastomer, which is formed
by electrochemical polymerization of DOL, as anodes which has been extensively
discussed in Chapter 2. This elastomeric ASEI consists of both inorganic components and
organic poly-DOL has demonstrated excellent properties to suppress dendrites,
accommodate volume change and prevent side reactions from electrolytes and
polysulfides.?® Naturally, this ASEI layer on the surface of Li metal anodes may also serve
as a barrier to block the detrimental reactions between Li metal anodes and LGPS SSE.

The sulfide SSEs including LGPS are especially vulnerable to large cycling current
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densities due to the Li metal/SSE interface can experience large strains from volume
expansion and nonuniform Li stripping and plating during cycling, which easily leads to

cell failure.1°

3.1.4 Objectives

In this chapter, our research focused on the control study of hot press of LGPS using a
commercial powder purchased from MTI, Inc. We characterized and electrochemically
tested the LGPS pellets pressed at different temperatures. An optimal pressing temperature
was narrowed down and was used to press pellets for further ASEI surface protection. We
studied using ALD-coated LiPON as an ASEI for LGPS to serve its protective purpose.
The surface chemistry of LGPS with or without ASEI were also studied to understand how
LGPS degrades upon atmospheric exposure, upon reaction with H>0 and O in controlled
conditions, and upon exposure to liquid carbonate electrolytes, and ultimately how LiPON

ASEI layers can mitigate these degradation reactions.

3.2 Experimental

3.2.1 The Fabrication of LGPS Pellets

Commercially available LiioGeP2S12 (LGPS) powder was purchased from MTI Corp. The
stand-alone SSE pellets were prepared by pressing 0.120 g of LGPS powder at ~300 MPa
using a hydraulic press and a heatable die set (temperature control range 25 <€ - 250 <€)
with a diameter of 12.7 mm (0.5”) in an Ar-filled glove box. The pressure was added, and
the pressing started when the die set was heated to the desired temperature. After 5 minutes,

the heating program was turned off to let the die set cool down naturally. For different
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pressing temperatures, the allowed cooling down time was different to ensure safe
operation but the total pressing time under ~300 MPa pressure was kept at 45 minutes. To
acquire dense pellets with optimal mechanical and electrochemical characteristics,
different pressing temperatures were used including 100 <€, 150 €, 175 € and 200 €. As
control, pellets were also pressed at room temperature (20 <€) which are described as cold
pressed pellets.

Three different masses of LGPS powder, 0.12 g, 0.24 g and 0.40 g respectively were used
for pellet pressing at 150 <C and ~300 MPa to obtain hot pressed LGPS of different

thicknesses to deconvolute the EIS spectra.

3.2.2 Electrochemical Testing and Characterizations

Electrochemical impedance spectroscopy (EIS) was used as the main tool to study the
interfacial evolution under different conditions and investigate the changes of ionic
conductivity of different interfacial and bulk components. 0.75 mm thick Li ribbon (Alfa
Aesar) was cut into 12.7 mm in diameter disks with a 1/2-inch punch. Li/LGPS/Li
symmetric cells were assembled in an Ar-filled glove box for testing. The frequency range
was set between 1 MHz and 10 mHz, and the AC amplitude of the measurement is 10 mV.
The EIS measurements results were processed by EC-lab software using Z-fitting.
Equivalent circuits were also simulated. The equation used for calculating the ionic
conductivity of the bulk LGPS pellet with the simulated impedance is shown in Equation

3.1,

Equation 3.1

65



where ¢ is the ionic conductivity, R is the impedance, [ is the length of the cross-section
of the conducting medium and A is the area of the conducting medium.

Cyclic voltammetry (CV) was used to study the electrochemical evolution of the LGPS
pellets with or without the ALD-coated LiPON ASEI layer over a wide voltage window.
Li/LGPS/Li symmetric cells were assembled for testing. The voltage window is from +5.0
V10 -0.5 V (vs. Li*/Li) with a scan rate of 0.1 mV s. The cells were run by testing EIS+CV
alternately over time and a total of four cycles of EIS and three cycles of CV were run.
Galvanostatic charging and discharging was used to study the battery performance of the
LGPS pellets and to examine the effect of ASEI with ALD-coated LiPON. Li/LGPS/Li
symmetric cells were assembled for testing. Cells were tested at 1 mA cm current density
with a compliance voltage window of -5 V to +5 V (vs. Li*/Li) then run at 3 mA cm™
current density with the same voltage window. For both current densities, each charging or
discharging cycle is 5 minutes, for a total of 30 full cycles. As a baseline, the 3 mA cm
current density is close to 1 C current as in C-rate for the cycling of liquid electrolyte Li-S

batteries, and 10 C current for liquid electrolyte Li-ion batteries. Generally, 0.05 C current

density is used for solid-state Li-S batteries cycling.

3.2.3 The Designs of Cells for the Electrochemical Testing of LGPS

Pellets

To find the most reliable way to electrochemically test LGPS pellets, different
configurations of electrochemical cells were designed and tested over time. Conventional
CR 2032 coin cells with two 0.2 mm thick, 15 mm in diameter 304 stainless steel spacers
plus one 1.2 mm high 304 stainless steel spring washer were used each cell. The spring
washer was later replaced by one 1.6 mm thick, 12.7 mm in diameter nickel foam disk to
provide better contact and accommodation of cell compactness. I-cells were later designed
by drilling through a union, 12.7 mm in diameter perfluoroalkoxy alkane (PFA) Swagelok
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tube fitting, with 304 stainless steel rod as current collector from both ends. At last, split
cells purchased from MTI Corp with an inner diameter of 15 mm were used. All the
electrochemical testing results presented in the following sections were using the split cells,

unless otherwise specified.

3.2.4 ALD LiPON Coating Process

LGPS pellets were transferred to an Ultratech Fiji F200, where the LiPON ALD films were
deposited at 150 <C using the precursors lithium tert-butoxide (LiOtBu) (Aldrich, 99.7%),
deionized H20, trimethylphosphate (TMP) (Aldrich, 99.9%), and N gas (Praxair, grade
5.0). Argon (Airgas, grade 5.0) was used as a carrier gas. The base pressure of the ALD
reactor was < 2 %107 Torr, and a process pressure of 200 mTorr was maintained via Ar
gas flow. The solid LiOtBu precursor was kept at 165 <C and was delivered to the ALD
chamber using a bubbler with 40 standard cubic centimeters per minute (sccm) argon
carrier gas flow. ALD films were deposited using precursor saturation doses of 20 s for the
LiOtBu, 0.06 s for the H>O, and 0.4 s for the TMP with 30 s purges after each precursor
dose. The "N, exposure was fixed at 10s at a 40 sccm flow rate and a plasma power of 300
W, and a 5 s purge step was included after the PN2. The growth rate of ALD LiPON was
0.55 A/cycle as determined by spectroscopic ellipsometry (J.A. Woollam M-2000D, A =
193—1000 nm) using a B- spline optical model on silicon substrates included with each
deposition.> 10 nm-thick LiPON was coated onto LGPS pellets for XPS analysis because
the detection limit in thickness of material of XPS analysis is around 10 nm and any thicker
LiPON could completely block the detection of LGPS underneath it. 20-nm-thick LiPON

was coated onto LGPS pellets for electrochemical testing.
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After LIiPON deposition, samples were transferred directly into an Ar-filled glovebox,
where they were flipped upside down to expose the other side of the pellets, loaded back
into the vacuum system, and the LiPON deposition was repeated on the uncoated side of

the pellets.

3.2.5 Characterizations

Post-deposition, samples were transferred under UHV from the ALD system to a Kratos
Ultra DLD XPS system. Survey spectra were collected without charge neutralization using
a 12 kV monochromatic Al Ka X-ray source in hybrid lens mode with a step size of 1 eV
and pass energy of 160 eV. High-resolution spectra were collected using a 12 kV
monochromatic Al Ka X-ray source in hybrid lens mode with a step size of 0.1 eV and
pass energy of 20 eV. XPS data were analyzed using CasaXPS with peak area
quantification normalized by standard photoionization cross sections corrected for our
instrument geometry23 and a Shirley background algorithm.®

To understand if the hot pressing of LGPS at higher temperature could have altered the
surface chemistry of the LGPS pellets, both LGPS pellet cold pressed at 20 <C and hot
pressed at 150 <C were analyzed using XPS with same experimental conditions described
above.

