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ABSTRACT
INTERFACIAL MECHANISMS UNDERSTANDING AND
MATERIAL DESIGN FOR LITHIUM-SULFUR BATTERIES
VIA AN INTEGRATED COMPUTATIONAL APPROACH
By
Yuxiao Lin
Lithium-Sulfur (Li-S) batteries promise high energy density and low cost, but is hindered
by the rapid capacity and energy fading. In this thesis, several integrated computational models
were developed to connect the electrode-electrolyte interface mechanisms with the discharge
curves and capacity loss. The new insights were used to design the electrodes and electrolyte.
Between the Li anode and the electrolyte, the formation of an electrical insulating solid
electrolyte interphase (SEI) is responsible for the initial irreversible capacity loss. Assuming
the electron tunneling from the electrode to the electrolyte was blocked by the SEI inorganic
components at a critical thickness, based on the results from density functional theory (DFT),
an analytical model was developed to connect the initial irreversible capacity loss with the
anode surface area. Good agreement with experimental measurements confirmed that the initial
irreversible capacity loss was due to the self-limiting electron tunneling property of the SEI.
In typical cathodes, elemental sulfur is embedded in a carbon matrix. During discharging,
soluble long-chain Li polysulfides (Li-PSs) were generated before the insoluble insulating Li>S.
In this thesis, it was found that the solvation status of Li-PS (fully, partially, or not dissolved)
had a profound impact on discharging curves. The open circuit voltage (OCV) was first
predicted using DFT calculated free energies at finite temperatures including solvation energy.
This model revealed that the solvation stabilized the Li-PS. Thus, the formation of fully

solvated Li-PS led to two-plateaued OCV; while non-solvated Li-PS is not favorable, so the

direct transition from S to Li>S led to one-plateaued OCV. Practically, the solvation status of



the Li-PS is related to electrolyte volume. A mechanism based analytical model was developed
to illustrate the micrometer level porosity determined discharging curve by connecting
electrolyte amount, pore volume, Li-PS solubility and carbon matrix surface area. This model
was used to optimize the porosity to maximize the volumetric energy density of Li-S batteries.

Dissolved Li-PSs can diffuse in the electrolyte, and precipitate as insulating Li>S on
electrode surfaces, leading to quick capacity and energy drop. Nanopore and sub-nanopore size
were important in controlling the Li-PS solvation status to prevent Li-PS shuttling. The Li-PS
formation could be suppressed when partially solvated, suggested by DFT. Since decreasing
pore size to nanometer level and increasing electrolyte concentration could both create partially
solvated Li-PS, a new strategy to mitigate “Li-PS shuttle problem” based on this synergetic
effect was proposed by modeling and verified by experiments. A more idealized structure
would be sulfur filled in carbon nanotubes (CNT), with open rings only permeable to Li-ions.
Reactive molecular dynamics (MD) simulations showed that the DFT determined optimum
open ring size could be achieved by controlling the CNT oxidation.

Highly concentrated electrolytes can achieve the partially solvated Li-PS, and expand the
electrochemical stability window by forming SEI. To solve the high viscosity issue, co-solvent
was designed by adding low viscosity and electronically stable dichloromethane (DCM) to
highly-concentrated LiTFSI in ethyl acetate (EA). The concentration of the DCM was designed
to obtain a unique solvation structure, where clusters of partially solvated Li*, TSFI', and EA
network were surrounded by the DCM so that the former inherited the expanded
electrochemical window and the latter accelerated the Li transport.

Overall, this thesis demonstrated that atomic electrode-electrolyte interface structure,
interaction, and properties can be directly connected to the cell-level discharge performance,

thus modeling these connections provided an integrated approach for battery materials design.
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1 Introduction and problems identification

1.1 Batteries and interfaces

1.1.1 Li-ion batteries and Li-S batteries

Conventional researchable lithium-ion (Li-ion) batteries consist of four main components:
the positive electrode, the negative electrode, the separator, and the electrolyte, in addition to
the current collectors. For commercial Li-ion batteries, the positive electrode materials are
usually transition metal oxides containing Li, such as LiMn,04, LiCoO2, LiFePOs, LiNiO; and
their derivatives [1][2]. The most commonly used negative electrode materials are graphite and
other carbon (C) materials [3]. Alternative negative electrode materials including Sn, Si and Li
metal are also promising due to their high theoretical capacity. The separator, sandwiched
between the positive and negative electrode, is a porous thin film of polyethylene or
polypropylene. The porous structure enables the transport of electrolyte, while its blocking
nature isolates the cathode and anode by blocking electrons. The electrolyte is a solution with
Li salt dissolved in a liquid solvent. The slat includes LiPFs, LiClO4, LiB(C204)2, LiBF4,
lithium bis(fluorosulfonyl)imide (LiFSI) and lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI). Carbonated based organic solvents are widely used in commercialized Li-ion
batteries, including ethylene carbonate (EC), propylene carbonate (PC), diethyl carbonate
(DEC) and dimethyl carbonate (DMC)[4][5]. Aqueous electrolyte with water as the solvent is

also under research due to its safety and cleanliness [6].

Anode CLiy, < C+xLit +xe” (1.1)
Cathode Li;_4C00, + xLit + xe~ < LiCo0> (1.2)
Overall Li ;_x Co02+ CLiy & LiCoO2 +C (1.3)
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Figure 1.1 Schematics of the charging and discharging mechanism in Li-ion battery[7].
(Copyright from Materials Today 2016)

The working mechanism of Li-ion batteries is related to the redox reactions at both
electrodes. Generally, the definitions of cathode and anode are based on the discharging
reaction, in which the positive electrode serves as the cathode and the negative electrode serves
as the anode. Taking LiCoO; cathode and graphite anode as an example, schematics of the
charging and discharging mechanism is shown in Figure 1.1. The half reactions occurring on
the anode, cathode, and the overall electrochemical reactions are listed in Equation (1.1~1.3),
respectively[2][8]. During discharging, on the anode side, Li-ions and electrons are generated
when LixC are oxidized into LiC, as shown in Equation (1.1). These Li-ions then transport from
the anode to the cathode electrode spontaneously due to the difference in electrochemical
potential. At the cathode, the Li ions and electrons are consumed in the reduction reaction from
Li;_4Co0> to LiCoO», as shown in Equation (1.2). Thus, the energy is provided to the external

load when LiCoO; and graphite are generated from the overall reaction between LixC and



Li;_4Co002, as shown in Equation (1.3). Vice versa in the charging process, Li-ions and
electrons are generated when LiCoO: is oxidized to Li;_4Co002, and consumed when C is

reduced to CLiy. Thus, energy from external power source is stored in the battery.

Another unique and important component in Li-ion battery is the SEI, which is a thin layer
found at the electrode/electrolyte interface. The SEI was formed by the decomposed products
of the electrolyte [9] because the working voltage of most electrodes is outside of the redox
voltage range of the electrolyte [10]. As shown in Figure 1.2a, this SEI prevents further
decomposition of the electrolyte by blocking electrons but allowed the transport of the Li ions.
It is also desired that the SEI should also protect the electrode by accommodating its
deformation during cycling and preventing other side reactions between electrode and
electrolyte. SEIs can be formed on the surface of both the cathode and anode, but SEI on the
cathode is generally much thinner than that on the anode [11]. Thus, the SEI on the anode has
more influence on the performance of the battery. On the carbon anode in a typical commercial
Li-ion battery, a thin and stable SEI forms during the first cycle by consuming 10~20 % initial
capacity. This is beneficial to inhibit the capacity fading and improve cycling stability in the
following cycles. Figure 1.2b shows the generally accepted structure of the SEI, which consists
of two layers: the inside inorganic layer with Li»COs, LiF and Li,O; and outside organic layer
with (CH20CO:Li) and ROLi (R stands for organic groups). The exact composition of SEI is
related to many factors, such as the redox potential and pathways of electrolyte solvent, Li salt,
and additives[12]. The materials properties of SEI, such as the mechanical property, Li
transport property, and electrical insulating property are important as they are directly related
to the functionality of SEI. However, they are still not fully known due to the experimental
challenges associated with the complexity, chemical sensitivity and nano-meter thickness of

the SEI layers [12].
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Figure 1.2 Schematics of the function [13] (a) and structure [14] (b) of SEI on the anode.
(Copyright from Journal of the Electrochemical Society 2012 and 2004)

The capacity, gravimetric and volumetric energy density of Li-ion batteries are limited by
the cathode and anode materials. The practical capacity of most cathode materials including
LiMny04, LiCoO,, LiFePOs, LiNiO; are less than 200 mAh/g, and the practical capacity of
most carbon anode materials are between 300~372 mAh/g [16]. Based on this, the gravimetric
and volumetric energy densities of Li-ion batteries are around 250~650 Wh/L and 120~250
Wh/kg, respectively, as shown in the plot summarized by Hagen et al. [15] in Figure 1.3. Even
though these values can meet the requirement of most portable energy devices, including

smartphones and laptops, a higher energy density is required for larger applications, such as



electric vehicles. For higher energy density and lower cost, Li-Sulfer (Li-S) batteries are quite
promising. By replacing the cathode and anode materials with elemental sulfur (S) and metallic

Li, the reactions become:

Anode 2Li & 2Lit + 2e” (1.4)
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Figure 1.3 Volumetric and gravimetric energy densities of different battery systems [15].
(Copyright from Advanced Energy Materials 2015)

The configuration of a typical Li-S battery is as follows: composite cathode with elemental
S embedded in carbon matrix (C-S cathode), Li metal anode, and ether-based electrolyte. The
use of carbon in the S-C composite cathode is to compensate the electronic insulating nature
of S and buffer the volume expansion of S upon lithiation. For Li-S batteries, the ether-based
electrolyte such as dimethoxyethane (DME) and dioxolane (DOL) is typically used since its

low reduction potential is more suited for Li metal anode comparing with carbonate-based



electrolyte [19]. The Li-anode not only provides high capacity and lower voltage (as an anode)
but also provides the source of Li-ion for the S-cathode.

Although the Li-S batteries promise a higher gravimetrical energy density, lower cost, and
more environmentally friendly than the conventional Li-ion batteries, many challenges (to be

discussed in the next section) still hinder its commercialization.
1.1.2 Unique interfacial challenges in Li-S battery

Li-S batteries still face many unique challenges regarding rapid capacity and energy fading.
Fundamentally, all the Li-metal anode and elemental S cathode can participate in a redox
reaction (1.4~1.6). This is quite different from the intercalation materials used in the
conventional Li-ion batteries that shown in equation (1.1~1.3) when only Li-ions and electrons
transport in the host materials through the intercalation reaction. The repeated stripping and
plating of Li will result in large deformation and morphological changes, such as dead Li,
dendrite growth, and repeated forming and cracking of SEI [20]. These phenomenon are
responsible for the low columbic efficiency and rapid capacity fading during cycling, which
highly affects the cycling stability. Secondly, considering that both the S and Li»S are electronic
insulators, it is necessary to add conductive materials (such as the carbon matrix) into the
cathode. The repeated the stripping of elemental S and the plating of Li>S>/ LixS also result in
an 80 % volume expansion from elemental S to the Li>S. This requires extra pore volume in
the carbon matrix to accommodate the volume expansion. Furthermore, the solvation of the Li-
PSs, such as Li>Sg, Li2S¢, Li12S4 requires a proper amount of electrolyte. The introduce of porous
carbon matrix and the electrolyte will decrease both the volumetrical and gravimetrical energy
density in practical use. Thirdly, the long-chain Li-PSs (Li2Ss, Li2Se, Li2S4) can diffuse between
from the cathode to the anode, and precipitate as the blocking and insoluble Li>S, and LixS
layer on both anode and cathode surfaces, as shown in Figure 1.4. This “Li-PS shuttle problem”

causes severe degradations of the battery, such as loss of active S, blocking of electronic



pathways, low columbic efficiency and rapid capacity fading during battery cycling, leading to
poor cycling stability [21]. All these problems hinder the commercial applications of Li-S
batteries. To improve the energy density and prevent the capacity fading, an integrated design

at the electrode-electrolyte interface is important.
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Figure 1.4 Schematic of Li-PS shuttle in Li-S battery [22]. (Copyright from Journal of Power
Sources 2014)

