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Abstract

Lithium-ion batteries (L1Bs) are widely employed in electric tools, electric cars, and mobile
gadgets because of their high energy density, great power capability, and reasonable lifespan.
However, conventional organic liquid electrolytes may be flammable and lead to danger of
explosion at high temperatures. The demand for all-solid-state Li-ion batteries (ASSLIBSs) is high
because it can address the abovementioned safety concerns, and also increase energy density by
using lithium metal as anode. However, ASSLIBs have several inherent issues that have to be
addressed before their practical deployment, such as limited room temperature (RT) ionic
conductivity (o), and low lithium ion transference number (t*). For polymer-based solid
electrolytes, modifying the polymer host or adding some inorganic fillers or plasticizers into the

polymer is shown to be effective in addressing the issues.

In the present study, polyethylene oxide (PEO), the well-known lithium ion conductive
polymer is chosen as a host polymer, polyvinylidene fluoride (PVDF) as a blended polymer or
binder, succinonitrile (SN) as a plasticizer to create a new plasticized blended solid polymer
electrolyte (PBSPE), and lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) as salt for lithium-
ion sources. Before experimentally testing the new material, its properties are desired to be
predicted theoretically. In this regard, the classical molecular dynamics (CMD) simulation method
was employed to design and study the dynamics of ions in the proposed PEO/PVDF/SN/LITFSI
PBSPE. The concentrations of LiTFSI salt and PEO [Li: EO] varied from 0.02 to 0.20. The mass
percentages of PVDF and SN changed from 0 to 40 wt.% and 0 to 25 wt.% under operating

temperatures varying from 298.15 K to 363.15 K. The g(r) obtained from the CMD simulation in



this work is per the investigation in neutron diffraction experiments. The Nernst-Einstein equation

was employed to measure the Li-ion and TFSI-ion diffusion coefficients.

In all cases, the first peak of radial distribution function g(r) was observed at r =0.210 A,
indicating the strong interaction between Li-ion and Opeo. The Li-Opeo coordination number (CN)
of 4.9-6 has been observed. The trend for diffusion coefficients of both Li* and TFSI ions are in
good agreement with the literature with the highest values of 2.1 x 10®cm? s*and 4.73 x 108 cm?
s1, respectively at room temperature (RT = 298.15 K). The highest ionic conductivity at RT was
1.45 x 10* S cm™ achieved at 25 mass% of SN, which increases to 1.37 x 10°S cm? as the
temperature reaches 363.15 K. High Li-ion transference number of 0.45 at RT has also been
obtained at 10 mass % of SN. This study shows that the new composite solid-state electrolytes

can be experimentally investigated for potential utilization in ASSLIBs with high performances.
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Chapter 1.  Introduction

1.1 Background of Batteries

The role of energy in human civilization is of utmost importance, serving as a fundamental
source of heat, light, and mechanical power. Over the past few decades, there has been a steady
rise in the global population and also an increase in energy consumption per capita. M2 Since the
first industrial revolution, there have been significant issues with environmental pollution derived
from energy generation. For instance, the release of CO; is unavoidable from the commonly used
thermal power plant where fossil fuels are burned for power. The accumulation of CO; in the
atmosphere has resulted in the greenhouse effects leading to global warming and climate change.
Paris Agreement sets the target of curbing the atmosphere temperature increase to be below 1.5 °C
by the end of this century in reference to the pre-industrial era. The recently convened COP28
noted that we have to stop fossil fuels to achieve the goal. Renewable and clean energy have to be
adopted for a sustainable solution.l®! Scientists have worked to develop more energy-efficient
renewable energy sources, which include solar, wind, hydro, geothermal, and to some extent
nuclear energy.[® However, because of the temporal mismatch between generation and demand,
such renewable energy sources require energy storage to make them more energy efficient.["] [
Among all energy storage techniques, a secondary battery is a potential option with the
development of electrochemical technologies. A battery can store electrical energy in the form of
chemical energy.® 1% The lithium-ion batteries can now have sufficient energy density and redox
cycling life with reasonable cost, thanks to Stanley Whittingham who found the lithium
intercalation phenomena in layered metal oxides/sulfide (titanium disulfide initially), making such

materials as cathode for LIBs.*!] The rechargeable LIBs have dominated the 3C market and found