SEM cross-section imaging was done with a Tescan XEIA Plasma FIB/SEM.

68



3.3 Results and Discussion

3.3.1 The Roadmap of Cell Design for the Electrochemical Testing of

Positive Case Q Positive Case

LGPS Pellets

(a)

Cathode Cathode

LGPS LGPS

Anode Anode

Spacer Spacer

Replaced By

spﬂng ‘ g sp"ng ‘

Negative Case

Negative Case

Figure 3-5 Coin cell configuration for Li/LGPS/Li symmetric cell testing. (a) with stainless steel spring
washer and (b) the spring washer is replaced by a more squeezable and accommodating Ni foam disk.

An electrochemical cell with proper configuration is crucial for the reliable measurements
of LGPS pellets. We started with the most basic and conventional method, by putting the
Li/LGPS/Li sandwich in CR 2032 coin cells with two thin stainless steel spacers plus one
stainless steel spring washer in each cell, as shown in Figure 3-5 (a). However, we quickly
discovered that this option is not viable. The LGPS pellet was crushed into tiny pieces
when the coin cells were assembled using a crimping machine. LGPS pellet is quite brittle
and the stainless-steel spring washer is not accommodating enough. Even though the

pressure of the crimping machine can be adjusted, the presser inside the cell is impossible
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to measure and control. Therefore, the actual measured EIS spectra do not represent the
bulk LGPS but the tiny pieces. Due to this concern, we replaced the stainless-steel spring
washer with nickel foam, which can be greatly squeezed and provides better
accommodation when the cells are crimped. Nonetheless, the replacement did not change
the irreproducibility of the measurements using coin cells and we faced a new issue which
is bad contact due to the insufficient compactness inside the cell caused by Ni foam not

being supportive of the cell structure enough.

connection screws
!
current collector 4

Sy

lok nut

sealing rings

cell body
counter/reference electrode (metallic lithium) % \

QMA separator

working electrode (active Material)

Figure 3-6 I-cell configuration for Li/LGPS/Li symmetric cell testing. It is based on
a drilled-through PFA Swagelok tube fitting with union opening 12.7 mm in diameter.
The figure is created by Dr. Alexander Kozen.
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Figure 3-7 EIS measurement comparison between two cells. The left is the EIS spectrum with coin cell. The
right is the EIS spectrum of I-cell.

The failure with coin cells led us to explore other alternatives and the first candidate is an
I-cell as shown in Figure 3-6. We summarized that the issues we encountered with using
coin cells is a) impossible to control the compactness of the cell to not crush the pellet
while b) maintaining a good contact between each part of cell to get reliable measurements.
The drilled-through I-cells allow us to fully press the two stainless steel rods together,
which serve as current collectors and connection to the external circuit, to get good contact
while we can still control the tightness and the force applied to not crush the pellets. We
did see great improvement in terms of reproducibility of the measurements but also the
reliability of the measurement, as shown in Figure 3-7. The EIS was done by measuring a
stainless-steel disk/LGPS/stainless steel disk sandwich. Gold was sputtered on both sides
of LGPS to improve contact due to the rough surfaces of both LGPS pellet and stainless-
steel disk rendered extremely large interfacial impedance. It is clearly shown on the right
that by using the I-cell, lower cell impedance results in an ionic conductivity closer to the

theoretical value of LGPS. The ionic conductivity calculated from the measured impedance
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is a lot closer to theoretical ionic conductivity of LGPS, though it’s still 20 times larger
than the values we measured from split cells, which will be shown later. However, we did
not stick with I-cells for a long time because we soon found that the assembly of I-cells are
hard to be consistent. Because it is open on both ends, fixing one stainless steel rod on one
side while gently but tightly enough to close from the other side is clumsy and difficult to
achieve reproducibly in a glovebox. In addition, due to the inner diameters of the I-cell, the
LGPS and the Li disks were all the same size in diameter, putting them together with good

contact proved to be challenging.

Rl
B rew PTFE
or Gasket
Current \. - Comﬁretssion
Lead u ;:opper oree
ressing
Die Plate
PEEK
Die
Sealing
O-Ring Sleeve

L —
Figure 3-8 Split compression cell and the manual press used to hold it under constant pressure.

Therefore, we came to our last candidate which is the split cell we bought from MTI Corp
and it proved to be a success, as show in Figure 3-8. The split cell offered total reliability
and reproducibility of the results and maintained good contact of each component without
crushing the LGPS pellets. We also summarized the error of measurement and the
measured ionic conductivity comparing all four cell designs which is shown in Figure 3-10.
It also shows that the split cells have the smallest error in measurements and result in the
largest measured ionic conductivity. Based on the results, all the following tests were all

done with split cells, unless specifically stated.
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Figure 3-10 Comparison of different cell designs and the errors in
measurement. Figure was made by Dr. Alex Kozen.

3.3.2 The Optimization of Hot Pressing of LGPS Pellets

Cold Pressed — 25°C Hot Press - 150°C Hot Press - 175°C Hot Press - 200"_C

Figure 3-9 SEM cross-section images of LGPS (a) cold pressed at 20 €€ and hot pressed at (b) 150 <€, (c)
175 € and (d) 200 <€, and SEM surface images of LGPS (e) cold pressed at 20 €€ and hot pressed at (f) 150
€, (g) 175 € and (h) 200 <. The SEM images were captured, and the figure was made by Dr. Alexander
Kozen.
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In order to determine the optimal temperature for fabrication of LGPS pellets, we studied
the effect of pressing temperature on the ionic conductivity and pellet density and proved
the necessity of hot pressing. The SEM cross-section images of four different LGPS pellets
cold pressed at 20 <€, hot pressed at 150 <€, 175 <€ and 200 <€ respectively are shown in
Figure 3-9. It is clearly shown that the cold pressed pellets have large micron-level cracks
both on the surface, as shown in the inset, and throughout the entire pellet. Such large
cracks have multiple detrimental effects. First, it decreases the overall ionic conductivity
due to the bad contact. The cold pressed pellet appears to consist of bulk materials barely
agglomerate and hold together by force, without a robust, cohesive structure. The lack of
good contact as a whole increases the grain boundary resistance and lowers the ionic
conductivity of the pellet. Second, such large cracks indicate a lack of mechanical strength
which would cause the SSE to easily fail under drastic volume change of electrodes during
electrochemical cycling, and potentially due to the volume change of LGPS during
electrochemical reactions as well. Third, it provides an easy pathway for the growth of
dendrites through the open cracks. Even though LGPS is not flammable, which reduces the
safety hazard, it still results in the failure of the batteries by short-circuiting. Last but not
least, LGPS requires surface protection to extend its electrochemical stability window and
to work with Li metal. However, with micron-sized cracks, ALD-coated LiPON would not
be able to fully cover the surface of LGPS pellets nor the voids and cracks inside, which
makes the ASEI protection moot. As a comparison, the SEM images of three hot pressed
pellets show a dense and compact cross-section with no visible cracks or voids. It shows

that the hot pressing of LGPS pellets successfully densified the structure and improved the
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contact which can greatly reduce the grain boundary resistance to yield enhanced

electrochemical performance.
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Figure 3-11 High resolution (a) Li 1s, (b) Ge 3d, (c) P 2p, (d) S 2p, (¢) C 1sand (f) O 1s XPS spectra of
LGPS pellets cold pressed at 20 T and hot pressed at 150 <C. Figures created by Dr. Kozen.