On the anode-electrolyte interface, the SEI at the electrode-electrolyte interface can be
designed to accommodate the lithium morphology change and avoid capacity fading with Li
metal anode. As summarized by Wang ef al. [23], many experiments showed that increasing
the amount of LiF in SEI, a more electronically insulating component would slow down the
capacity fading in electrode with large deformation, such as Li-metal and Si-anode [23-29]. To
increase the LiF content, electrolyte either with high LiSFI or LiTFSI salt concentration [28,30],
or fluorinated electrolyte additive [24,27,29], such as fluorinated ethylene carbonate (FEC),
can be used. Q. Zhang et al. [31] had co-deposited LioCO3 and LiF as artificial SEI layer on
very thin Si film anode, and demonstrated that a higher ionic carrier concentration in the
interface between Li2CO3 and LiF significantly improved lithium ion transport and reduced
electron leakage. However, since the typical inorganic components in SEI cannot sustain large
deformation with the thicker anode, polymer coatings [32—34] with large elastic range and high

binding ability had been proposed as a protective coating layer. Li ef al. [32] demonstrated that



lithium polyacrylic acid (Li-PAA) coating can reduce the side reactions and improve the
cycling stability. Lopez et al. [34] further compared a series of polymer coating materials and
their effectiveness in suppressing the large deformation of Li anode. It was suggested that
besides the elastic range and binding ability, the chemical stability, modulus, flowability, and
uniformity should also be considered in the design of polymer coating. Furthermore, when
designing the electrolytes and their corresponding SEI (both naturally formed and artificial),
the exact composition should be designed according to the property of the individual
component. As a summary from the above statement, these properties included the Li-transport
property, the mechanical property, and electrical insulating property. Therefore, quantifying the
property of SEI components is highly important, but is still missing.

The cathode-electrolyte interfaces also include the poly-sulfide interaction with the
electrolyte and these interfaces are important for an optimum energy density and mitigation of
“Li-PS shuttle problem” in Li-S batteries. Considering a typical configuration when elemental
S is embedded in the porous structure in a carbon matrix, interfaces can be formed among
multiple species, including the electrolyte solvent, the elemental S, the porous carbon matrix,
the mid-product Li-PSs, and the final product Li>S, such as Li-PS-electrolyte, S-carbon
interface, LixS-Carbon, etc. Specifically, the Li-PS-electrolyte interface also determines
whether the Li-PSs is fully solvated, partially solvated or not dissolved, which is referred to as
the “solvation status” in this thesis. The solvation status will subject to change with the amount
of electrolyte and the pore size and volume of the carbon matrix. Both the evolution of the
solvation status of Li-PS and the carbon pore structure can impact the energy density of the Li-
S battery. A certain amount of electrolyte, filled in the S-C electrode porosity, is needed to
dissolve the Li-PSs, however too much of solvents will only add unnecessary weight and
volume to the battery, thus decreasing the energy density. Thus, the design of pore size and

volume, in the carbon matrix with the corresponding solvation status of Li-PS is directly related



to the optimum energy of Li-S battery. Furthermore, the solvation status of Li-PS in the
electrolyte is related to the “Li-PS shuttle problem”. The solvation status can be changed by
either the concentration of the electrolyte [35] or by using extremely small nano-sized carbon
matrix pores (ex: 0.5 nm) [36], as both have been demonstrated to mitigate Li-PS shuttle
problem and increase cycling stability experimentally. Thus, understanding the relationship
between the solvation status of Li-PS and the energy density of Li-S batteries is important.
With this understanding, integrated design strategy for the S-C structure and electrolyte can be
proposed to achieve the ideal solvation status.

The main focus of this thesis is to connect the understanding of the electrode-electrolyte
interfacial mechanisms with the capacity loss and energy density of Li-S batteries, in order to
provide integrated design approaches for Li-S batteries. More specifically, this thesis will
investigate the SEI on the anode as an integrated component for the anode/SEl/electrolyte
interface, and provide guidance to design the SEI according to the component-property
relationship. On the cathode side, this thesis will reveal the relationship between the solvation
status of Li-PS with the energy density and the discharging performance of Li-S battery.
Furthermore, this thesis will seek the C-S porosity design at different length scales and the
electrolyte concentration to alter the solvation status in order to mitigate the Li-PS shuttle
problem. The rest of this introduction is arranged as follows. In section 1.2, we will review the
current studies of the SEI on the anode and identify the remaining knowledge gap for the SEI
properties: how the electrical insulating property of SEI components is connected to the
irreversible capacity loss. In section 1.3, we will review the current studies related to the
solvation of Li-PS, and identify a knowledge gap: why the energy density and the discharge
voltage curves of Li-S batteries can be influenced by the solvation status of Li-PS. In section
1.4, we will further review the current understanding of the emerging highly-concentrated

electrolyte, and identify a remaining gap: how to change the unique solvation structure to



improve the Li-transport property. Then, in section 1.5, the computational approach to address

key questions in the identified knowledge gaps will be introduced.
1.2 Current understanding of SEI on the anode

Investigation of the components of SEI formed on the Li anode in Li-S battery is the first
step to understand the SEI. EC will naturally reduce on the Li surface and form SEI following
either one-electron[37] or two-electron pathway [38]. The main products include organic solids
such as (CH2CH20CO:Li)2, (CH2OCO:Li)2, LIO(CH2)>CO2(CH2).0OCO,Li, Li(CH2),OCO:Li,
and inorganic solids such as Li>COs, and gas such as CO and CHg4. Li salt containing F is
usually coupled with carbonate-based electrolyte solvent, whose reduction was suggested to be
responsible for the LiF component in SEI [39,40]. For ether-based electrolyte such as DOL,
Aurbach et al. [41] investigated the reduction product in an electrolyte containing LiTFSI, Li-
PS, LiNO3, and DOL solvent. Using Fourier transform infrared and X-ray photoelectron
spectroscopies, the contribution of each species to the SEI is represented in Figure 1.5. The SEI
components mainly consist of inorganic species, such as LiF, Li2S, Li2S2, LixSOy and LixNOy
and organic species such as LIOR and RCOOLi. Xiong et al. also found that the interaction
between Li-PSs and LiNOs helped to generate more inorganic species of LixNOy in the SEI
[42]. Since there are common components in the SEI from both carbonate-based and ether-
based electrolyte, investigation of the materials property of the SEI with both carbonate-based
and ether-based electrolyte provide valuable information for that on the design of SEI on Li
metal anode in Li-S batteries. These properties include the mechanical property, the Li transport
property, and electrical insulating property because they are directly related to the functionality
of SEI. By knowing the properties and the contribution from each component, a rational design

of electrolyte and its resulted SEI can be achieved.
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Figure 1.5 Schematic of the contribution of the various component in DOL electrolyte to the
SEI on the anode in Li-S battery [41]. (Copyright from Journal of the Electrochemical Society
2009)

The mechanical and Li-ion transport properties for individual SEI component had been
investigated and ranked by simulations. For the mechanical property, Shin [43] ranked the
stiffness in the order of LiF > Li,CO3 > (CH20CO;Li), > LiOCO2CHj3 > polyethylene oxide
by calculating Young's modulus. It was also showed that the Li2COs3/Li interface bore higher
adhesion property than LiF/Li interface [44]. For Li transport property, Shi ef al. determined
the dominant carrier was Li-ion interstitials in Li2CO3 on the anode surface [45]. Jie et a/
determined the dominant carrier was the Schottky pairs (Li-ion and F-ion vacancies) in LiF on
the anode surface [46]. Recently, a space charging effect causing the accumulation of Li-ion
carriers (Li-ion interstitials in Li2CO3) but the depletion of electronic carriers near the
LiF/Li2COs interface was also predicted in computation [47] and confirmed in the experiment
[48]. Understanding these properties provided new insights for the rational design of electrolyte
and its resulted SEI.

However, the relationship between the electrical insulating property of SEI components
and the irreversible capacity loss has not been clarified until our publication [49]. The
electronic conductivity of SEI is less studied and the contribution from each component was
unclear. The concept of electron tunneling model was first put forward by Peled, assuming that

an SEI layer on an electrode needs to be thick enough to block electron tunneling [50]. In the

11



1-D analytical model by Li et al. [51], the SEI was modeled as a uniform tunneling barrier with
a thickness ~3nm to block the electrons, as shown in Figure 1.6. The tunneling barrier was
estimated to be in the range of 2.8~2.9¢V by fitting to experimental data. But the change of the
electrical insulating property due to varied SEI components was not considered in previous
research. Using ab initio molecular dynamics (AIMD) and constrained DFT (cDFT), Leung
demonstrated the energy barrier provided by a 0.7~1 nm thick artificial oxide SEI can slow
down the electron transfer rate because of its electron tunneling barrier [52][53]. But this study
was specifically for the artificial oxide SEI without including other SEI components. Thus,
how to quantify and rank the electrical insulating property of SEI components is still unknown.

Second, the connection between the electrical insulating property of SEI and the initial
capacity loss during battery cycling has not been established. If the electrons are not completely
blocked by SEI, SEI will continue growing since the decomposed product can still be generated
by the reduction reaction. The consumed active Li ions due to the formation or continuous
growth of SEI are the main cause of the irreversible capacity loss during the cycling of Li-ion
batteries. Therefore, it is worth investigating the stable condition of SEI and its connection with
the irreversible capacity loss during battery cycling. On the carbon anode in conventional Li-
ion battery, a thin and stable SEI forms during the first cycle by consuming 10~20 % initial
capacity. This is beneficial to inhibit capacity fading in following cycles. In the inspiring
research by Joho et al. [54], the irreversible capacity loss of various carbon anode materials
was measured. A linear relationship was found between the irreversible capacity and BET
surface area of carbon anode. That implied the thickness of SEI formed on the all carbon anode
was similar. To further decrease the initial irreversible capacity loss, SEI components that can
block the electrons by consuming fewer Li-ions were desired. Thus, understanding the
connection between the electrical insulating property of SEI components and the irreversible

capacity loss due to initial SEI formation is still needed.
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Figure 1.6 One-dimension rectangular barrier model for electron tunneling through the SEI
layer [51]. (Copyright from Journal of the Electrochemical Society 2015)

Apart from the initial capacity loss in the first cycle, any electron leaking through SEI may
continue the capacity fading in the following cycles. One degradation mechanism is the
electron leaked from SEI induces more electrolyte reduction when SEI cracks. According to
the analytical model by Verbrugge ef al., SEI was mechanically stable on graphite but could
not tolerate the large volume expansion of Sn (250%) or Si (400%) due to lithiation [55][56].
Since Li-metal anode used in Li-S battery is not an intercalation anode, the stripping and plating
process of the Li-metal anode will involve large deformation and induce the dendrite growth,
which cannot be tolerated by naturally formed SEI [57]. Instead, SEI will form and crack
repeatedly in the following cycles, leading to an irregular and thick SEI with a high irreversible
capacity loss[20]. Even when SEI does not crack, elastic deformation may still lead to more
electron tunneling. For example, for the graphite anode with only 10% volume expansion upon
lithiation can still cause capacity fading in during the battery cycling [58], which indicated that
the electrical insulating property of SEI was also subject to change due to the stress in the SEI
caused by deformation of anode materials. This was reasonable since the stress causes the
change in tunneling behavior for similar materials, such as InGaAs/AllnAs quantum well [59]

and InGaAs quantum dot molecules [60]. Thus, how the stress influences the electrical
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insulating properties of the SEI and contributes to the irreversible capacity loss in the following
questions remained another question [61][62].