1



increasing application in electric vehicles (EVs). Intensive research is undergoing worldwide for

grid-scale energy storage using this type of device.['? 1%

1.2 Significance of LIBs

LIBs possess a high capacity because of the small ionic radius and low reduction potential
of lithium, the smallest single-charged ion.** LIB with a carbon anode can have a voltage as high
as 3.6 V. By varying the electrode materials and designs, LIBs can provide chemical potentials in
different ranges along with other characteristics such as low self-discharge, high energy densities,
and high Coulombic efficiency.™! LIBs are used in several applications, from small electronic
gadgets to massive power supplies for EVs.[*3 1] Different factors must be considered when using
such batteries, including energy density, power, cycle life, cost, safety, and environmental
impact.'2 171 Cost, energy density, cycle life, and safety are the determining factors for EVs and
grid-energy storage. At the same time, energy density and safety are the most crucial parameters
for portable devices. A quick charge-discharge rate should also be desirable for the three

applications. [18-201

The performance of batteries is predominantly influenced by the characteristics and
properties of the materials employed in the fabrication of their various constituents, as previously
discussed because the inherent chemistry of the materials depends on the properties of the
materials used.!?!: 221 The state-of-the-art LIBs with an NCM/NCA/LFP cathode and graphite anode
typically possess a volumetric energy density of 250-650 Wh L and gravimetric energy density
of 100-250 Wh L™.123:241 A considerable interest is in raising the energy densities to >1,000 Wh L
! and 500 Wh L™ globally.?> %1 Since Sony Corporation 72 first announced the
commercialization of lithium-ion technology in 1991. After that gradual increases in energy
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density have been achieved as the result of continous advancements in materials, manufacturing
techniques, and battery management systems. It allows for improved performance and enhanced
capabilities in various electronic devices. The ideal design of materials and battery components
can favor the above-discussed parameters and reduce the risk of failure or malfunction, ensuring

optimal performance and longevity.[%

1.3 Components and Working Mechanism of LIBs

A LIB battery has three main components: a cathode, an anode, and a separator with an
electrolyte facilitating the ion transfer between the electrodes. The three main components actively
participate in the electrochemical process during cell operation. Figure 1.1 shows the schematic
representation of the movement of ions in a Li-ion battery having LixCe as an anode and Li1xMO>

(M = Mn, Co, and Ni) as a cathode material.

Li* .
D T et e TR ) =
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Figure 1.1: Schematic representation of LIBs. Reprinted with permission from Ref.’! copyright

© 2012, Springer.



Lithium migrates into the electrode during intercalation and deintercalation. Intercalation
and deintercalation refer to the process of ions being inserted into and removed from the crystal
structure of electrode materials respectively, typically in rechargeable batteries like LIB. This
process occurs at the electrode-electrolyte interface and is crucial for the functioning of the battery.
On the other hand, charging and discharging refer to the overall process of the battery gaining and
losing electrical energy, respectively, which involves the flow of electrons through the external
circuit. During the charging process, lithium ions are removed from the cathode and incorporated
into the anode. While during discharging, lithium ions are taken out of the anode, move through
the electrolyte, and become embedded in the cathode. The following are the electrode charging

reactions using LCO/graphite as an example. B

Cathode (half-cell reaction): LiCoO2 — Li1xCo02 + XLi* + xe- 1.1

Anode (half-cell reaction): XLi* + xe" + Ce + — LixCs 1.2

where X refers to moles of lithium.

Overall cell reaction: LiCoO; + Cs — Li1xC002 + LixCs 1.3

In an electrochemical cell, such as a battery, the cathode is where reduction (gain of electrons)
occurs. Electrons flow from the cathode to the external circuit. In contrast, the anode is where
oxidation (loss of electrons) occurs. Electrons flow from the external circuit to the anode. The
cathode is the positive electrode (where current flows out) and the anode is the negative electrode
(where current flows in). The terms “positive electrode” and “negative electrode” are often used
interchangeably with cathode and anode, respectively, but it’s essential to understand the

underlying redox processes.



Typically, the cathode materials in commercial LIBs are LiNixMnyCo1.xyO2 (NMC), LiCo0O>
(LCO), LiMn204 (LMO), and LiFePO4 (LFP).3% 32 331 Graphite is often used as an anode because
of its stability and ability to accommodate lithium ions during charging and discharging cycles,

contributing significantly to the battery system's overall performance.4

1.4 Electrolyte

While the electrode materials and their morphologies determine the energy density and
voltage of a lithium-ion battery, the electrolytes influence the energy and power density along with
the safety of the battery.[** Modern battery electrolytes have to meet many requirements, and some
of them have to be compromised as a trade-off. The electrolyte must have a high ionic conductivity
to reduce the internal resistance of a battery cell. In addition to seeking robust electrochemical
stability, there was also a need for the necessary chemical stability. This need stemmed from the
challenge of unregulated solid electrolyte interphase (SEI) formation when introducing new
materials.*¢-%1 This implies a reduced sensitivity to the large potential difference between the
electrodes during the oxidation and reduction processes. Additionally, the electrolyte must be
thermally stable throughout the whole temperature range that a battery operates in. Affordable
access to the materials needed to make an appropriate electrolyte will help decrease the cost of

producing L1Bs.[%]