To understand if hot pressing of LGPS pellets at higher temperature could alter the surface
chemistry and chemical composition of the pellet, XPS analysis were conducted on both
LGPS pellets cold pressed at 20 <T and hot pressed at 150 <T and the high resolution
spectra are shown in Figure 3-11. There essentially are no changes in any of the spectra
and the peaks of hot pressing and cold pressing fully align with each other. It can be
concluded that hot pressing at 150 <T does not change the surface chemistry or chemical

composition of LGPS pellets.
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Figure 3-12 Equivalent circuit of Li/LGPS/Li configuration with no ASEI. R1
correspond to contact resistance. R2 and Q2 correspond to bulk LGPS pellet. R3 and
Q3 correspond to the interfacial degradation layer formed between Li and LGPS.

In order to narrow down the optimal pressing temperature, we used electrochemical
impedance spectroscopy (EIS) to measure and simulate the ionic conductivity. For a
Li/LGPS/Li symmetric cell configuration without ALD-LiPON coating, we expect it to
consist of the following components. First, a contact resistance including the resistance of
the wires, the Li metal and stainless-steel rods used in the connection of the circuit. Second,
the bulk LGPS pellet which functions as a resistor and the ionic conduction within the SSE
can be represented with a capacitor. The capacitor can be replaced with a constant phase
element (CPE) which describes a circuit component that models the behavior of an
electrical double layer which is an imperfect capacitor. Therefore, the bulk LGPS can be
represented with a parallel R/C or R/Q (Q represents CPE) circuit unit. Similarly, the
interfacial layer made of degradation products of reactions between Li metal and LGPS
can also be represented by an R/C or R/Q circuit unit.*® The equivalent circuit for the

simulation of EIS spectra is shown in Figure 3-12.
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Figure 3-13 EIS spectra of hot-pressed LGPS pellets of different

thicknesses in a Li/LGPS/Li configuration. The pellets were tested in
I-cells.

In order to deconvolute the EIS spectra of Li/LGPS/Li symmetric cells, we first
manipulated the thickness of the hot pressed LGPS pellets in order to correlate the circuit
unit in EIS with the component in a symmetric cell. This is based on the assumption that
the resistance of the bulk LGPS is proportional to the thickness of the pellet, while the
charge transfer impedance resulted from the degradation reactions between Li metal and
LGPS would be independent of the thickness of the pellet at the first cycle of EIS
measurement. Therefore, we pressed three sets of LGPS pellets at 150 <C with 0.55 mm,
1.10 mm and 1.83 mm in thickness respectively. We were able to adjust the thickness by
changing the mass of LGPS powder used for pellet pressing since we assume that at same
pressing temperature and pressure, the density of the hot-pressed pellet would be constant

thus thickness is proportional to mass. Figure 3-13 shows the EIS spectra of hot-pressed
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LGPS pellets of different thicknesses in a Li/LGPS/Li configuration which were tested in
I-cells. Due to limitation of the instrument, the first semi-circles at the high frequency
region which is the start of a spectrum was not able to be shown in spectra of 1.10 mm-
thick and 1.83-mm thick pellets and were instead presented as straight lines. However, it
did not prevent us from fitting the curve and extrapolating to the high frequency region by
using the equivalent circuit model shown in Figure 3-12 to calculate the ionic conductivity
of bulk LGPS pellet. It was calculated that the impedance corresponds to the first semi-
circle is proportional to the thickness of the pellet and the ionic conductivity of the bulk
LGPS is calculated to be 2.35 x 10* S cm™. It is important to note that this value is more
than an order of magnitude lower than the theoretical value and the one we will present
later which was measured using the split cell. It is largely due to I-cell could not provide
the best contact as split cell, so that the measured impedance is larger. On the other hand,
the second semi-circle on the right remains the same in shape and size as the thickness of
the pellet change. Therefore, we were able to attribute the first semicircle on the left in high
frequency region to the impedance of bulk LGPS pellet and the second semicircle on the
right in low frequency region to the interface formed by degradation reactions between Li

metal and LGPS pellet.
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Figure 3-14 EIS spectra of LGPS pressed at 20 <C and 150
<C ina Li/LGPS/Li configuration.

To study the effect of hot pressing vs. cold pressing, we used split cells to measure the EIS
spectra of pellet cold pressed at 20 <C and hot pressed at 150 <C, and the EIS spectra of
them are shown in Figure 3-14. It shows that the 20 <C pellet has a much larger resistance
than the 150 <C pellet in terms of size of semi-circle. Based on the equivalent circuit model,
the calculated ionic conductivity of 20 <T pellet is 1.16 x 102 S cm™ while the 150 <T
pellet is 4.25 x 10° S cm™, which is closed to the 1.0 x 102 S cm™ theoretical value. It
again proves that hot press is essential for the enhancement of LGPS pellets. Such
enhancement can be attributed to the densification of the structure which leads to better
contact within the pellet among LGPS particles, which is shown in Figure 3-9. At the same

time, the grain boundary impedance is also significantly reduced due to the densification.
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Figure 3-15 (Left) EIS spectra of LGPS pellets pressed at 100 <C, 150 <C, 175 Cand 200 <T ina Li/LGPS/Li
configuration, (middle) calculated ionic conductivities of LGPS pellets pressed at various temperatures, and
(right) calculated densities of LGPS pellets pressed at various temperatures.

To find the optimal temperature for fabrication of LGPS pellet, we measured the EIS
spectra of pellets hot pressed at different temperatures. Figure 3-15 shows the EIS spectra
of LGPS pellets pressed at 100 <C, 150 <C, 175 <€ and 200 <C, and the calculated densities
of LGPS pellets pressed at various temperatures. The 150 <T pellet still has the smallest
semi-circle while 100 <T and higher temperature have larger ones. It is calculated that the
ionic conductivity of 100 <T pellet is 1.87 x 102 S cm™, the 175 <C pellet is 1.45 x 103 S
cm?, the 200 C pellet is 1.58 x 10 cm™. With the ionic conductivity of cold pressed pellet
in consideration as well, the trend of ionic conductivity as of the pressing temperature
shows that the ionic conductivity first increases with the increase in pressing temperature,
which can attribute to the densification of the structure and mitigation of grain boundary
impedance, then the ionic conductivity drops with the pressing temperature further going
up. This is also in line with the trend of densities of LGPS pellets pressed at various
temperatures shown in Figure 3-15 in which pellet pressed at 150 <T has the highest
density. The reason for the reverse effect of ionic conductivity vs. temperature is not

exactly clear, but not uncommon based on previous studies on hot pressing of other
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materials.% 184 First, the increase in temperature may change the crystalline structure of
the material and result in an unfavorable structure for the conduction of Li* ions. This is
less likely the case for LGPS since the powder is commonly synthesized over 550 <C,
though it is not entirely ruled out that under high pressure such as the 300 MPa used for
pressing, the structure may be more sensitive to the change of temperature. Another
explanation is that though high temperature can make the structure denser and decease the
grain boundary impedance, it can also exacerbate the cracks, defects and voids on the
surface and within the bulk LGPS pellet since high temperature and high pressure sintering
often leads to stiffer structure. Such change of mechanical property can make it more
susceptible to breakdown of structure due to the drastic volume change of electrodes during
cycling, and the less malleable surface of the pellet may cause worse contact with Li metal.
This is also partially supported by the trend of pellet density vs. pressing temperature in
which the density dropped when pressing temperature further increased. All in all, 150 <C
was determined to be the optimal pressing temperature for both the enhanced ionic
conductivity and densified structure. Although impedance-wise the difference between 150
<T pellet and the pellets pressed at higher temperatures is small and the pellets pressed at
higher temperatures may be more mechanically robust, the time and cost come with the

increasing temperature do not justify the temperature going further higher.

81



3.3.4 LiPON Coated LGPS Pellets
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Figure 3-16 High resolution C 1s, N 1s and O 1s XPS spectra of LGPS pellets before and after LiPON coaing.
XPS analysis was run and the data was plotted by Dr. Kozen.