In this thesis, we would like to address three problems related to the electrical insulating
property of SEI and the irreversible capacity loss. 1) How to quantify and rank the electrical
insulating property of SEI components; 2) How to connect the electrical insulating property of
SEI components with the irreversible capacity loss due to the initial SEI formation; 3) how the
stress caused by the deformation of anode materials influences the electrical insulating property

of SEI and the capacity fading in the following cycles.
1.3 Current understanding of solvation status of Li-PS

In section 1.3, we will review the current studies related to the solvation of Li-PS, and
identify a gap: why the electrochemical performance of Li-S batteries can be influenced by the

solvation status of Li-PS.
1.3.1 The influence of Li-PS solvation on the open circuit voltage (OCYV)

The OCV represents the discharge curve of a battery cell under equilibrium conditions or
measured under very small current. It is very important since the energy density provided by
the battery is the area under the discharging OCV curve. We noticed that the solvation of the
Li-PS can potentially change the OCV curves of Li-S batteries, influencing both the cycling
stability and energy density. Most of OCV curves for Li-S batteries show either one plateau or
two plateaus, depending on the solvation of Li-PS. The two-plateaued OCV curves are shown
in Figure 1.7a. The first plateau at 2.3~2.4 V has been attributed to the lithiation reaction from
elemental S to dissolved Li-polysulfide (Li-PS). The second plateau at around 2.0~2.1 V has
been attributed to the continuous lithiation of the dissolved Li-PS to the precipitated crystalline
Li2S; and Li2S. The two-plateaued discharging curves were typically observed in Li-S batteries

with ether-based liquid electrolytes [63][64] when the solvation of Li-PSs was available. The
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two-plateaued OCV provides high energy density due to the high voltage in the two flat
plateaus. The fully solvated Li" ions transport fast in the liquid electrolyte. However, the
capacity fading is generally very fast due to the Li-PS shuttle. In comparison, the single-
plateaued discharging plateau is shown in Figure 1.7b. The single plateau around 2.0 V was
believed to be the characteristic of a direct transformation from elemental S to solid state
Li2S2/LixS. The one-plateaued OCV curves were believed to be accompanied by solid
electrolyte when no liquid solvent was available to dissolve the Li-PS [65][66]. Because less
active S was consumed due to the mitigated Li-PS shuttle problem during battery cycling, the
discharging capacity can be maintained high, providing cycling stability. But the high
overpotential and slow Li transport process induce by the solid electrolyte will influence the
energy density.

Many experimental efforts had been made to achieve one-plateaued OCV curves in a liquid
electrolyte to mitigate Li-PS shuttle problem, with or without the intention to change the Li-PS
solvation status. This is beneficial since it can combine the cycling stability of one-plateaued
OCV and fast Li transport property in the liquid electrolyte. For example, the pore size was
designed to be very small either to inhibit the formation of long-chain Li-PS [36,67,68] or
entrap Li-PSs by blocking them from the electrolyte [69][70]. With a pore size of 3~5 nm, one
plateaued OCV curves were observed [69,71-73]. Two-plateaued OCV curves were observed
with ether-based electrolyte since they have large solubility of Li-PS. When electrolyte solvents
with low Li-PS solubility were used, one-plateaued OCV curves were observed [74].
Furthermore, increasing the Li salt concentration in the ether-based electrolyte could also shift
the two-plateaued OCV curves to one-plateaued OCV curves [75-78]. These experimental
evidences collectively suggest that systematic investigations on how the OCV curves change
with the electrolyte solvent status will provide valuable information to achieve one-plateaued

OCYV curves in a liquid electrolyte.
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Figure 1.7 Two-plateaued (a) and one-plateaued (b) discharging OCV curves observed in Li-S
batteries summarized by Markevich et al.[79]. (Copyright from Journal of The Electrochemical
Society 2017)

On the computational front, DFT prediction of the OCV curves in a Li-S battery is not
satisfied yet, despite the routine use of DFT to predict the OCV in solid electrodes. Consider a
typical lithiation reaction:

Lij X + (x2 —x1)Li = Li,X (1.7),
The average OCV with reference to Li-metal as 0 V is defined as

(OCV) = ;_)A: _ ~l6Lixz X) =G (Lixa X)~(x2=x1)G(LD)] (1.8).

(x2—x1)e

where AG is the change of Gibbs free energy in reaction (1), Ax is the transferred number of
electrons, and e is the charge on one electron. G(Liy,X), G(Liy,X) and G(Li) are the Gibbs
free energy of phase Li,;X, Li,,X, and Li-metal, respectively. For electrodes that store
lithium via intercalation [80][81] and alloying [82][83] solid-state reactions, the OCV has long

been predicted by calculating the reaction energy through DFT.
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Figure 1.8 (a) Convex hull of Li-S systems from DFT calculation by Yang et al. [84]. (b)
Predicted OCV curve from DFT calculation with solvation and temperature effect included by

L. Wang et al. [85]. (Copyright from Journal of Materials Chemistry A 2015 and Journal of
Energy Chemistry 2013.)

Predicting the solvent and temperature dependent OCV curves in Li-S battery accurately
remains a problem. This is mainly due to the complicated discharging reaction involving both
the solid and liquid structures. In fact, if the lithiation reaction of S was modeled as a solid-
state reaction, Li>S would be the only thermodynamically stable phase, consistent with the Li-
S phase diagram [86]. This is further supported by the convex hull of Li-S systems calculated
by Yang et al. [84]. As shown in Figure 1.8a, all long-chain crystalline Li-PS lied above the tie-
line between crystalline S and LixS [84], suggesting that they were not a stable mid-phase
during the discharging reaction. Therefore, one-plateaued OCV curves were predicted, which
is not consistent with two-plateaued OCV curve observed experimentally with liquid
electrolyte. This inconsistency required the inclusion of the solvation and temperature effect
for the dissolved Li-PS in the calculation. Thus, one of the goals of this thesis is to develop a
DFT-based computational approach to predict the influence of the solvation effects at finite

temperature on the prediction of OCV in Li-S batteries.
1.3.2 Influence of micrometer level pore structure on the energy density

The practical energy density of Li-S battery is highly related to the evolution of Li-Ps
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solvation status with the pore structure and the amount of electrolyte. Considering a typical Li-
S battery with liquid electrolyte and micrometer level pore carbon matrix, a two-plateaued
discharging curve is generally observed since Li-PS are fully solvated. In the early researches,
unlimited amount of electrolytes were added in Li-S batteries, making the ratio between the
electrolyte and S (E/S ratio) greater than 10 ml/g [87]. Even though the addition of electrolyte
will not affect the energy density of the electrode, it will decrease the energy density of the
whole battery by increasing the total weight and volume of the battery. However, if there is too
less electrolyte, the change of solvation status can lead to low utilization of S, directly
decreasing both the cathodic energy density and the battery level energy density. It is estimated
that to achieve an energy density of 300 Wh/kg comparable with commercial Li-ion battery, an
E/S ratio of 3 mL/g is required in state of art Li-S pouch cell [15]. Therefore, the influence of
E/S ratio on the electrochemical performance and energy density of Li-S battery was subjected
to investigation.[88,89] However, a single parameter of E/S ratio is oversimplified since it
cannot demonstrate how much of the electrolyte can be actually used for the dissolution of Li-
PS, nor it giving any information on the design of cathode porous structures.

Researches have shown that the macropore structure in the carbon matrix will affect the
solvation of Li-PS, influencing the shape of two-plateaued OCV curves. It was first reported
by Zheng et al. [90] that the pore structure in the carbon matrix of the S-C cathode had a
significant influence on the second plateau. As shown in Figure 1.7a, a flat second plateau was
observed with a carbon matrix of the high surface area and pore volume, leading to high energy
density. A depressed second plateau was observed with a low surface area and pore volume,
leading to low energy density. However, since the comparison was made between different
carbon matrixes sharing different kinds of pore structure and synthesize method, the conclusion
still needed further validation to exclude the influence of undesired variables. Recently, a more

systematic comparative study was done by changing the porosity of the same carbon matrix
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through a calendaring process. Figure 1.9 showed the charge-discharge profile of Li-S cells
with sulfur loading of 5 mg/cm? at a porosity of 70%, 60%, 50%, and 40% respectively. The
change of the OCV curves due to porosity dramatically impact the practical energy of the cell,
demanding a more sophisticated analytical model to integrate the porosity information with the
discharge curves, instead of simply taking the E/S ratio.

Therefore, this thesis will develop an analytical model to quantify the influence of porosity
on the discharging curve. With such a model, the optimum energy density of Li-S batteries can
be achieved by the design of porosity in the cathode. This model will include the Li-PS

dissolvation mechanisms and the formation of insulating Li>S on the carbon matrix surface.
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Figure 1.9 (a) Discharging curves of Li-S batteries with different carbon matrix observed by
Zhang et al. [90] with relatively large pore volume. (Copyright from Journal of the

Electrochemical Society 2013) (b) Discharging curves of Li-S batteries observed by further
decreasing pore volume.

1.3.3 Influence of nanopores and sub-nanopores on the mitigation of Li-PS shuttle

problem

The size of nanopore and sub-nanopore is also important as it can provide more precise

control of the solvation status of Li-PS and may prevent the Li-PS shuttling. As discussed in
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Section 1.3.1 various carbon materials with different pore size had been used for the carbon
matrix in S-C cathodes. Typical examples with smallest pore size included 3 nm mesopore
carbon [71], 0.5 nm micropore carbon [67] and 5 nm open rings in the walls of CNT [69]. The
design motivation includes entrapping Li-PSs by blocking them from the electrolyte [69][70].
At the nanometer level, if the nanopore size is small enough to block the transport of Li-PS
solvation shell, while still allows the transport of Li ions in the electrolyte solvents, the
concentration of Li-PS inside the nanopore may change. More ideally at the sub-nano level,
when only the Li ions are allowed to transport through the pore, while the solvent molecules
and are kept out, there will be no solvent inside the sub-nano pore to solvate the generated Li-
PS. However, what is the ideal pore size? Although some previous computational models have
compared the sizes of PS, electrolyte solvent, and pore in carbon matrix [63][91], the optimum
pore size has not been determined.

In this thesis, we will computationally design the ideal sized CNT. CNT has a more
controlled size and morphology compared to other types of carbon matrix materials. In
addition, CNTs offer many advantages as the cathode for Li-S batteries, such as high thermal
and electrical conductivities [92][93], good mechanical properties [94], high surface area [95].
Their hollow space inside could also provide room for storage of sulfur. In one inspiring
experiment by Fujimori [70], the 1D sulfur chain was encapsulated into CNT with 2nm
diameter through the opened caps. DFT calculation supported weak interactions between S and
CNT, leaving a possibility for S to react with Li. Sulfer can be evaporated into the CNT if there
are opening on the CNT. These opening can then be used to selectively allow Li* ion diffusion
but not electrolyte diffusion. The opening structures in CNT could be tuned by the oxidation
process. Furthermore, the open rings in the walls of the CNTs could increase its size with the
level of oxidation [96], change its size and chemistry with the oxidants [97] and temperature

[98], and even destroy the CNT structure under a very strong oxidation condition [99]. These
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experiments suggested the feasibility to control the size of open rings in CNTs by controlling
the oxidation processing conditions.