In current commercial LIBs, the electrolyte is usually made from organic solvent mixed
with lithium salts, forming an electrolyte solution that facilitates ion transport between the
electrodes in lithium-ion batteries.*® High ionic conductivity (between 10 and 102 S c¢m?
without a separator and close to 10 S cm™ with a separator) and wettability on electrode surfaces
characterize the liquid organic electrolyte.[*) However, LEs have several drawbacks including
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high flammability, limited operating temperatures, dendrite formation, and volume change.[**-44
The high flammability of LEs including some organic solvents, such as ethylene carbonate (EC)
or diethyl carbonate (DEC) is because of their low flash point (below 30°C).[>4"1 When electrodes
generate heat during the charge/discharge process, LEs would serve as fuel. The possibility of an
explosion increases if the heat dissipation is inadequate from inside to outside of a cell. In addition,
organic liquid exhibits an unstable electrochemical property that renders it prone to volatility and
potential degradation during electrochemical processes. The ionic liquid-based electrolytes solved
the problem of flammability and volatility, but their relatively high viscosity resulted in a low ionic
conductivity. Solid-state batteries (SSBs) are becoming increasingly popular in the research field
because they promise to offer higher energy densities, longer lifespans, and improved safety due

to the absence of flammable liquid electrolytes.[48-50]

1.5 All-Solid-State Electrolytes

ASSEs have evolved as an integral material for secure and energy-rich battery systems.5%
They have high mechanical strengths to suppress Li dendrite growth and show higher thermal and
electrochemical stability, thus allowing the utilization of the high-capacity (3860 mAh g2) lithium
metal as the anode. Compared to the graphite anode-based LIBs, the energy density of the lithium
metal counterpart can rise by 50%.126.521 53541 Generally, there are two different types of ASSEs,
including solid polymer electrolytes (SPEs), also known as an organic polymer matrix swelled

with lithium salts, and inorganic ceramic electrolytes (ICEs).[%% 561

1.5.1 Inorganic Ceramic Electrolytes

ICEs are ion conductors with high lithium ionic conductivity and transference numbers at

RT.551 Compared to LEs and SPEs, they are more thermally stable and have low flammability,
6



large electrochemical windows, and basic physical blockage of the lithium dendrite penetration.
The silver ionic compound AgsSl, the first inorganic solid electrolyte (ISE), was discovered in the
1960s with a 102 S cm™ ionic conductivity at ambient temperature. Sulfide-group and oxide-group
electrolytes are the two commonly used types of inorganic SSEs. The materials in the oxide
category include garnet-type (LLZO), perovskite-type (ABXs), sodium superionic conductor-type
(NASICON), and Li superionic conductor (LISICON)-type materials. Whereas in sulfide glasses
(GeSz + Li2S + Lil + GazSs and LazSs), B203-Li2O-LiX(X= F, ClI, Br, I) act as promising
candidates for solid-state electrolytes due to their high lithium-ion conductivity and favorable

electrochemical properties.7]

1.5.1.1 Oxides

Thangadurai et al.®® initially described an oxides family of fast conductive Li-ion called
LisLasM2012 (M = Ta, Nb) with garnet structures in 2003. They show high lithium ionic
conductivity and voltage (6V vs. Li*/Li). AsB2 (XOa)s is the general form of garnet-type oxides,
where A is any of the following: Ca, Mg, La; B is any of the following: Al, Fe, Ni, Ge, Mn, V,
Ga, and X is any of the following: Si, Ge, ALP® Lithium lanthanum zirconate (LizLasZr2012,
LLZO) is a frequently used oxide group electrolyte. It shows a large electrochemical operational
window (6 V vs. Li*/Li) and low electrical conductivity (10® S cm™) at RT, which makes it the
most favorable garnet-type SSE. By using X-ray structure analysis on a single-crystal, Awaka et
al.[%% jdentified the precise cubic (c-LLZO) and a tetragonal (t-LLZO) crystal structure of garnet
material (LLZO) (Figure 1.2). A loop made by the Lil and Li2 sites serves as the Li-ion migration
pathway's fundamental building block. lonic conductivity values for c-LLTO and t-LLTO at RT

are 104 and 10 S cm™, respectively.
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Figure 1.2: (a) Crystal structure of cubic LLZO, (b) Li conducting network in cubic LLZO.