To understand the surface chemistry before and after ALD LiPON-coating processes on
both sides of LGPS, XPS analysis was run and the results of high resolution C 1s and O 1s
XPS spectra are shown in Figure 3-16. It can be seen that the surface of bare LGPS is very
clean except the common adventitious carbon peak. After ALD LiPON coating, carbonate
COs peak is shown due to the ALD LiPON process which causes some chemical

decomposition of the precursors at higher temperature.
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Figure 3-17 High resolution Li 1s, Ge 3d, P 2p and S 2p XPS spectra of LGPS pellets before and after LIPON
coating. XPS analysis was run and the data was plotted by Dr. Kozen.

Figure 3-17 shows the high-resolution Li 1s, Ge 3d, P 2p and S 2p XPS spectra. The post-
ALD LiPON coating results clearly show peaks more corresponding to the composition of
LiPON as a result of LGPS being covered 10 nm beneath it which weakened the signals,
15235 in the cases of Li 1s, Ge 3d and P 2p, where there is little changes except it features

more of composition of LiPON. The most important discovery is in S 2p spectra that after
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LiPON coating, there are significantly more S-O peaks in addition to the P-S peaks. LiPON
itself does not contain sulfur so it could only come from the reactions between LiPON and
LGPS, or due to the evaporation of sulfur during the deposition heating process, which
may coat chamber walls and react with the residual on it, then the products re-deposit onto
the sample during the ALD process. The exact effect of this new S-O requires more study

but overall, 20-nm ALD LiPON coating did not significantly alter the surface chemistry.
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Figure 3-18 Equivalent circuit for EIS+CV series study. Contribution from bulk LGPS was
not counted due to the extremely small value in impedance compared to other components.
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Figure 3-19 The first and third cycles of EIS spectra of Li|LGPS|Li cells with (left) bare and (right) 20nm
LiPON coated LGPS pellets respectively. EIS was measured from 1 MHz to 10 mHz with a perturbation
voltage of 10 mV. EIS was measured before and after each CV run.
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Figure 3-20 Increase in calculated charge transfer impedance at three interfaces over cycles of CV run. Cycle
0 corresponds to the initial EIS before the first cycle of CV was run.

To understand the degradation reactions between Li metal and LGPS pellet, and if LIPON
coating mitigates such effect, Li|LGPS|Li symmetric cells were tested in series of EIS +
CV measurements to monitor the degradation reactions and change in impedance. The
equivalent circuit used to simulate this process is shown in Figure 3-18. The contribution
of bulk LGPS in impedance was not counted in bare LGPS sample after first CV run and
not counted in LiPON coated sample entirely due to bulk LGPS contribution is at least 50
times smaller than all other components in the solid-state cells. The first and third cycles
of EIS spectra of Li|LGPS|Li cells with bare and 20-nm LiPON coated LGPS pellets are
displayed in Figure 3-19. EIS was measured before and after each of the three CV runs.
The charge transfer impedances at all three interfaces Li|[LGPS, Li|LiPON and
LiPON/LGPS were calculated using the equivalent circuit, and the increase in charge
transfer impedance were plotted over cycles of CV run, which is shown in Figure 3-20. It

is clearly shown that the bare LiPON cell has very low impedance initially before CV run

85



started, which is consistent with result shown in Figure 3-14. However, starting from the
second cycle of EIS after the first cycle run of CV, the charge transfer impedance caused
by interfacial degradation reactions between Li and LGPS increased by almost 1000 times
and only became worse over more cycles of CV runs. In contrast, the cell with 20-nm
LiPON coated LGPS has higher initial impedance due to the ionic conductivity of LiPON
is four orders of magnitude lower than LGPS, but it only has its impedance increased
slightly after each of three cycles of CV. The impedance at LIPON|LGPS interface also
shows very small increase over CV cycles. This is strong evidence that LIPON coating
successfully mitigated the degradation reactions at the interface. This result is directly
confirmed by the images of post-cycling Li metal in two cells. Both cells were
disassembled after entire testing and the images of Li metal post-cycling are shown in
Figure 3-21. Both Li metal anodes have small amount of residual LGPS attached but it is
clearly distinguishable that the Li metal cycled with bare LGPS has turned completely
black, depicting the severity of the degradation reactions. On the other hand, the Li metal
cycled with 20-nm LiPON coated LGPS still retained its metallic appearance and color.

Li after cycled with Li after cycled with
bare LGPS LiPON coated LGPS

N

Figure 3-21 Images of Li metal of disassembled Li|LGPS|Li cells after being cycled with bare or 20-nm
LiPON coated LGPS after series of EIS+CV cycling. Residual on the surface is LGPS.
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Figure 3-22 Cyclic voltammetry diagrams of (a) Li|[LGPS|Li cells with bare and (b) 20-nm LiPON coated
LGPS pellets. Scan rate is 0.1 mV s and the voltage window is from -0.5 V to 5 V. CV was run in between
each EIS measurement. Highlighted region is the electrochemical stability window of LGPS.

The diagrams of multiple CV run in between EIS measurements are shown in Figure 3-22.
In the first cycle of CV diagram of bare LGPS sample, the sharp oxidation peak from 0 to
1 V vs. Li*/Li which corresponds to the alloying reactions of Li-Ge and Li-P between Li
metal and LGPS. The broad region for the rest of the first cycle of CV depicts the capacitive
behavior. The large and steeper slope of the CV profile indicates the formation of thicker
degradation layer at the Li/LGPS interface by alloying reactions and the formation of Li.S
composition. There still is an oxidation peak, though a lot broader in the second cycle of
CV, which indicates the degradation reactions were continuing to happen. As for the CV
diagram of 20-nm LiPON coated LGPS sample, it has a very broad oxidation peak centered
around 2.5 V which could be a result of the Li-S component of LGPS'® or due to the
coating of LiPON in which the interface between LIPON and LGPS was being stabilized.
The smaller slope of CV profile also indicates the interfacial layers formed on LiPON

coated LGPS sample during CV run are less resistive than the ones formed on bare LGPS.
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Most importantly, starting from second cycle of CV, there is no peaks visible anymore. CV
diagrams also show that the interfacial degradation reactions are irreversible too. The
smaller current and lack of redox peaks again confirmed the findings in EIS spectra and
increase in impedance at three interfaces over cycles of CV run that LiPON coating is

effective in mitigating the degradation reactions.

3.4 Conclusion and Future Work

3.4.1 Conclusion

Li1oGeP2S12 is a promising sulfide solid-state electrolyte that has high ionic conductivity
that is comparable to conventional liquid electrolytes. However, cold pressed LGPS pellets
have porous structure which makes it prone to cracking thus sacrificing its high ionic
conductivity. Additionally, it has narrow electrochemical stability window which renders
it reactive with Li metal anodes and many potential high voltage cathodes and easily form
degradation layers on the interfaces that further jeopardizes its exceptional battery
performance. In this study, first we used a hot pressing method to fabricate the LGPS
pellets using commercialized powder under high pressure and high temperature at the same
time, which has not been reported before. Our results show that hot pressing significantly
densified the pellet and eliminated all micron-sized cracks shown in cold pressed pellets
under SEM. Such densification of the material can greatly improve the intrinsic contact
and minimize grain boundary, which would transfer to the enhancement of ionic
conductivity and electrochemical robustness. During our study of the hot press method, we
explored different configurations of testing cells and the pros vs. cons of each type. We
also narrowed down the range of optimal pressing temperature which is determined to be
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150 <C. Higher temperature may result in a denser structure that lowers grain boundary but
it could also exacerbate the cracks, voids and defects inside the pellets that worsens the
contact inside the pellet and at the interface which results in lowered density and ionic
conductivity.

Second, we explored using ASEI to protect LGPS to mitigate the interfacial degradation
reactions and extend the electrochemical stability window, which has never been reported
before as well. We found that though the ionic conductivity of LiPON is three orders of
magnitude lower than LGPS which results in larger overpotential and initial impedance.
By applying a 20-nm thin layer of ALD-coated LiPON, it can effectively mitigate the

interfacial degradation reactions after one CV cycle.