The remaining design questions: a) what is the optimum pore size that can selectively allow
Li transport and completely block the electrolyte solvent, and b) what is the relationship
between the created pore size and the oxidation condition in CNT. Few similar simulations can
be found in carbon systems that are related to the current work. For example, by calculating
the transport energy barrier as a function of the pore size from DFT calculation, Zhang et al.
successfully predicted that the selective transportation provided by the pore structure in
graphdiyne and rhombic-graphyne enabled H> separation and purification from different gas
mixtures [100]. With the aid of MD simulation, Jiao et al. [101] and Song et al. [102] also
investigated how gas transportation will be affected by the defects in graphene oxides
membranes and coal. Thus, an integrated model that can determine the optimum pore size using
DFT and further predict the oxidation processing conditions to create the optimum pore size

using (MD) method will be developed in this thesis.
1.4 Highly concentrated electrolytes

A new class of electrolyte, highly concentrated electrolyte, is emerging and shows many
promising properties. We will further review its unique properties and how it impacts the
electrode/electrolyte interface; and then identify a remaining gap: how to improve its viscosity

by tuning its unique solvation structures.
1.4.1 Forming SEI in highly concentrated electrolytes

Recently, a specific kind of highly concentrated electrolyte was designed to expand the
narrow electrochemical window of some electrolyte through a uniquely formed SEI. For
example, the aqueous electrolyte with clean water as solvent was obviously safer and more

environmental friendly than the organic electrolyte. However, as shown in Figure 1.10, the 1.23
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V electrochemical window of water is too narrow [103]. One famous example in the field of
the aqueous electrolyte was the “water in salt” electrolyte by Suo et al. [104]. By increasing
the concentration of LiTFSI salt in the aqueous electrolyte, an SEI containing LiF was formed
on the surface of the anode and the reduction of water was suppressed. The electrochemical
operating window had been largely widened to 3.1 V, as shown in Figure 1.10. The unique
formation of SEI was attributed to the change of the solvation structure in the highly
concentrated electrolyte. The fully solvated Li salt decomposition window is out of the
electrochemical window of water, so no SEI can be generated on the electrode surface, without
water decomposition first [6]. Instead of existing as fully solvation shell and free solvent under
low concentration, the dominating solvation structures under high concentration became large
complex and aggregated network. This change in solvation shell raised the reduction potential
of LiTFSI salt while lowered the reduction potential of water solvent, enabling the formation
of SEI through the decomposition of Li salt. The “water in salt” electrolyte had been
successfully coupled with lots of electrodes in Li-ion battery, including LioMnO4 [104] and
LiFePO4[105] cathode, MosSs and TiS> [106] anode. Its wide application had also been
extended to other energy storage devices with Li metal anode, such as Li-S battery [107], Li-
air battery [108]. In a typical concentration, the “water in salt electrolyte” contained the LiTFSI

or LiTFSI as the Li salt, and the water as the solvent.
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Figure 1.10 Illustration of expanded electrochemical stability window for water-in-salt
electrolytes together with the modulated redox couples of LiMn204 cathode and MoSg anode
caused by high salt concentration [104]. (Copyright from Science 2015)

Coupling Li-metal with some electrolytes with narrow electrochemical windows is a long-
lasting challenge. Ethyl acetate (EA) based electrolyte was reported to facilitate the operation
of rechargeable Li-ion batteries at a low temperature of -70 °C, at which most commercially
used electrolytes were already frozen [109]. Again, the electrochemical window from 1.5 V to
3.8 V and unstable decomposition product of EA hindered its coupling with Li metal. Following
the idea of highly-concentrated electrolyte concept, the narrow electrochemical window of EA-
based electrolyte could also be expanded by increasing the concentration [110]. This enabled

the coupling of Li metal anode and EA-based electrolyte at room temperature.
1.4.2 Co-solvent in the concentrated electrolyte at low temperatures

The use of concentrated electrolyte brought a new challenge: Li-ion transport property

would be influenced by the solvation structure. For example, the viscosity of “water in salt”
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electrolyte was 36 mPa-s, which was almost 10 times higher than that the value of 3.7 mPa-s
in a 2mol/kg aqueous LiTFSI electrolyte [28]. This influence was even enlarged for the EA-
based electrolytes working at low temperatures. For 1mol/kg LiTFSI in EA-based electrolyte,
the viscosity was 30.5 mPa-s, at -70 °C. At 5 mol/kg, the viscosity turned to 1.06 x 10° mPa-s.
The high viscosity in concentrated electrolyte was very harmful to the transport of Li ions [110].

A co-solvent approach, by adding another solvent to the concentrated electrolytes, can be
used to improve the transport of Li ions in the concentrated electrolyte. As a good co-solvent,
the formation of SEI, which was responsible for the expanded electrochemical window in the
concentrated electrolyte should also be maintained. Ren [111] reported that the viscosity of
concentrated sulfone-based electrolytes decreased from 99.5 mPa-s to 14.1 mPa-s after adding
a fluorinated ether co-solvent. The Li-transport property was also improved. Zheng also
showed that the hydrofluoroether co-solvent in concentrated ether electrolyte can improve its
high viscosity and poor wettability [112]. In both types of research, the expanded
electrochemical window in concentrated electrolytes was maintained after adding co-solvent.
With the aid of MD simulation, it is demonstrated that the unchanged solvation structure after
adding co-solvent is the key [112]. According to Dong et al. [110], dichloromethane (DCM)
with a low freezing point of -95 °C, also served well as a co-solvent to improve the transport of
Li in concentrated EA electrolyte when operating at -70 °C.

In this thesis, integrated DFT and MD simulations will be used to reveal the solvation
structure of the DCM co-solvent in EA-based electrolyte, and its relationship with the
electrochemical window. Furthermore, the influence of temperature on the Li transport
property in the co-solvent electrolyte will also be focused, as creating electrolyte flowing at -
70°C will dramatically broaden the range of rechargeable lithium ion battery applications,
especially for space applications. With a better understanding of the co-solvent mechanism, we

can establish a screening criterion for possible co-solvent for low-temperature batteries. This
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can provide great help in the design of electrolytes used at low temperatures.
1.5 Integrated computational approach

In this thesis, several integrated computational models were developed to connect the
electrode-electrolyte interface mechanisms with the battery discharge curves and the initial
capacity loss. The new insights obtained from these models were used to design coatings on
the anode, porous structures of the carbon-sulfur cathode, and the electrolyte. The chapters are

outlined as follows.

2 Connecting irreversible capacity loss with electrical insulating properties of SEI
components

Starting from the anode side, this chapter aimed to establish the relationship between
irreversible capacity loss and the electrical insulating property of SEI components on the anode.
Assuming the electron tunneling from the electrode to the electrolyte is blocked by the SEI
inorganic components at a critical thickness, based on the electronic tunneling barrier
calculated from DFT, an analytical model was developed to connect the initial irreversible
capacity loss with the anode surface area. Good agreement between the modeling prediction
and experimental measurements was achieved, confirming that the initial irreversible capacity
loss was due to the self-limiting electron tunneling property of the SEI. To explain the
continuous growth of SEI due to anode deformation, the influence of stress-induced-strain on
the tunneling barriers were also investigated.

3 Predicting open circuit voltage curves in Li-S battery depending on the solvation of
Li-polysulfide

Moving to cathode side, it was found that the solvation status of Li-PS (fully, partially, or
not dissolved) had a profound impact on both the ideal open circuit voltage (OCV) curves and

the practical discharge voltage curves. This chapter addressed the impact of solvation status of
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Li-PS (fully, partially, or not dissolved) on the ideal OCV curve. The OCV was first predicted
using DFT calculated free energies at finite temperatures along with the solvation energy, for
the discharge reactions involving both insoluble crystals and dissolved Li-PS molecules. This
model successfully revealed that the solvation energy stabilized the Li-PS. Thus, the formation
of the fully solvated Li-PS led to the two-plateaued OCV; while the formation of non-solvated
Li-PS was not favorable, so the direct transition from S to Li2S led to a one-plateaued OCV.
The agreement between modeling prediction and the experimental observation confirmed that
the origin of the one-plateaued or two-plateaued discharging curves is clarified to the solvation
of the Li-PS.

4 S-C cathode design with micrometer level pores: achieving high energy density by
changing the porosity

Continuous investigation on the solvation status of Li-PS in this chapter focused on the its
evolution with electrolyte amount, and its influence on the practical discharge voltage curves.
A mechanism based analytical model was developed to evaluate the influence of micrometer
level porosity on the discharging curves by connecting the amount of electrolyte, the volume
of the pores, the solubility of Li-PS in the electrolyte, and the surface area of the pores. It was
determined that the length of the first plateau was limited by saturation of Li-PS, and the
overpotential in the second plateau would increase dramatically when the surface area of
carbon matrix was not enough for the deposited Li,S2/LiS layer. The predicted discharging
curves agreed well with that observed in the experiment. This model was used to optimize the
porosity of the carbon matrix to maximize the volumetric energy density of Li-S batteries.

5 S-C cathode design with nanopores: synergetic effect between pore size and
electrolyte concentration to mitigate lithium polysulfide shuttle problem

Using nanopore and sub-nanopore could provide more precise control of the solvation

status of Li-PS to prevent the Li-PS shuttling. This chapter demonstrated how to achieve
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partially solvated Li-PS to mitigate the Li-PS shuttle problem with nanopores. The formation
of Li-PS could be suppressed if it was only partially solvated, as suggested by the DFT
calculations. Since decreasing pore size to nanometer level and increasing electrolyte
concentration could both create partially solvated Li-PS, a new strategy to mitigate “Li-PS
shuttle problem” based on this synergetic effect was proposed by modeling and verified by
experiments.

6 S-C cathode design with sub-nanopores: optimum pore size to prevent Li-PS
formation

Moving into sub-nanometer scale, this chapter focused on a more idealized case when
sulfur was filled in carbon nanotubes (CNT), with the open ring size that is only permeable to
Li ions. The optimum pore size was determined by calculating the Li transport barrier through
open rings and comparing the molecular size of selected molecules with the open ring size from
DFT. MD simulation further showed that the as-determined optimum ring size could be
generated by controlling the oxidation parameter of CNT.

7 Improvement of Li transport property of concentrated low-temperature electrolyte

by adding co-solvent

The highly-concentrated electrolyte can achieve the partially solvated Li-PS, and even
expand the electrochemical stability window of the electrolyte if an SEI is formed. However,
its high viscosity results in very slow Li transport. In this chapter, a co-solvent structure was
designed by adding electrolyte low viscosity and electronically stable dichloromethane (DCM)
to the highly-concentrated LiTFSI in ethyl acetate (EA) solvent. The contention of the DCM
was designed to obtain a unique solvation structure, where clusters of partially solvated Li",
TSFT, and EA network were surrounded by the DCM cosolvent so that the former inherited
the expanded electrochemical window of the highly-concentrated salt and the latter accelerated

the Li transport.
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2 Connecting irreversible capacity loss with electrical insulating properties

of SEI components

2.1 Summary

The formation and continuous growth of solid electrolyte interphase (SEI) layer are
responsible for the irreversible capacity loss of batteries in the initial and subsequent cycles,
respectively. In this chapter, the electron tunneling barriers from Li metal through three
insulating SEI components, namely Li>COs, LiF and LizPO4, were computed using DFT
calculations. Based on the electron tunneling theory, it was estimated that 2nm of LiF or 3nm
of Li2COs were sufficient to block electron tunneling. It was also found that the band gap
decreased under tension while the work function remained the same, and thus the tunneling
barrier decreased under tension. A new parameter, #, characterizing the average distances
between anions, was proposed to unify the variation of band gap with strain under different
loading conditions into a single linear function of 7. An analytical model based on the tunneling
results was developed to connect the irreversible capacity loss, due to the Li ions consumed in
forming these SEI component layers, and the surface area of negative electrodes. The
agreement between the model predictions and experimental results suggested that the initial
irreversible capacity loss was indeed due to the self-limiting electron tunneling property of the
SEL It suggests that LiF is a more desirable insulating coating material when the initial capacity
loss is not a concern while Li2CO3; may be preferred in naturally formed SEI since it causes

less capacity loss.
2.2 Introduction

The grand challenge for rechargeable lithium-ion batteries (LIB) in electric vehicles is to
simultaneously improve the battery performance, life, cost, and abuse tolerance [113][1]. In

current lithium-ion batteries, the operating voltage of anode is below the reduction voltage of
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electrolytes, resulting in electrolyte decomposition into a thin layer formed on the electrode
surface. This thin layer is believed to be electronically insulating, preventing further electrolyte
reduction reactions. However, it is Li-ion (Li") conductive. So it is generally referred to as SEI
[114][12][115]. The formation and continuous growth of SEI consume active lithium ions,
becoming the main cause of the irreversible capacity loss in the initial and subsequent cycles,
respectively. Generally, a “stable” SEI on a graphite anode surface, mainly formed during the
first cycle by consuming about 10% ~ 20% of the initial capacity, should provide the excellent
cycling performance of graphite anode materials [116][62]. However, no “stable” SEI had been
found to form on high capacity anode materials such as Si, Sn and Li metal, due to their large
deformation during cycling [117][118][119]. Given this condition, many efforts had been made
to develop coating materials to protect the anode surface as an artificial SEI layer [120][121].
It was anticipated that a stable artificial SEI layer should also block the tunneling of electrons
and allow the transfer of lithium ions. Ideally, when electrons were completely blocked by the
SEI from the electrolyte, the SEI would stop growing and become stable. Further considering
that many of these coatings materials are dense inorganic compounds, such as Al,O3, TiO; and
TiN [120][122], it was believed that the electrical insulating property of inorganic components
in both naturally formed and artificial SEI was the key to the stable condition of SEI. However,
open questions still remained: what is the electrical insulating mechanism and how the SEI
contributes to the irreversible capacity loss at the first cycle and the capacity fading in following

cycles?

Quantum tunneling was a well-understood quantum mechanical phenomenon that a
subatomic, particle can passes through a potential barrier with a certain probability, instead of
totally being blocked as assumed in classical mechanics. This probability was decided by the
shape and the width of the potential barrier. Application of quantum tunneling in the electrical

insulating mechanism was first put forward by Peled et al. [50]. Assuming a rectangle barrier
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with a constant height, the SEI has to be thick enough to block electrons completely. In
following researches, the electronic tunneling height and width in SEI were generally evaluated
as an overall property of the whole SEI. Based on an analytical model by Li, the height was
estimated to be 2.8~2.9eV [51]. From the ab initio molecular dynamics (AIMD) and
constrained DFT (cDFT) calculation by Leung et al., a thin SEI layer with a thickness of 0.7~1
nm can slow down the electron transfer rate because of their electron tunneling barrier [52][53].
However, a quantified comparison among electrical insulating property of different SEI
components was seldom conducted, and little effort has been made to connect the electron
insulating ability of different SEI components to battery capacity loss. This was of extreme
importance in the screening of artificial SEI and designing electrolytes to tune the composition

of SEI

In fact, the thinness, diversity, complicate formation mechanism, along with the chemical
sensitivity and high cost of in sifu characterization methods [123][124][125], all add difficulties
to a clear understanding of the basic property of SEI, such as mechanical, Li transport and
electrical insulating properties. Investigations on the material properties of single SEI
component either computationally or experimentally have provided important insights for
understanding SEI in general. For example, the mechanical properties of bulk LiF and Al>O3
have both been measured and computed [126][127][128][129]. The lithium ion transport
mechanisms in LiF, Li2CO3, Li3PO4, and NaF were investigated intensively by first-principles
calculations [130][131][46][45]. In terms of quantification of electrical insulating property,
progresses were also made in applying density function theory (DFT) to calculate electronic
tunneling in different applications, such as the gold/electrolyte interface [132][133], molecular
transistors [134], Schottky barriers formed by metal/CNT [135] and metal/h-BB [136]. All
these researches inspired us to investigate the electrical insulating property of single SEI

component.
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It is well known that the deformation of the anode during cycling would influence the
property of SEI. For intercalation anodes such as graphite, Si, and Se, this deformation was
caused by the volume expansion upon lithiation. Verbrugge et al. have developed an analytical
model for a core-shell structure [58][59], and found the SEI shell will be mechanically stable
on graphite but will not tolerate the large deformation of Sn or Si [55][56] due to lithiation. For
Li metal anode, the deformation was related to the utilization percentage of Li during cycling.
However, it is not clear if the stress in SEI induced by electrode volume expansion [139] will
change the electronic tunneling properties of the SEI components. This information is
especially important for the understanding of how the repeated volume expansion and
contraction gradually cause the increase in reversible capacity loss and electrode degradation

in the following cycles [62][61].

In this chapter, we chose two inorganic components commonly found in naturally formed
SEI, such as LiF and Li,COs3, and another possible artificial SEI LizPO4 with excellent chemical
stability, insulating property, ionic conductivity, and mechanical property [4][140][130]. In this
chapter, we will first introduce model details about how to calculate the electronic tunneling
barrier, predict capacity loss due to SEI formation and investigate the influence of stress were
introduced. Then, the values of DFT predicted work function and band gap are listed and
discussed. Afterward, the capacity loss due to SEI thickness and tunneling barrier is predicted
and compared with experimental results. At last, a further investigation of the influence of

stress on the predicted electronic tunneling barrier and capacity loss is conducted.

2.3 Model details

2.3.1 DFT computed electron tunneling barrier and its relation with capacity loss

As SEI is the interphase between anode and electrolyte, if any excess electron from the

electronic conducting electrode tunnels through the electronic insulating SEI component to
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reach electrolyte, it has to overcome the electronic tunneling energy barrier (AE;) from the
Fermi level (e) of lithium anode to the bottom of the conduction band of SEI component, as
illustrated in Figure 2.1. Furthermore, the Fermi level of electrolyte is lower than that of the
anode and the SEI [141][142]. If the electron can tunnel through the SEI, it can easily transfer
to the lowest unoccupied molecular orbital (LUMO) of the electrolyte, causing reduction
reaction of the electrolyte. By aligning the Fermi level (&), work function (&) and band gap
(Eg) of the lithium anode and SEI to the common reference, vacuum, the electron tunneling

barrier (4Et) can be obtained by
AE, = E4(SEI) — ®(SEI) + ®(Li_electrode) (2.1),
in which all the parameters can be obtained through DFT calculation.

According to the 1D WKB tunneling theory in quantum mechanics [143], the electronic

insulating ability of the SEI components can be evaluated by the tunneling probability (7),

_ 16€f.AEt _? 2m-AE;
(ef+0Er)2

(2.2),

where d is the thickness of SEI, m is the mass of electron and 4 is Planck constant. As we

noted in the WKB approximation in quantum tunneling, the obtained tunneling probability in
Equation (2.2) is actually determined by./AE;d. Thus, the contribution of electrostatic step at

the interface is much less important than that from the bulk region. This is the reason that the

bulk structures are used in the calculation.

Given this relationship, a simple predictive model can be further developed to estimate
how much the irreversible capacity loss, Ci, is in the first few cycles. This is the amount of Li
consumed to form the SEI layer that reaches the critical thickness, d*, to block electron
tunneling on the electrode surface. Assuming that complete electron insulating is achieved

when T'= ¢, the critical thickness of SEI, d* can be obtained from Equation (2.2).
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Figure 2.1 Calculation of electron tunneling barrier (AE;) by aligning the Fermi level (&), work
function (@) and band gap (E,) of the lithium anode and SEI.

The number of lithium ions consumed () in the SEI component that forms on a unit

surface area of anode is

N — pd* (2.3),

where p is the number of lithium ions per unit volume in the SEI component. The
irreversible capacity loss is typically defined as the ratio between the lithium ions lost in SEI
formation and the cycling lithium ions stored in the host electrode. Thus, the irreversible

capacity loss (Ci) due to SEI formation on an anode can be represented as

C;p = Mninpd (2.4),

NpNg

where M, is the molar mass of the host material, Nj, is the number of Li ions stored per
host atom, Aj is the Brunauer—-Emmett—Teller (BET) specific surface area (area/weight) of

hosthe t material, and N, is the Avogadro constant. According Eq touation (2.4), there is a
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linear relationship between C;- and Aj;. Therefore we define their ratio as the specific area

irreversible capacity loss, C, as C = f. To facilitate a comparison with the experimentally
h

measured irreversible capacity loss on various types of graphite [54], C for graphite can be

Cir _ 6Mppd*
represented as € = - = =—hPT_
A Na

2.3.2 Loading conditions estimated by stress-strain relationship

In order to investigate how electronic tunneling barrier and probability will change under
stress, various states of strain were imposed on LiF. Verbrugge et al. developed an analytical
model for a core-shell structure and found the hoop stress in the SEI layer may lead to fracture
and delamination [58][59]. Thus, we will mainly focus the normal stress rather than shear stress
in the SEI. Various loading conditions can be imposed on an SEI and result in normal strain,

according to stress-strain relations for linear elastic solid,

€11 ) 1 —-v —v\ /011
<522 = |-V 1 —v Uzz) (2.5),
£33 —-v v 1 033

where g, ¢, v and E are stress, strain, Poisson ratio, and Young’s modulus, respectively.

LiF was chosen as a representative SEI component for this study because its cubic
symmetry allows a unified model to describe the dependence of band gaps on the strain. In this
study, four different loading conditions were applied on bulk LiF, including hydrostatic stress,
uniaxial strain, uniaxial stress, and biaxial stress. The lattice of LiF has deformed according to
the strain tensors in each loading conditions expressed in terms of dimensionless stress, o/F,

and the Poisson ratio of 0.326 [144].
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2.4 Results and discussion

2.4.1 Work function and band gap
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Figure 2.2 Work function of Li2CO3, Li3POg4, LiF, and Li as a function of slab thickness.

The surface relaxation, surface energy, work function, and band gap may show oscillation
with slab thickness and the surface termination due to quantum size effect, an effect caused by
different quantization of states of slab model compared with a semi-infinite sample due to the
lowering of dimensionality[145][146][147]. Therefore, it is important to develop a slab model
that mimics the bulk property (eg. layer spacing) and leads to the converged properties. The
surface energy was computed for layer thickness from 1 to 10. The converged surface energies
were determined to be 0.163 J/m? for LixCO3(001) with 2 layers; 0.326 J/m? for LiF(100) with
2 layers; 0.925 J/m? for LisPO4(010) with 3 layers, and 0.458 J/m? for Li with 2 layers. The

calculated surface energies are consistent with most of the previous calculation [4][148][149].

The calculation of work function was based on these relaxed slab models, and the
computed values as a function of slab thickness were shown in Figure 2.2. The work function

values of all the four materials oscillate with increasing slab thickness. While the oscillations
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of work function in Li and LiF are less than 1 eV, the oscillation in Li2CO3 can be up to 5 eV.
This brought us to further investigate the relax slab structure in Li2CO3. Figure 2.3 showed the
relaxed structure of Li2COs3 slab with different atomic layers together with some values of
A(CO3-010), which represented the angel between the CO3 plane and Li2CO3(010) plane. The
layer number was also labeled in Figure 2.3, which indicated the position of the layer in the
slab model. For example, the layers labeled with 1 indicates the surface layers exposed to
vacuum in each slab model. We could see two trends in Figure 2.3. The first trend was that the
top surface relaxation becomes consistent in thicker slab models. For example, the angle
between the CO3 plane and the surface plane was 0.2° in the monolayer model and 13.3° in
two-layer model. But for the slabs thicker than 3 layers, it become stable at 14.2°. The second
trend was that the center of the slab mimics the bulk crystal structure, where this angle was
18.6°. In the 6 layer thick slab model, the angle changed from 14.2° at the surface layer to 18.4°
in the second layer and 19.2° in the third layer. These two trends were also valid for slab models
of Li3PO4 and LiF. The surface layer showed a full relaxation but much less deviated from the
bulk compared to Li2COs3;, When the slab thickness was more than 4 atomic layers, the
oscillation caused by the quantum size effect becomes relatively small, less than 1%. The value
of work function was already well converged when the thickness increased to 4 layers.
Therefore, it was reasonable to choose this converged value as the work function of the bulk
crystal. The calculated work functions was listed in Table 2.1. The widely measured work
function of lithium was about 2.95~3.1 eV, which agreed well with our calculation [148][150].

The work function of LizPO4 calculated by Santosh was also in agreement with our calculation

[4].
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Figure 2.3 Relaxed atomic structure of Li2CO3(001) slab model with increasing slab thickness.