3.4.2 Future Work

Unfortunately, due to the outbreak of COVID-19 that put UMD campus under lockdown
and severe restrictions to research, we were not able to retest electrochemically pretreated
Li metal anodes, which have an elastomeric ASEI, in split cells. Preliminary data of
symmetric cells in I-cell configuration with elastomer protected Li metal cycled at 3 mA
cm2 show promising results that it can fully function. This will be one of the top priorities
in the future work. We believe that the elastomer protected Li metal anodes would have
good compatibility with LGPS pellets and provide great contact at the interface due to the
malleable feature of the elastomer which can essentially serve as a Li-ion conducting
wetting agent. This property would be especially valuable at ultrahigh current density
cycling, which triggers drastic volume change of Li metal and potentially the solid-state
electrolyte, and irreversible damages to the interface that lead to abysmal interfacial contact

and poor battery performance. We also believe that in order to work in a solid-state system,
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the protocol of the electrochemical pretreatment needs to be adjusted to meet the needs of
LGPS. Thinner layer, higher ionic conductivity and rich poly-DOL component would be
the keys to accomplish this goal because this ASEI has stronger capability to accommodate
the larger volume change in solid-state batteries and necessity of low resistance of the
ASEI. These could be potentially achieved by increasing the concentration of the salt and
ratio of DOL solvent in the electrolyte for pretreatment, and a smaller cycle number of
electrochemical pretreatment that would result in a thinner layer. We will also use LiIiPON
coated LGPS and elastomer protected Li together to test if double protection can offer
greater stability and battery performance.

Another plan for future work is to study the chemical stability of LGPS pellets against
moisture and organic solvents with or without ASEI protection. The oxophilicity of
germanium and phosphorous atoms make them unstable against oxygen.*>” 8 |GPS is
also very sensitive to moisture which would quickly react and generate harmful H2S which
can not only cause acute poisoning, but also is irreversibly toxic to many catalysts,
including those needed to control the oxygen and water levels of working glove boxes. If
the concentration of H,S generated reaches the threshold, it is also very explosive.®" 18°
To put LGPS into industrial application, it is inevitable to expose it to air during
manufacturing, transport and storage, even if in a dry room condition that has relative
humidity (RH%) only around 1%. LGPS is also proposed to be used in hybrid system,
which has liquid electrolyte or catholyte on the cathode side, having LGPS in direct contact
with Li metal can serve as a mechanical separator and anode interlayer. It is especially used
with S cathodes that have poor electronic conductivity and requires wetting from

electrolyte to fully utilize the sulfur impregnated inside the carbon substrate. Therefore,
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understanding the quantitative stability of LGPS against moisture, oxygen and organic
electrolytes are important for practical applications. In addition, we seek to understand the
role LiPON plays in mitigating these degradation phenomena.

The last and most challenging plan would be configuring a full solid-state cell with sulfur
or Li-ion high voltage cathodes as cathode and Li metal as anode. It requires the extension
of the electrochemical stability window of LGPS to meet both anode and cathode materials.
A LiPON coated LGPS with liquid electrolyte on the cathode side would enable such a
configuration by fully utilizing the S active material with wetting from liquid electrolyte
and mitigating interfacial degradation reactions with Li with LiPON protection, to
eventually achieve a hybrid full-cell system that can provide high energy density and
function at high power demand. In addition, further decreasing the thickness of LGPS pellet
to lower its resistance and/or creating LGPS with polymer or binder to enhance internal

contact to increase ionic conductivity are also worth future exploration.
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4. Exploration of Electrochemical Protection of Mg Metal

Anode

The project described in this chapter was done in collaboration with Dr. Emily Sahadeo of
University of Maryland. Some work discussed in this chapter has been published on
Chemical Communications. All the matrix-assisted laser desorption/ionization analysis
(MALDI) — time of flight (TOF) mass spectroscopy analysis was done and processed by
the author of the dissertation, Yang Wang. Sample preparations and electrochemical
testing were shared between Dr. Sahadeo and Yang Wang. The data processing and

analysis of XPS results were done by Dr. Sahadeo.

4.1 Introduction

Magnesium metal, the 8" most abundant element in the earth’s crust, has drawn a lot of
attention as the next step beyond lithium-ion battery technology due to its low reduction
potential (-2.37 V vs. SHE) and high volumetric capacity (3,832 mAh cm™) as anodes in
Mg rechargeable batteries. Most importantly, Mg metal anodes strip and plate without the
formation of dendrites which makes them much safer than Li metal. The abundance of Mg
metal and its low cost make it even more appealing to the industry. By assembling with
another cost-effective and high-energy density sulfur cathode, together the Mg-S batteries
can have a high theoretical energy density (3200 Wh L and 1700 Wh kg1).8% 918

However, the numerous advantages did not come without a cost that severely hinders its
broader application and fulfillment. Electrolytes of Mg rechargeable batteries decompose
on the surface of Mg similar to the behavior of those in Li-ion or Li metal batteries.

However, unlike the solid electrolyte interphase layers formed on Li metal or graphite, the
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SEls on Mg metal are completely passivating to the transport of Mg?* which terminate
further electrochemical reactions.'®” Being larger in size and divalent compared to Li*, it
makes the transport of Mg?* through any layer more difficult as well due to the increased
electrostatic repellent force.8 9193

A conventional way in the Mg batteries community to mitigate this passivation issue is by
using more complex salts and solvents that do not passivate the Mg metal surface or to a
much lesser extent.'®8-1%1 However, many of those electrolytes are nucleophilic and would
react with the electrophilic sulfur in a Mg-S batteries system.®-%2 In a battery system with
complex shuttle effect plus the passivation of Mg metal, an Mg?* ion conducting ASEI on
the surface of Mg metal anodes may just be the key to solve the double jeopardy. Most
importantly, by having such an ASEI, the system may be able to use conventional
electrolytes for Mg-ion or Mg-S batteries, and free from synthesis of complex electrolytes
and meet the electrochemical and chemical stability requirements of both the cathodes and
the Mg metal anodes. 8. 191-19

So far, most of the work is at the proof-of-concept stage and it remains very challenging.-
19 In order to have an ASEI that can match the performance of ASEls in Li batteries
system, it should be able to conduct Mg?* ions, allow reversible Mg stripping and plating,
enable high Coulombic efficiency of the anode and protect the Mg metal from reactions
with the electrolyte or polysulfides in the case of Mg-S batteries.*® Only a few works have
been presented in the field of Mg metal anode protection. It has been reported that by
adding iodine as an additive in an Mg(TFSI)./DME electrolyte, Mgl is formed in the SEI
and can conduct Mg?* ions.!® Further, protection using a cyclized polyacrylonitrile

polymer with magnesium triflate (Mg(CF3SOz)2) enabled use of Mg(TFSI)2/propylene
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carbonate (PC) electrolyte containing water in a full cell with a V0s cathode.?® Both
works show significant decrease in overpotential for Mg deposition and dissolution in Mg-
Mg symmetric cells and are an important step forward.

In this dissertation, we explored the possibility of using electrochemical pretreatment
which has been successfully demonstrated in Li-S batteries system to protect the Mg metal
anodes. We intend to similarly grow a composite layer mainly consists of poly-DOL that
is capable of protecting Mg from passivation and corrosive side reactions while conducting
Mg?* ions. Because of the uniqueness of Mg metal and Mg?*, such a layer requires much
finer tuning to optimize. It is also crucial to understand the change of surface chemistry
and morphology in correlation with the conditions of pretreatment. As it is shown in this
dissertation, our work is still on relatively early stage and ongoing as of today. However,
it has also demonstrated that Mg anode protection by electrochemical protection is viable.
Similar work has not been reported in this field and it can be groundbreaking in both

methodology and the enhancement of Mg batteries performance.