The band gap calculation was based on bulk crystal structures based on the discussion in
2.1.1. The work function and band gap were all listed in Table 2.1. Our calculated band gaps
using DFT/GGA were consistent with other computational data using the same method
[151][152][153]. It was well known that calculation by DFT/GGA will underestimate the band
gap by up to 50% [154][155][156]. For example, the band gap of LiF measured in the
experiment was around 14 eV [157][158][159], which was about 80% larger than all the value
obtained by DFT/GGA or DFT/LDA. New functions such as A(EIG) method [156], hybrid
methods[160], GW methods [161] can, in general, improved bandgap calculations. HSE06
hybrid functions were applied to compute the band gaps for Li2CO3, LiF, and LizPOg, as listed
in Table 2.1. This calculation was done by our partner Kevin Leung from Sandia National Lab.
The bandgap of Li»CO3 was 7.07eV, consistent with a newly reported experiment value of
7.5eV [162]. The bandgap of LiF and LizPO4 were 10.8 and 8.1 eV, respectively. They were
also more consistent with the experiment value of 14.1 and 8.0 eV[51][157]. Nevertheless, the
consistent underestimation of band gap values from GGA calculations could still provide
reasonable estimates of the electronic insulating behavior of the SEI, especially in the

comparison of the three insulating SEI components. Due to this underestimation, the tunneling
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barrier would be underestimated as well. Therefore, we applied a very small tunneling

probability e as limiting criteria.
2.4.2 Capacity loss

As stated in 2.1.1, the electronic tunneling barrier and probability could be further derived
according to Equation (2.1) and (2.2). In our model, the electronic tunneling barrier was
constant since both the work function and band gap are converged for the same SEI component.
Thus, the electronic tunneling probability was a function that only depends on the thickness of
SEI. Thus, the critical thickness of SEI, d*, that blocks electron tunneling could be estimated
from Equation (2.2) assuming a very small tunneling probability T = ™. The d* values of each
SEI component were listed in Table 2.1, and the order was LiF > LisPO4> Li,COs3 in both GGA
and HSEQ06 methods. The d* here ranged from 2.0~3.0 nm in GGA calculation and 1.6~2.1 in
HSEO06 calculation, due to the underestimation of band gaps in GGA calculation. Nevertheless,
both results were still consistent with both the TEM images by Shim[163] and predicted
thickness by Li[51]. In the design of coating layers for anode materials, there were always
questions about what the coating materials should be and what thickness was sufficient. Based
on the calculation, a ~2 nm LiF could totally block the electronic tunneling. LisPO4 was also
an excellent electrical insulating material, and ~2 nm Li3sPO4 can also block electron tunneling.

The thickness of Li.COs required to block electron tunneling was ~3 nm.

Based on the d* values, the number of lithium ions consumed (N) during SEI formation
per unit surface area of the anode can be further derived according to Equation (2.3). Moreover,
the irreversible capacity loss (Ci-) due to SEI formation can be obtained through Equation (2.4).
The results are also summarized in Table 2.1. What’s more, the irreversible capacity loss scales
linearly with the BET surface area of the electrode, at a slope indicated by the specific capacity
loss C. The values of C from each SEI component are listed in Table 2.1. Interestingly, even

though the critical thickness of LiF is smaller, the irreversible capacity loss due to LiF
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formation is larger because the lithium-ion density in LiF is almost twice as much as that in
Li>2COs. It suggests that LiF is a more desirable insulating coating material when the initial
capacity loss is not a concern while LiCO3 may be preferred in naturally formed SEI since it
causes less capacity loss. This may be difficult to achieve in batteries, since the complicated
SEI compositional evolution may be closely related to the kinetics of formation of the different

components during the SEI formation cycle.

Table 2.1 Calculated results of the tunneling effect in different SEI components. p was the
number of lithium ions per unit volume in SEI component, @, represented the work function,
E, was the band gap (computed from GGA and HSE06), which led to different electronic
tunneling barrier, 4E;, the critical thickness of SEI, d*, and the specific capacity loss, C.

Based on GGA Based on HSE06
b
Component | vy | & [ g T | | ¢ | & | s | o ¢
V) | V) | (A) [ (W(m?g) | (V) | (V)| (A) | (%/(m7g))
Li>CO; 6.02 | 0.035 | 4.75 | 1.78 | 30.2 1.27 7.07 | 4.10 | 20.0 0.84
LiF 7.59 | 0.060 | 8.52 | 3.98 | 20.3 1.45 10.8 | 6.26 | 16.2 1.15
Li;POq 524 1 0.037 | 5.68 | 3.49 | 21.6 0.96 8.1 | 591 | 16.6 0.74
Li 3.05 - 0 - : - 0 - - -
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Figure 2.4 Predicted initial irreversible capacity loss due to SEI component formation assuming
the electrons are completely blocked at a tunneling barrier T of e° (a), €° (b), and €2 (¢). The

original experimental data points and linear fitting from Joho were also added for comparison
[60].
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A linear relationship between the first cycle irreversible capacity loss and the BET surface
area was reported in Joho’s experiments on various carbon electrodes [54]. As shown in Figure
2.4a, their experimental data suggested a linear relationship between the irreversible capacity
loss and BET surface area, and the slope of the linear fitting is C=1.18. Other researches had
shown that the active surface area and surface chemistry of anode also play an important role
in addition to the total BET surface area in determining the irreversible capacity loss due to
exfoliation of graphite during the first cycle[116][164][165]. Thus, the linear fitting of Joho’s
experimental data did not start from the origin and some data points deviate far from the fitting
line at the small surface area. Considering this part of the irreversible capacity loss, four lines
were further added to Figure 2.4a according to the predicted C values from different SEI
components based on both GGA and HSE06 calculation, assuming an electrical insulating
criterion of T = . To further investigate the influence of chosen T values, the same plotting
process is repeated with the criterion of 7= e and 7= e’ in Figure 2.4b and 2.4c, respectively.
The predicted values and the fitting trend line of the experimental data points in Figure 2.2a
were in good agreement, although the simple model has only assumed one component while
the naturally formed SEI is a mixture of Li2CO3, LiF, Li>O and some organic layers. However,
in both Figure 2.4b and 2.4c¢, the predicted lines in both figures deviated from the linear fitting
of experimental data points. Thus, the chosen electrical insulating criterion 7= e’ is validated.
The agreement suggests between predicted line and fitting trend line of experimental data
points also suggest that the initial SEI thickness and its formation induced initial irreversible
capacity loss are likely to be controlled by the self-limiting electron tunneling property of the
inorganic components. This also means that the continuous growth of SEI is likely to be caused

by other electron transport mechanisms, rather than tunneling.
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2.4.3 Tunneling barrier change due to stress on SEI
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Figure 2.5 Schematic of the four loading methods (a), band gap and work function value as a
function of o/E (b) and 7 (c).

LiF was chosen to further investigate the influence of stress on the tunneling barrier. The

calculated work function of 10 layers LiF slab model is shown in Figure 2.5a. It can be seen
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that the change in work function due to stress is quite small. If we just consider the 10% volume
change of graphite, the work function can be treated as a constant in this range. However, the
band gap values are greatly influenced by deformation. The general trend shown in Figure 2.5a
is that the band gap value (computed with GGA method) increases as the stress changes from
tension side to the compression side. What is more, under each loading condition, the changes
of band gap values are almost linear with respect to the strain (or the ratio between stress and

Young’s modulus, ¢/E), as shown in the four trend lines in Figure 2.5a.

According to recent research [166], for ionic crystals where anions are localized, when
lattice parameter increases, all bandwidths will shrink and energy states in both valence band
and conduction band will increase. However, the shift of more localized valence band will be
faster than that of the conduction band. Therefore, the band gap will shrink. This suggests that
the distance between anions rather than the distance between anions and cations is the most
important parameter, as the electrons are donated to anions. This motivates us to propose a new

structure parameter, n, called normalized average anion distance:

L= (2.6),

where 1, and r are the equilibrium distance between the nearest anions in the perfect
structure and deformed structure of LiF, respectively. When calculating the distance between
anions, all the 12 nearest anions were included in the sum. # is computed from dimensionless
stress  (normalized by the Young’s modulus) as ¢ = ¢/E for all four loading conditions. For
a simpler representation, which demonstrates the connection » with straa in in diffa erent
direction, k and n were used to represent the ratio between the deformed lattice and the original
lattice in specific directions in the strain tensor. The band gap value as a function of # is shown

in Figure 2.5b, where # value higher than 1 represents tension while 7 less than 1 represents

compression. Figure 2.5b clearly shows the band gap value decreases linearly with increasing
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value of #, and all four loading conditions follow the same function. When the deformation is
very large, the band gap values deviate from the linear relationship slightly. In these cases,
some 2" or 3" nearest neighbor anions become very close to the center anion under large
deformation, and should be included in the # calculation. Nevertheless, the normalized anions
distance 7 is a newly proposed parameter to unify the lattice deformation in different loading
conditions and the band gap decreases linearly with increasing #. Therefore, the electronic

tunneling barrier will decrease under tension and increase under compression.

To further evaluate the effect of the stress on electron tunneling, we estimated the capacity
loss of an SEI covered graphite which undergoes 10% volume expansion due to lithiation. First,
the SEI formed on graphite is considered stress free. This is reasonable, as suggested by some
recent research that the organic part of SEI is formed before lithiation while the inorganic part
of SEI is formed simultaneously with lithiation [139][167]. It indicates an SEI film is almost
stress-free perpendicular to the particle surface because the organic SEI layer is much softer
compared with the inorganic layer. The inorganic layer of SEI will experience biaxial stress in
the other two directions due to the volume expansion of the anode. Due to the 10% volume
expansion of graphite, the overall thickness of SEI is reduced by 2.1% due to Poisson's ratio.
If we only assume that the SEI should grow back to its original thickness in order to block the
electrons tunneling, it will lead to 2.1% more irreversible capacity loss. However, the
relationship between the band gap and # sheds new insight. According to it, the 10% volume
expansion of graphite will lead to a 2.0 % increase in 7. Thus, the band gap will decrease from
8.51 eV t0 8.17 eV, leading to 0.34 eV reduction in the tunneling barrier. To achieve the same
electronic tunneling probability, the thickness of SEI should increase by another 4.5%, leading

to 11.0 % more irreversible capacity loss.
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2.5 Conclusions

An electron tunneling model based on DFT calculations from a single component was
made to characterize the electrical insulating mechanism of SEI. This simple model can provide
a quantified prediction for the tunneling barrier, the critical thickness to block electron
tunneling (2~3nm), and the irreversible capacity loss due to SEI formation. The agreement
between the model and experiment suggests the initial irreversible capacity loss is likely due
to the self-limiting electron tunneling property of the SEI. It suggests that LiF is a more
desirable insulating coating material when the initial capacity loss is not a concern while
Li2CO3 may be preferred in naturally formed SEI since it causes less capacity loss. Furthermore,
how electronic tunneling barrier and probability change under stress under different types of
loading conditions are also investigated. It was shown that the band gap decreases linearly with
increasing value of # while the work function stays the same, where 7 is a new parameter to
characterize the average distance between anions. That means the electron tunneling barrier

decreases under tension and increases under compression.
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3 Predicting open circuit voltage curves in Li-S battery depending on the

solvation of Li-polysulfides

3.1 Summary

Most of the discharging curves for Li-S batteries showed either one plateau or two plateaus.
Understanding the mechanism and conditions of the one-plateaued discharging curves can
provide guidance for Li/S battery design to prevent the Li-polysulfide (Li-PS) dissolution. In
this chapter, we first calculated a solvent-dependent open circuit voltage (OCV) using DFT
when both crystals (S, Li2S, Li) and dissolved Li-PS molecules (such as Li>S4) were involved
in the discharging reactions. We successfully predicted the two-plateaued OCV with fully
solvated Li-PS and the one-plateaued OCV with non-solvated Li-PS, in agreement with

experimental observations.
3.2 Introduction

Li-S battery had been actively pursued as one of the next generation energy storage devices
because of its higher specific capacity, specific energy density, and low cost [17][18]. The open
circuit voltage (OCV) was a direct signature of the electrochemical reactions occurring inside
a battery cell. Interestingly, most of the discharging curves for Li-S batteries showed either one
plateau or two plateaus. The two-plateaued discharging curves were typically observed in Li-
S batteries with an ether-based liquid electrolyte [63][64]. The first plateau at 2.3~2.4 V has
been attributed to the lithiation reaction from elemental S to dissolved Li-polysulfide (Li-PS).
The second plateau at around 2.0~2.1 V has been attributed to the continuous lithiation of the
dissolved Li-PS to the precipitated crystalline Li2S> and LizS. In comparison, the single sloped
discharging plateau around 2.0 V was believed to be the characteristic for the Li-S batteries
with solid electrolytes due to the direct transformation from elemental S to solid state Li»S, and

Li,S, while Li-PS was not formed due to the absence of free solvent in electrolytes [65][66].
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However, more interestingly, some Li-S batteries with carbonate-based liquid electrolytes also
displayed one-plateaued discharging curves [79]. This unique phenomenon was generally
observed when S was confined in the nanopores of a carbon matrix in the S-C cathode materials
and sealed by in-situ formed solid electrolyte interphase [169—171]. So far, there is no
consistent model that has clarified the difference between the two-plateaued and one-plateaued

OCVs from the reaction mechanisms point of view.

It is important to understand the mechanism and the conditions for the one-plateaued
discharging curve, as the two-plateaued discharging curve is the signature for the Li-PS
shuttling problem. The Li-PS dissolved in the electrolyte can facilitate a shuttle reaction
between anode and cathode, and precipitate as the insulating and insoluble Li»S; and Li>S on
the surface of the anode, leading to severe capacity loss, due to the loss of active S and blocked
electronic pathway [22]. When only one-plateau was observed in the carbonate-based liquid
electrolyte with nanopore-S-C cathode materials, the battery cycling performance was greatly
improved due to the absence of Li-PS [69,71,170-174]. The confinement and separation
mechanism has been proposed to explain this unique phenomenon. In the confinement
mechanism, it was hypothesized that the pore volume was too small to store Sg monomer and
long chain Li-PS [36,67,68]. Thus, the small S allotropes such as S» and S4 were incorporated
into the pores and long chain Li-PS such as Li>Sg, Li2Ss, and Li2S4 could not be generated in
the discharging reaction due to the confinement of nanopores. In addition, the formation of
SEI from the decomposition of carbonate electrolytes can seal the pore blocking the electrolytes
from diffusing into the pores [69]. In ether electrolytes with less SEI formation, if the pore
size was well controlled to only allow Li-ion diffusion while blocking both Li-PS and
electrolyte solvent, there would be a great chance to entrap the Li-PS inside the pores [69][70].
However, the pore size of porous carbon is in 3~5 nm, which was already much larger than the

solvent molecule and soluble Li-PS, a carbonate electrolyte [8], [21-22] or carbonate solvent
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[20] has to be used to seal the pores through the formation of SEI. Besides the nanopore
structure, the plateaus on the discharging curves were also related to the chemistry of
electrolyte solvent [175]. A single plateau was observed when electrolyte solvent with low Li-
PS solubility was used, while two plateaus were observed with an electrolyte that could
dissolve more Li-PS [74]. Further, the concentrated electrolyte can also mitigate the Li-PS
shuttle problem [75—78]. Therefore, the OCV is highly dependent on the solvation status of the
Li-PS, which is subject to change with the pore size, solvent chemistry, electrolyte

concentration, and temperature.

Challenges exist to calculate the temperature and solvent dependent OCV using first
principle calculations. DFT has long been used to predict the OCV of electrodes that store
lithium via intercalation [80][81] and alloying [82][83] solid-state reactions. In fact, if the
lithiation reaction of S was modeled as a solid-state reaction, Li>S would be the only
thermodynamically stable phase, consistent with the Li-S phase diagram [86]. Using crystalline
S and Li2S, Yang et.al computed the convex hull of all crystalline Li-PS (without solvation due
to periodic boundary conditions) with plane-wave DFT. It was found that all long-chain Li-PS
were unstable as they lie above the tie-line between S and Li2S[84]. Thus, only one plateau in
the discharging curves should be expected. With the same plane-wave DFT method, B. Wang
et.al [176] showed the discharging reaction path was altered depending on whether the structure
of S (represented as Sg monomer), Li-PS and Li>S were modeled as monomers or clusters in a
vacuum, both are different from what was calculated by treating Li-PS as crystal structures
[32]. L. Wang et.al [85] first added the temperature effect due to vibrations and the solvation
effect, modeled by polarizable continuum model (PCM), to compute the free energy with local-
basis set DFT implemented in Gaussian. Their predicted OCV showed several plateaus. By
changing Li, Li2S, Li-PS from monomer to cluster structures while maintaining the monomer

structure of Sg, the predicted OCV curves showed multiple plateaus within the similar voltage
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range with experimental observation. It is, therefore, reasonable to treat Li-PS as either
monomers or clusters [177-179]. However, Li>S and S should not be treated as dissolved
monomer or clusters, as they have very low solubility in the electrolyte. Furthermore, according
to Canepa et.al, [ 180] the calculated solvation energy based on different solvation models might
be inconsistent. Including the solvation effect appropriately in the Li-PS system remains
another computational challenge. Therefore, a systematic investigation of the influence of the

solvation effects at finite temperature on the prediction of OCV is required and important.

In the present work, the temperature and solvation effects were added to DFT calculations
in order to capture their influence on the OCV profile. The structures used in the model were
selected to better mimic the Li-S battery system, Li, S, and Li>S were treated as crystal
structures due to their low solubility in the electrolyte and the smallest soluble Li-PS, Li>S4
was treated as molecules and clusters. The reason to skip other Li-PS species, such as Li»Sg,
and Li,Ss, and arguably Li>S7 or LixSs [177][178], in our calculations, is that only one plateau
at 2.3~2.4 V was seen in most experiment. That means the OCVs ascribed to the transformation
from the crystal S to various Li-PS species will fall into a very narrow energy range, which can
be represented by the direct transformation from S to Li2S4. The S; radical recently observed
by Q. Wang et.al [181] was not included in our calculation since it mainly serves as a reaction
intermedia and will not change the reaction energies that lead to the OCV curve. Experimentally,
mixed electrolyte solvent of dimethoxyethane (DME) and dioxolane (DOL) is often used in Li-
S battery. B. Wang et.al [176] suggested that DOL provided slight larger binding energy to Li-
PS than DME. Therefore, DOL was chosen as the electrolyte solvent in our model. The energies
of Li2S4 dissolved in liquid DOL electrolyte were calculated with different solvation models
and the subsequent OCVs from these solvation models were compared with the experimental
observations in order to determine which model is more appropriate. This comparison also

revealed that the origin of the one-plateaued or two-plateaued discharging curves is due to the
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solvation of the Li-PS.

3.3 Model details

3.3.1 OCYV and formation energy calculations
The average OCYV for a typical lithiation reaction
Liy X + (x2 = x1)Li = Li,X (3.1),
with reference to Li-metal as 0 V is defined as

=06 _ —[6(Lix2X)=G(Lix1 X)—(x2—=x1)G(LD)]
Axe (x2—x1)e

(ocv) =

3.2),

where AG is the change of Gibbs free energy in reaction (3.1), Ax is the transferred
number of electrons, and e is the charge on one electron. G (Liy,X), G(LiyX) and G(Li)

are the Gibbs free energy of phase Li,;X, Li,,X, and Li-metal, respectively. Here, we
consider the reaction from S (crystal) = %Lizszx(molecule) = LixS (crystal). The crystal

structure of Li, S, and Li>S were obtained from Materials Project [182]. To determine whether
the molecular Li2S4 with solvation would be thermodynamically stable, its formation energy

with respect to the crystalline S and Li>S was calculated as
1. 1 . 3 1 .
Grorm (ZL1254) = 2G(Li;S,) —2G(8) — 1 G(LE,S) (3.3).

A positive Ggorm GLiZS‘l) means that the formation of LixS4 is not thermodynamically
favorable. Thus one step discharging reaction from S crystal to Li»S crystal, corresponding to
the one-plateaued OCV, will be expected. On the other hand, if Ggorm, G Li254) 1s negative,

the formed Li>Ss will participate in the two-step discharging reaction and result in a two-

plateaued OCV.

For crystalline phases, such as Li, S, and Li>S, the temperature dependent terms in Gibbs
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free energy include only the vibration contribution:
G(Li,X_crystal) = Epgpr(crystal) + Epip(T) — TSy (T) (3.4).

For the dissolved molecular, specifically Li>S4 in DOL, the Gibbs free energy includes
the solvation energy and the temperature dependent contributions of translation, rotation,

vibration, of the molecule,

G(LixX_SOlv) = EDFT(gaS) + [Evib (T) - TSvib (T)] + [Erot(T) - TSTot(T)] +

[Etra (T) - Stra (T)] + Esolv (3-5)-

In equation (3.4) and (3.5), Eppr(crystal) and Eppr(gas) are the DFT minimized
energy of crystals and molecules at OK. E;;,, E,,; and Ey., are the vibrational, rotational
and translational enthalpy corrections, while S,;;,, S+ and S, are the vibrational,
rotational and translational entropy. E,;, is the solvation energy, calculated from different

solvation models detailed in Section 3.2.2.

Because the plane-wave DFT is more efficient for crystals and the local-basis set DFT is
the typical choice for molecule and cluster calculations, both were applied to the structures they
are suitable for. Comparisons were made to several special cases (crystalline Li, Li2S, S, and
cluster solvation model) for validation purpose. Specifically, spin-polarized, all-electron, local
basis set (Double Numerical plus polarization, DNP [183]) DFT implemented in Dmol? [184]
in Materials Studio was used. The exchange-correlation was treated with the generalized
gradient approximation (GGA) Perdew-Wang-91 functional [185]. To capture the temperature
effect, the contributions from vibration, rotation, and translation were calculated through
vibrational analysis by finite differences of analytic gradients, based on the detailed formula
from Hirano’s work [186]. Only the ion positions were relaxed during an energy minimization,
until one of the three convergence criteria, as 3xX10™*eV/system, 0.05eV/A, and 0.005A for

energy change, force, and displacement, respectively, was reached. For comparison, the energy
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of the Dmol® minimized structures were recalculated with the plane-wave DFT implemented
in the Vienna ab initio simulation package (VASP). Potentials constructed with the full potential
projector augmented wave (PAW) method were used for the elemental constituents [187]. The

exchange-correlation was treated with the GGA Perdew-Burke-Ernzerhof (PBE) functional

[188]. The cutoff energies and K-points used were as follows: 700 eV and 2X2X2 for Sg
crystal, 600 eV and 6 X6 X6 for LizS crystal, 650 eV and 12X 52X 52 for Li crystal, 700 eV

and 1 X1 X1 for all liquid structures.

3.3.2 Solvation energy calculations

The solvation energy is the energy associated with dissolving an isolated solute molecule

(gas phase) in a solvent to form the solution, which can be calculated as
Esory = E[solution] — E[solvent] — E[solute(iso)] (3.6).

Different solvation models, namely explicit model[189], implicit model[190][191], cluster
model[192—-194], and combined model[180] are often used in computing solvation energies. In
the explicit model, both the solution and the solvent are modeled with full atomistic liquid
structures, at the corresponding concentration and density [195][196]. E[solution] and
E[solvent] are the average energy obtained from MD or Monte Carlo (MC) simulations. In
the implicit model, a single solute molecule embedded in a dielectric continuum media is used
to represent the solution. The solute and the solvent interaction can be calculated via the
conductor-like screening model (COSMO) [190] or the polarizable continuum model (PCM)
[191]. The error for implicit solvation models depends on the dielectric constant, € [197]. The
cluster model can be considered as a simplified explicit model, by considering only the first
solvation shell [193] [194], which can be extracted from liquid structure via MD simulations.
Then E[solution] and E[solvent] are the energy of the first solvation shell and the solvent

molecule in a vacuum, respectively. In the combined model, the first solvation shell is
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embedded in a dielectric continuum [180], to obtain E[solution] with COSMO or PCM
model. E[solvent] is the energy of a solvent molecule embedded in the dielectric continuum.
Comparing these models, the explicit model represents the liquid structure and dynamics
properly, but its accuracy is often scarified by using classic force for larger simulation cells. To
be more accurate, ab initio MD can be used, but with a smaller structure and a shorter time.
DFT method is often used for cluster model, implicit model, and the combined model with
DFT method. Considering the cluster model ignores the solvation shell and solvent interaction,

the combined model provides a combination of the implicit and cluster model.