4.2 Experimental

4.2.1 Electrochemical Pretreatment

0.1 mm thick Mg foil (Sigma-Aldrich) stored inside an Ar filled glovebox (LC-100) was
first polished with 600, 1200, 200 grits sandpapers then wiped with Kimwipes wetted with
DME, and then dried before any use. The 9.5 mm in diameter Mg metal anodes were
punched from the polished Mg foiled and placed onto 304 stainless steel spacers (15.5 mm
diameter x 0.5 mm). Those Mg metal anodes were assembled into symmetric coin cells
(CR2025, MT1 Corp) with Celgard separators and 80 | of electrolytes. Three different
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types of electrolytes were made, including 0.35 M Mg(TFSI). (Sigma) in DME:DOL (1:1,
v/v), 0.35 M LIiTFSI in DME:DOL (1:1, v/v) and 0.35 M LiTFSI in TEGDME
(Tetraethylene glycol dimethyl ether, Sigma):DOL (1:1, v/v). During pretreatment, these
symmetric coin cells were cycled for different discharge/charge cycles (i.e. 15 and 30) of
different hold times (1 h, 1.5 h and 2 h) per discharge or charge process at a low current

density of 0.03 mA cm using a Bio-Logic potentiostat.

4.2.2 Electrochemical Testing

To study the effectiveness of ASEI layer, the cells of pretreatment were disassembled in
the glove box and the pretreated Mg metal anodes were vigorously rinsed with DME and
fully dried under vacuum. They were then placed onto 304 stainless-steel spacers and
assembled into symmetric coin cells (CR2025) with Celgard separators and 80 | of 0.25
M Mg(TFSI)2 in DME electrolyte. The cells were cycled for 100 cycles, 30 minutes hold
per discharge or charge process at 0.03 mA cm™. Untreated pristine Mg metal anodes are

used as control.

4.2.3 Characterizations

The pretreated Li anode samples and untreated control samples were transferred via an air-
tight glove bag with dry nitrogen atmosphere to an XPS system for surface chemical
analysis. The samples were exposed to the dry nitrogen atmosphere for less than 1 minute.
XPS data were collected on a Kratos axis 165 X-ray photoelectron spectrometer operating
in hybrid mode, using monochromatic Al Ka x-rays (240 W). Charge neutralization was
required to minimize sample charging, the working pressure of the instrument was 5 x 10
8 Torr or better throughout data collection. Survey spectra and high-resolution spectra were
collected with pass energies of 160 eV and 40 eV respectively. Peak fitting was done using
Casa XPS software after application of a Shirley background, using peaks with a 30 %
Lorentzian, 70% Gaussian product function. All peaks within a region were fixed to have
peaks of equal FWHM (full width at half maximum), the spin-orbit split components of
the S 2p were fixed to have spin-orbit splitting of 1.18 eV and area ratios of 2:1 for the 3/2,
1/2 components respectively. All spectra were calibrated to the C-C/C-H peak at 285.0 eV.
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The matrix-assisted laser desorption/ionization (MALDI) — time of flight (TOF) mass
spectroscopy measurements were performed on a Bruker Autoflex MALDI-TOF mass
spectrometer. The mass spectra were obtained in the linear positive mode with 2,5-

dihyroxybenzoic acid as the matrix. The mass range was from 500 to 5000 Daltons.

4.3 Results and Discussions

4.3.1 Using Mg(TFSI).-DOL Electrolyte and the Unexpected Discovery

We first wanted to replicate the strategy used in the electrochemical protection of Li metal
anodes by making 0.35 M Mg(TFSI)2 in DME/DOL electrolyte and assembling Mg-Mg
symmetric cells to cycle them at low current density. Mg(NOz)2 was not similarly added
due to any dense passivation layer would not be desirable. However, we quickly discovered
one phenomenon that has never been reported before, that the electrolyte we made gellified
to become extremely viscous gel within hours and eventually became white solid. As a
new project derived from the electrochemical protection of Mg metal anodes in
collaboration with Dr. Emily Sahadeo, we found that Mg?* ions as Lewis acid can
chemically catalyze the polymerization of DOL to form poly-DOL. Such results are shown
in Figure 4-1. Figure 4-1(a) shows the MALDI-TOF MS spectrum of the polymerized DOL
sample. This soft ionization method generated molecular ion peaks up to the scanning limit
5000 Da and the inset of the zoomed in the region shows a clear patten of ~74 Da in

difference between two adjacent main peaks is the molecular weight of a DOL monomer.
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This pattern is consistent through the entire spectrum. Figure 4-1(b) shows the completely

polymerized, solid sample and still being polymerized and gellified sample.?*

We did assemble a few coin cells immediately after the electrolyte was made while it was

still in clear liquid form. The galvanostatic charging and discharging profile is shown in
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Figure 4-1 (a) MALDI-TOF MS spectrum of the polymerized sample. The ~74 Da in difference between two
adjacent main molecular ion peaks is the molecular weight (MW) of one DOL monomer. The ~18 Da in
difference between satellite peak and main peak indicating there is water molecule adduct in the polymer
chain. (b) The photo of polymerized samples. The one on the left is the fully polymerized, solid sample and
the one on the right is the still being polymerized and gellified sample. Photo is taken by Dr. Sahadeo.

Figure 4-2. The overpotential spiked at the first several cycles as the surface MgO layer

was breaking down. Even though it was stable in the next two dozen cycles, the
overpotential is above 2 V vs Mg?*/Mg which is a lot larger than untreated pristine Mg-Mg
symmetric cells. This could result from the polymerization of DOL and the solidification
of the electrolyte which greatly decreased the ionic conductivity and increased the
overpotential. Due to the catalytic reactions, we concluded that using Mg(TFSI)2 with DOL
solvent is not a viable option. As an alternative, we explored to use LiTFSI in DME/DOL

or TEGDME.DOL electrolytes instead for the Mg-Mg symmetric cells. There have been
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reports of Mg/Li dual-ion systems and we hypothesized that by having a small amount of
Li* in the electrolyte, we could “activate” Mg to participate in the electrochemical stripping

and plating processes which would engage with DOL to form the poly-DOL ASEI layer.

4.3.2 Using LiTFSI-DOL Electrolyte and the Comparison of Cosolvents
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Figure 4-3 Galvanostatic charging and discharging proflles of Mg Mg symmetric cells cycled in LiTFSI-
DOL eIEICJtrontes with (a) DME and (b) TEGDME as cosolvent. Figure created by Dr. Emily Sahadeo.
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Figure 4-2 Galvanostatic charging and discharging profile of Mg-Mg symmetric cell using 0.35 M Mg(TFSI)2
in DME/DOL as electrolyte.

To study the functions of using LiTFSI-DOL electrolytes in Mg-Mg symmetric cells to
form the ASEI, we chose two ethers as cosolvent, DME and tetraethylene glycol dimethyl
ether (TEGDME) which has been used as a measure to coordinate the deposition of Li*

due to the increasing number of oxygen in glyme structure and it has shown improvement
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in the suppression of Li dendrites.?®? Figure 4-3 shows the electrochemical cycling profiles
comparing the two cosolvents. We chose three different hold times for every fifteen cycles
of charge and discharge processes and we observed the stark contrast between the two
cycling profiles. With DME as cosolvent as shown in Figure 4-3(a), the profile appears to
show two plateaus at #0.05 V and 1.0 V, which strongly resemble the profile of full-cell
batteries. On the other hand, with TEGDME as cosolvent as shown in Figure 4-3(b), it
shows a standard symmetric cell stripping and plating profile at lower overpotential at 0.5
V and the shape is similar to Figure 2-3(b) of Li-Li. The shape of the profile also indicates
there is no dendritic Li formation on the surface of Mg metal.*3! The drastic difference
between the profiles of two straight-chain ethers requires more understanding but it could
be a result of the strong coordinating capability of TEGDME of cations that smoothened
the stripping and plating process.?°?However, it cannot be ruled out that there could be
some regional internal short-circuiting that caused the overpotential to decrease to 0.5 V
after 33 hours and completely short-circuited after 140 hours. Informatively, the two
voltage plateaus at #1 V and #0.05 V of DME profile could be attributed to the stripping
and plating process of Mg which has higher overpotential, and lithiation of the formed SEI
which has very low overpotential. The #0.5 V plateau of standard symmetric cell profile
of TEGDME could be the combination of the behaviors, or some degree of soft short-

circuiting where the overpotentials between SEIls are being measured while the direct
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contact between Mg-Mg is still blocked. The overpotentials of both cycling profiles

indicate Mg is participating in deposition and dissolution processes.

To study the surface chemistry after the electrochemical pretreatment with different
cosolvents, XPS analysis was done and the high-resolution XPS spectra of C 1s are
presented in Figure 4-4. By comparing with the XPS spectra of Li metal after pretreatment
shown in Figure 2-6, there is O-C-O peak which strongly corresponds to poly-DOL
structure in sample with DME as cosolvent, even though the peak ratio of C-O-R to O-C-
O is less than 2:1. However, there is no O-C-O peak in sample with TEGDME as cosolvent,
but only C-O-R peak. This result indicates some poly-DOL is formed on the surface of Mg
where DME is used as cosolvent, but not with TEGDME solvent. This could be the result
of TEGDME strongly solvates and interacts with Mg?* ions than DME, which leads to

lower activity of Mg?* at the surface to catalyze the polymerization of DOL. Or it may be
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Figure 4-4 High-resolution XPS spectra of C 1s of Mg metal electrodes after being pretreated in LiTFSI in
DOL electrolytes with DME (left) or TEGDME (right) as cosolvent. Figure created by Dr. Emily Sahadeo.

due to poly-DOL having a larger solubility in TEGDME that it is dissolved from the surface

into the bulk electrolyte during formation process.?%! In addition, the layer formed on the
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surface of TEGDME could contain polyethylene oxide structure CH>.CH>O being formed,
which is widely regarded as one possible component of SEI in situ formed in Li-S batteries
during electrochemical cycling.™* 2% The slightly higher reduction potential of Mg over
Li could have made the difference. This difference in surface chemistry by using different
cosolvents may be the reason that DME and TEGDME show drastically different
electrochemical cycling profiles. This requires more surface analysis study and different

techniques for further investigation.
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Figure 4-5 High-resolution XPS spectra of Mg 1s and Mg 2p of untreated pristine Mg metal.

Figure 4-5 shows the high-resolution XPS spectra of Mg 1s and Mg 2p of untreated Mg
pristine metal. It can be seen that Mg metal, even after being polished, still has MgO on
the surface. Mg 1s electrons have lower kinetic energy thus the Mg 1s spectrum is more
prone to surface sensitivity. The appearance of Mg metal peak in Mg 1s spectrum

demonstrates that though MgO is unavoidable on the surface, it is a thin layer.
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Mg-Mg cycled in LiTFSI in DME/DOL
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Figure 4-6 High-resolution XPS spectra of Mg 1s and Mg 2p of Mg metal electrodes after being pretreated
in LiTFSI in DOL electrolytes with DME or TEGDME as cosolvent. Figure created by Dr. Emily Sahadeo.

Figure 4-6 shows the high-resolution XPS spectra of Mg 1s and Mg 2p with DME and

TEGDME as cosolvents. In the more surface sensitive Mg 1s spectra, no Mg metal peak is

visible compared to Figure 4-5 of untreated pristine Mg metal, it indicates a thicker layer

is formed on the surface and the Mg metal is embedded beneath a surface layer that was

formed by the electrochemical cycling of the Mg-Mg symmetric cells. Most importantly,

this layer is more likely electronically insulating but ionically conductive for Mg which

explains why Mg metal is depositing beneath the layer. This fits the crucial criteria of a
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good ASEI. From Mg 2p spectra, the Mg metal peak is visible, in addition to peaks of
MgO, Mg(OH)., MgCOs and MgF. due to the decomposition of electrolyte and an
inevitable MgO layer. The slight peak shifting of Mg peak in two spectra may be caused
by differential charging during XPS analysis, which is common. One difference is Mg
metal peak in sample with TEGDME as cosolvent has larger peak area and stronger
intensity than in DME, indicating that the layer formed in TEGDME electrolyte is thinner
and Mg is less buried beneath of it. This is consistent with results shown in Figure 4-4, in
which there is no poly-DOL peak in sample with TEGDME. The thinner layer on Mg
pretreated in TEGDME may have confirmed that a poly-DOL layer is either dissolved or

not formed at all.

4.3.3 Electrochemical Testing of Pretreated Mg Metal Anodes
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Figure 4-7 Galvanostatic charge and discharge profiles of untreated pristine Mg metal and Mg metal
electrochemically pretreated in LiTFSI-DOL electrolytes with DME or TEGDME as cosolvents respectively.

To study if the pretreated Mg metal electrodes was effective, we open the symmetric cells
with DME and TEGDME as cosolvents for pretreatment and assembled them in Mg-Mg
coin cells with conventional 0.25 M Mg(TFSI)2 in DME as electrolyte. The

electrochemical cycling results are shown in Figure 4-7. All cells underwent large
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overpotential at the first several cycles regardless if the Mg metal electrodes were
pretreated. This is usually not a good sign because the large overpotential indicates a
passivation layer needs to be broken down, which may have also broken down the ASEI
that was formed on the surface. However, after the initial breakdown, the overpotential of
untreated Mg metal quickly increased again and stayed at very high 2 V. The overpotential
of two cells with pretreated Mg in different cosolvents went down and stayed stably at very
low values. This result could be promising meaning that despite the breakdown or
reorganizing of the surface layer, the ASEI was able to serve its purpose and protected Mg
metal from further passivation and parasitic reactions. Nonetheless, it might also be the
result of short-circuiting of the cells even though 0.2 V does not fall in the range of voltage
of short-circuited cells as of Li-Li symmetric cells. Unfortunately, there have been very
few concrete data displaying the range of overpotentials of Mg-Mg symmetric cells and
the results presented so far appear to show random values. More work is needed to

understand the exact conditions of the cells.

4.4 Conclusion and Future Work

4.4.1 Conclusion

It needs to be stressed that this study, though groundbreaking and similar research has never
been reported before, is still on its early stage and has a lot to be investigated. However, it
can be concluded that by borrowing the electrochemical anode protection strategy for Li
with some modifications of the method to address the issues of Mg, we were able to grow
a layer on the surface of Mg metal electrodes and this layer seems to allow the transport of
Mg?* ions and does not fully passivate Mg. By cycling Mg-Mg symmetric cells using
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LiTFSI/DOL electrolytes with two different cosolvents, DME and TEGDME, we were
able to “activate” Mg to participate in the stripping and plating processes. We observed
strikingly different galvanostatic charging and discharging profiles of two different
cosolvents, which may be attributed to the stronger capability of TEGDME to coordinate
the surface deposition of Mg?* ions at the interface that resulted in smaller overpotential of
cycling and stronger resemblance to the standard cycling profiles of Li-Li symmetric cell.
The results of XPS indicate that in cells with DME as cosolvent, poly-DOL component
with CH2CH2OCH,O structure was formed. But when TEGDME is cosolvent, only
CH,CH>O0 structure was present. The difference in reaction products may explain the very
different cycling profiles when using two different cosolvents. We observed significantly
decreased overpotentials of cells with pretreated Mg metal electrodes in Mg(TFSI)2 in
DME electrolyte. However, it is still too early to say if the enhancement was due to the
ASEI or the cells were internally short-circuited, especially considering the cells still
underwent large overpotential at the first several cycles which were the breaking down of

priorly formed surface layers.

4.4.2 Future Work

The first and most important work in the future is to use SEM with the help of focused ion
beam technique to examine the surface and cross-sections of pretreated Mg to collect the
most direct evidence that an ASEI is formed and can be manipulated by changing the
pretreatment conditions. Preferably, though technology-wise very difficult, an operando
SEM imaging of the Mg-Mg electrochemical pretreatment would allow much deeper
insights into this process. Secondly, EIS will be used in combination with electrochemical

cycling to monitor and understand the change of surface composition after every certain
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number of cycles. Most importantly, it can help to rule out the possibility of short-circuiting
of the cells that may result in smaller and desirable overpotentials.