In this paper, the solvation energies calculated from these models will be compared. The
energetic terms in the explicit model, namely E[solution], E[solvent] and E[solute(iso)],
were all calculated through VASP as stated in section 2.1. In the implicit model and combined
model, the energetic terms were calculated through Dmol® with COSMO solvation model, [190]
in which the solvent was treated as a continuum with a permittivity €=7.2 for DOL
electrolyte[198]. In the cluster model, the energetic terms were calculated in both methods for

validation purpose.

To sample more configurations and save simulation time, classical MD and AIMD were
used to prepare the input structures for the DFT minimizations. While the lowest optimized
energies were chosen to calculate the solvation energy, while several configurations were used

to indicate the fluctuation.

The first solvation shell structure is important for the cluster model and the combined
model. The structure of the first solvation shell for a fully solvated Li>S4 was obtained from a
dilute solution of randomly packed Li»S4 and DOL molecules at a ratio of 1:100 simulated by
classical MD. The force field types within the compass force field [199] of each atom type
chosen are as following: li+ (1.0) for Li, h1 (0.053) for H, o2e (-0.32) for O, s (-0.73) for S at
the end, s2s (-0.27) for S in the middle, c4o (0.054) for C with two C-O bond, c40 (0.214) for
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C with only one C-O bond. The optimized cell was subject to a classical MD simulation with
NPT ensemble, with Nosé algorithm [200] and Berendsen algorithm [201] to control the
temperature at 298K and pressure at 1 atm for 50 ps with a time step of 1 fs. The converged
solution density, calculated as the average density of the last 20 ps, was 1.06 + 0.011 g/cm?.
The first solvation shell structure was determined as Li»S4-4DOL by analyzing the radial
distribution function (RDF) and the coordination number (CN) around the Li>S4 in the MD
trajectory. At last, the first solvation shell Li>S4-4DOL was extracted from the three
configurations with the lowest potential energy in the MD simulation to be the initial

configuration for geometry optimization in DFT calculations.

To represent the fully solvated solution structure in the explicit model, 1 Li»S4 molecule
and 20 DOL molecules were packed into the periodic simulation cell with an initial density of
1.06 g/cm®. The converged density was 1.19+ 0.015 g/cm® based on classical NPT MD
simulation. This density was 12% higher than the solution with a Li2S4: DOL ratio of 1:100,
indicating that this solution deviated from the ideal dilute solution. To better describe the
solvent-solute interaction, ab initio MD (AIMD) implemented in VASP with NVT ensemble at
a timestep of 1 fs was performed for 1.5 ps at 300K. The average potential energy during the
last 1 ps AIMD simulation were both recorded to obtain the solvation energy and estimate its
fluctuation. Three configurations with the lowest potential energy from AIMD simulations was

used as the initial configuration for geometry optimization in DFT calculations.

Non-solvated Li2S4 was first simulated as a monomer (isolated molecule). Five different
configurations of isolated Li>S4 were optimized in DFT calculation. The optimized structure
with the lowest energy was chosen to represent the Li2S4 monomer. Since non-solvated Li>S4
can agglomerate into clusters, LiS4 molecules were arranged under different configurations as
(L12S4), cluster. The initial configuration of larger clusters was built based on the optimized

configuration of smaller clusters.

54



3.4 Results

3.4.1 Temperature effect in crystalline phases

The calculated energy contributions for all species at both 0 K and 300 K are listed in Table
3.1. At 0 K and 300 K, the vibrational contributions, namely E,;,(T) —TS,;,(T), for
crystalline S, Li, and Li2S, were all less than 0.05 eV. These small vibrational contributions
confirmed the typical assumption that the temperature effect for crystals can be neglected in
the calculation of the OCV in equation (3.2) and the relative formation energy (AGyorpy) In
equation (3.3). The OCV of the direct reaction of 2Li + S =LixS was 2.13 Vat 0 K and 2.10 V
at 300 K. This confirmed that for OCV calculations in solid, the TAS term in equation (3.4)
was often dropped, as it is relatively much smaller than AE at room temperatures for solids
[202]. The calculated OCV at 0 K from VASP is 2.04 V. The difference between Dmol3 and
VASP method was less than 0.1V, suggesting the results from the two methods can be combined
and compared. All of the computed OCV values are in good agreement with most experiments

in all solid-state Li-S battery[65][66].
3.4.2 Temperature effect for non-solvated Li2S4

However, the temperature effect became significant for molecular Li»S4. The optimized
geometry of a non-solvated Li»S4 monomer is shown in Figure 3.1a. According to Table 3.1,
the vibrational contribution at 0 K or the zero-point energy (ZPE) is 0.24 eV. At 300K, the free
energy contributed from the vibration, rotation, and translation is up to -0.67 eV per Li»S4

molecule.

The relative formation energy of Li>S4 in the gas phase obtained through equation (3) was
0.52 eV at OK and 0.33 eV at 300 K. It was observed in the experiment that Li>S4 molecules
may dynamically aggregate into clusters even at a low concentration of 0.2 M [30]. Therefore,

the Gibbs free energy per formula Li>S4, Gppr(Li,S,),/n, was plotted as a function of cluster
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size n in Figure 3.1c. For comparison, the Gibbs free energy of Li>S4 monomer is shifted to 0.
The optimized Gibbs free energy related to different initial configurations were shown as data
points. For the monomer, all different initial configuration relax into one configuration. The
energy for the dimers showed large dependence on the initial configurations. The larger clusters
built upon the lowest energy dimers showed less fluctuation in optimized energy. The lowest
energies clearly showed that Gpgpr(Li;S,),/n decreased with increasing cluster size till it
converged within 0.05 eV when # is larger than 6. Therefore, the optimized structure of (Li2S4)s
cluster, as shown in Figure 3.1b, was chosen to represent the Li>S4 cluster in a vacuum. The
difference between Gibbs free energy at OK and 300K also dropped from 1eV to 0.4eV with
increasing cluster size. These results suggest that the temperature effect on free energy cannot

be ignored for the Li>S4 molecule or clusters.
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Table 3.1 List of free energy terms for all species (Unit: eV). Eprr is calculated with basis set DFT in Dmol3. Evis, Svib, Erot, Srots Etras Swra are
obtained through vibrational analysis. For the solvation model in the method part, E. CI, I and Cm stands for explicit model, cluster model, implicit
model, and combined model, respectively. For the calculation method, D stands for calculations with Dmol3 and V stands for calculations with
VASP.

Structure T/K Eprr Eip —TSuip E, o —TSyot Eirq —TStra Esons Method G(T)
S 0 4114 : : 3 : : : v 4114
(crystal S5 0 | -10835.577 | 0.040 0 0 0 0 0 0 - [ [-10835.538
300 | -10835.577 | 0.085 | -0.112 0 0 0 0 -10835.605
S 0 | -10835.560 | 0.039 0 0 0 0 0 0 | D [ -10835.521
(monomer Sg) 300 | -10835.560 | 0.034 | -0.054 | 0.005 | -0.052 | 0.005 | -0.069 D | -10835.692
Lis, 0 222443 : ; : : : : V | 22443
(momomer) 0 | 43754.542 | 0.244 0 0 0 0 0 0 - [ [43754.298
300 | 43754542 | 0375 | -0219 | 0.038 | 0369 | 0.038 | -0.530 43755207
Non-solvated Li>Ss | 0 | -43755.557 | 0.255 0 0 0 0 0 0 | 43755302
(Li>S4)s 300 | -43755.557 | 0255 | -0.537 | 0.005 | -0.680 | 0.005 | -0.076 ~43755.726
0 222443 : ; : : : : 21915 | E | V| -24358
0 22443 ; ; ; ; ; ; 2053 | Cl | V| -2449
Fully-solvated -0.795 | -43755.093
Li>Ss 0 | -43754.542 | 0.244 0 0 0 0 0 2279 | 243756577
Li2S4-20DOL 2165 | Cm | | -43756.463
Li>S4-4DOL 0363 | -0253 | 0.038 | 0370 | 0038 | -0.530 | -0.795 | 1 ~43756.049
300 | -43754.542 | 0375 | -0219 | 0.038 | -0369 | 0038 | -0.530 | 2279 | CI ~43757.486
0375 | -0219 | 0.038 | 0369 | 0038 | -0.530 | 2.165 | Cm 43757372
Li8 8 L2 0 1_33 (_) (_) (_) (_) (_) 0 * 1112149996657
(crystal) 300 | 129701 6701 T 0,088 0 0 0 0 D 1249.688
g 0 -1.901 : ; ; ; ; : v -1.901
0 0.032 0 0 0 0 0 0 - 2204.932
(crystal) 300 | 204984 10047 T 0.024 0 0 0 0 D 504041
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Figure 3.1 The structures and formation energies of non-solvated Li»Ss. The optimized
structure of (a) Li2S4 monomer and (b) (Li2S4)s cluster. Li and S atom are represented by purple
and yellow, respectively. The distance of S-S and S-Li bonds are labeled for Li»S4. (c) The
calculated Gibbs free energy of Li2S4 as a function of cluster size n. The data points represent
different configurations. (d) The predicted relative formation energy of non-solvated Li2S4 with
respect to the crystalline S and Li>S.

Figure 3.1d plotted the relative formation energies of non-solvated Li,S4 with respect to a
tie line between the crystalline S and Li»S. As discussed, the temperature effect (from 0 K to
300 K) on the Gibbs free energy of crystal S and Li>S was negligible and thus the position of
the tie line can be treated as a constant. The relative formation energy of the non-solvated Li»S4

cluster was therefore 0.30 eV at 0 K and 0.19 eV at 300 K. No matter a monomer or a cluster
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was used to represent non-solvated Li»S4, the relative formation energy stayed positive without
the solvent. Consequently, a one-plateaued discharging curve was expected without the

formation of non-solvated Li>S4.
3.4.3 Temperature and solvation effect for fully solvated Li2S4

Before the solvation energy calculation for the Li»S4 molecule in DOL solvent, a test
calculation was first conducted for Li-ion in ethylene carbonate (EC) solvent (¢ = 70), which
is more polarized than DOL solvent. With a first solvation shell of Li-5SEC, our calculated
solvation energy was 5.4 eV from the cluster model and 5.5 eV from the combined model. This
value agreed well with the previous calculation with the cluster model [193,194] and explicit
model [189]. However, the calculated solvation energy from the implicit model was only 4.4
eV, which was underestimated by 1.0 eV. It was also worth mentioning that the free energy
contributed from the vibration, rotation, and translation change only slightly with the solvation
models. As shown in table 3.1, while the sum of these contributions was -0.67 eV for non-
solvated Li2S4 monomer and -0.71 eV for the fully solvated Li2S4 in the implicit model.

Therefore, these contributions were taken from the isolated molecule in equation (3.5).

For the cluster model and combined model, the first solvation shell of Li2S4-4DOL (Figure
3.2a) was extracted based on classical MD simulations of with 1 Li2S4 in 100 DOL by analyzing
the RDF and the CN around the Li>S4. Figure 3.2b shows the cumulative CN as a function of
the cutoff distance for the Li-O distance. The two CN steps mean that each Li* in the Li>S4
coordinated with 2 DOL molecules via Li-O ionic bond at ~2 A, and the second nearest Li-O
neighbors were ~ 4 A away. To further differentiate the Li-S bonds, the two S atoms at the end
of S4% anion were defined as S (end) and the two S atoms in the middle were defined as S (mid).
Each Li* in the Li»S4 also formed ionic bonds with the two S (end) at ~2.4 A. Thus, the first
solvation shell was Li2S4-4DOL, in which each Li at the end of Li»S4 was coordinated to 2 O

atoms from two different DOL molecules at a distance around 2 A.

59



The smaller liquid solution model (shown in Fig 