There are several plans on agenda for the future of this project. First, the pretreatment
conditions of Mg metal electrodes, including the type of the salt, the concentration of the
salt, the ratio of DOL to cosolvent, current density, hold time for charge and discharge
processes and cycle numbers which dictate the overall amount of charge. These conditions
are in parallel with the ones for Li metal anode protection, but they also differ in a few
ways. First, the SEI formed on the surface of Mg metal strongly passivates it so regardless
of what conditions are used, the resulted ASEI must be thin enough to allow the transport
of Mg?* ions. Therefore, a lower concentration of salt is more suitable. Second, DME will
be used as cosolvent along with DOL in future work due to poly-DOL component can grow
in it by electrochemical pretreatment. However, it has been reported that polyethylene
oxide with CH2CH.O structure, which was possibly electrochemically formed in both cells
with different cosolvent, has also been used as an ASEI for Li anode protection, so this
product deserves attention as well.?* 2% |n addition to the further exploration in search of
application in liquid Mg rechargeable batteries, this strategy can also be for fabricating
pseudo-solid-state electrolyte for Mg batteries, which are still at the stage of proof-of-
concept. By serving as a Mg?* ion conducting interlayer, this ASEI can be the key to
overcome the technical obstacles in front of Mg rechargeable batteries. In summary, Mg
rechargeable batteries system is a promising beyond Li technology that is full of research

opportunities and principles to investigate.

106



5. Summary and Prospect

5.1 Summary

The overall goal of this study is to electrochemically pretreat Li metal anodes and to form
an elastomeric artificial solid electrolyte interphase layer that have good Li* ionic
conductivity, can suppress the growth of dendrites and accommodate the drastic volume
change of Li metal during electrochemical cycling. The electrochemically pretreated Li
metal anodes can be applied to solid-state batteries with LiioGeP.Si1> as solid-state
electrolyte to serve as a protective layer. The electrochemical pretreatment method itself is
applied to Mg anodes to solve its passivation issue with conventional electrolytes.

The main goals of this dissertation are:

(1) Use electrochemical method to fabricate an ASEI serving as the protective layer on
Li metal anodes.

(2) Study and understand the surface chemistry and electrochemical impact of this
ASEI and provide further guidance on the optimization of the ASEI layer and Li-S
batteries system

(3) Develop the electrochemical methodology and apply it to solid-state batteries and
Mg batteries systems.

In the second chapter, the electrochemical pretreatment of Li metal anode using
conventional electrolytes of Li-S batteries were systematically studied. We found that an

elastomeric inorganic-organic composite layer mainly consists of poly-DOL is formed on
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the surface of Li metal anodes. The properties of this elastomer can be tuned and optimized
by controlling the current density and cycle number that controls the total cycle time and
amount of charge. It is found that at 20 A cm current density and being cycled for 50
cycles in electrochemical pretreatment, it has the most poly-DOL rich structure which
contributes to the suppression of Li dendrites, retainment of surface conformality and
enhancement of specific capacity and rate capability. With this elastomer, the Li metal
anodes demonstrate almost 100% Coulombic efficiency which is the result of greatly
mitigated polysulfides shuttle reactions.

In the third chapter, a sulfide superionic conductor LiioGeP2Ss2 is studied as solid-state
electrolyte for solid-state Li-S batteries. We first optimized the fabrication method of LGPS
from commercialized powder by using high temperature pressing at high pressure. This hot
press method greatly densifies the LGPS pellets which enhances its inner contact and
reduces interfacial impedance at the interface with Li metal that improve the overall ionic
conductivity. By pressing at 150 < and 300 MPa, the obtained LGPS pellets have a Li*
ionic conductivity of 4.25 x 103 S cm®, which is almost half of the theoretical value. LGPS
has a narrow electrochemical stability window and is prone to degradation reactions with
Li metal. Therefore, we applied 20-nm LiPON to both sides of LGPS using atomic layer
deposition method. This LiPON layer enables extended electrochemical stability window
of LGPS and it shows great stability in cyclic voltammetry and galvanostatic charging and
discharging testing. It proves to mitigate the interfacial degradation reactions which result
in a less than twice increase in electrochemical impedance than unprotected bare LGPS
which has over 1000 times of increase in impedance. We also proposed that the

electrochemically pretreated Li metal anodes described in Chapter 2 would be another great
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ASEI between Li and LGPS due to its malleable feature and capabilities to suppress the
growth of Li dendrites and the volume change which is more severe in a solid-state system.
In the fourth chapter, the electrochemical pretreatment of Mg metal anodes was explored.
Mg metal suffers from an impermeable passivation layer that entirely blocks
electrochemical activities and transport of Mg?* ions. We strived to transfer the method
used for Li metal anodes to Mg metal anodes with Mg(TFSI)2 in DME/DOL. We first
found that Mg?* can catalyze the polymerization of DOL, so we changed the salt to LiTFSI
in Mg-Mg symmetric cells to “activate” the stripping and plating of Mg while also studying
the cosolvent effect by comparing DME and TEGDME. Our results show that depending
on the cosolvent used, DME and TEGDME can render drastically different electrochemical
cycling profiles and Mg?* ions participate in the stripping and plating in both cosolvents
which also happen beneath the ASEI grown by electrochemical pretreatment. Differing
from the ASEI grown on the surface of Li metal anodes that have poly-DOL structure, this
ASEI on Mg metal is more similar in structure to polyethylene oxide CH.CH20. The
pretreated Mg metal anodes were assembled in Mg-Mg symmetric cells with Mg(TFSI):
in DME electrolyte and it showed much smaller overpotential than cell with untreated
pristine Mg metal anodes in electrochemical cycling. However, more testing and

characterizations are needed to validate this result.

5.2 Prospect

In this dissertation, electrochemical pretreatment of Li metal anodes was systematically
studied in surface chemistry and electrochemical performances. This is a feasible, practical
and simple method for Li metal anode protection and can be tuned by controlling different

parameters of formation of the ASEI. This allows us to curtail the properties of the ASEI
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to meet the demands of different cell types and configurations. It can be applied to any
battery system that utilizes Li metal as anode including high energy density Li-ion batteries
and solid-state batteries beyond conventional Li-S batteries system. This method could be
transferred to Mg metal anodes and potentially more metal electrodes which will be
important future technologies in place of Li chemistry today for much broader applications
and greater impact. Though promising results have been obtained, there is still much left
to be uncovered and investigated, including the detailed structure and composition of SEI
and its formation process and the correlation between surface chemistry and the
electrochemical performance. In the future, the necessity and demand for energy storage
devices with high power, high energy density, long lifespan and reliable safety will only
grow, and insightful study and fine engineering of those energy storage devices will be key

to hit these targets.
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Appendices

The following figures depict the work published in Sahadeo, E.; Wang, Y.; Lin, C.-F.;
Li, Y.; Rubloff, G.; Lee, S. B., Mg2+ ion-catalyzed polymerization of 1,3-dioxolane in
battery electrolytes. Chemical Communications 2020 and beriefly discussed in Chapter
4.3.1, which is about the polymerization of 1,3-dioxolane (DOL) catalyzed by Mg?*. All

three figures were made by Dr. Sahadeo.
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Appendix 1 FTIR spectrum of fully polymerized DOL with different amount of salt
catalysts. Major C-H and C-O functional groups indicative of poly-DOL structure are
visible around 2900 and 1000 cm, respectively. The presence of the OH peak around
3400 cm™ is apparent likely due to cleaning of the diamond window with ethanol and
collecting the next spectra before it was dry, as all samples were air-exposed for similar
times and the 50 mM AIOTT sample, collected first, does not show an -OH peak. The higher
salt concentrations in the red and blue samples may also account for slightly more water.
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Appendix 3 Proposed reaction mechanism for Mg(TFSI)2 with DOL (TFSI- anions
omitted for simplification).
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Appendix 2 H-NMR spectra of a) DOL samples with Al, Mg, and Li triflate
salts after various reaction times.
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