Reprinted with permission from Ref. (9 copyright © 2011, Chemistry Letters.

Such electrolytes exhibit high ionic conductivity and broad electrochemical windows, but
they become unstable at room temperature while going through the Li*/H* exchange in the
presence of moisture to form an insulating LioCOz coating layer. Hence, their ionic conductivity
decreases.[®1 Another high Li ion-conducting crystalline inorganic solid electrolyte is perovskites.
The general formula for perovskites is (ABOz3)-type where A = Li, La in 12-fold coordination and
B = Ti are in 6-fold coordination. The crystal structure of tetragonal LLTO is shown in Figure 1.3.
It has also become a good choice for SSEs because of its extraordinary thermal stability and low
electric conductivity. However, certain restrictions also exist. First, ionic conductivity significantly
decreases and becomes less than 10° S cm™ at RT at grain boundaries. Primarily, the presence of
grain boundaries causes a significant decrease in ionic conductivity, with values dropping below
10° Scm* at 298 K. Additionally, direct exposure to metallic lithium or graphite anodes triggers

the reduction of Ti** to Ti®* in crystalline LLTO, elevating its electronic conductivity.[5]

8



Figure 1.3: Crystal structure of cubic LLTO. Reprinted with permission from Ref. [ copyright

© 2014, Frontiers in Energy Research.

Another Li-rich superionic conductor is anti-perovskites having the general formula ABXs,
where (A = CI, Br, I; B = O2; X = Li*).[® Crystalline phosphates Li1+xAlxTizx(PO4)s (LATP) and
Li1+xAlxGeax(PO4)3 (LAGP) with NASICON-type structures are widely used oxides, because of
their superior conductivity of Li-ion with a value approaching 0.7 mS cm™ at RTs, and a large
electrochemical window of 6 V. Commercialised LATP can deliver an ionic conductivity of up to

1.3 mS cm™ at RT.[%%1 However, they are also unstable with Li-metal anodes.

1.5.1.2 Sulfides

The sulfide and phosphate groups are effective ionic conductors with the highest ionic
conductivity of 10* S cm™ at RT. The first and most popular sulfide glass electrolytes are Li,S-
P2Ss, Li2S-GeSy, LiS-B2Ss, and LixS-SiS,.[¢1 The crystalline structure of thio-LISICON

resembles that of LisPOs and has an orthorhombic unit cell with tetrahedrally coordinated



cations.[”1 Such materials can have an increased ionic conductivity of up to 2-3 orders of
magnitude at RT. The reported value of high ionic conductivity of Liz«x(P1xSix)S4is 0.6 mS cm™
at RT.[®® Compared to LISICON materials, thio-LISICON electrolytes often exhibit better
conductivity and lower activation energy, because sulfides have larger ionic transport channels
present. Kamaya et al.[® has recently reported 1.2 x 102 S cm™ionic conductivity at RT for LGPS-
type material. Such material has a novel three-dimensional (3D) framework structure, which is

responsible for higher ionic conductivity than those reported for organic liquid electrolytes.

Figure 1.4 shows the one-dimensional (1D) chains of (GeosPos) S4 tetrahedra and LiSe
octahedra joined by a shared edge making the framework structure of the LGPS. These chains
share a corner with the PS, tetrahedra.%® Such materials also have several benefits for battery
manufacturing, electrochemical characteristics, and safety. Although computational investigations
revealed a vast potential window (4.0 V vs. Li*/Li) for LGPS, such material becomes unstable at
low voltage when it comes in contact with Li-metal in the reduction process. Also, LGPS
breakdown with Li extraction was possible at high voltage.l’® Sulfide-type SSEs are extremely
sensitive when exposed to moisture, which causes hydrogen sulfide to form and severely restricts

their commercial uses.
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Figure 1.4: Crystal structure of cubic LGPS. Reprinted with permission from Ref.[®¥! copyright ©

2011, Nature Materials.

1.5.1.3 Mechanism of Lithium-lon Transport

ICEs are also called superionic conductors since they exhibit a high intrinsic bulk ionic
conductivity. Defect sites facilitate the transport of Li-ion in crystalline inorganic materials. The
main parameters affecting ionic diffusion are the concentration ratio and placements of such defect
sites. Such defects result in a low activation energy and hop of numerous ions simultaneously
rather than just one (Figure 1.5). 'Y Also, ions can hop more easily across lattices because of the
extreme disorder of the sublattice. Lithium-ion transportation mechanisms can be categorized into
different types, including vacancy diffusion mechanism, direct interstitial mechanism, interstitial

mechanism, and direct exchange and ring mechanism (Figure 1.6). 'Yl In the direct interstitial
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mechanism, the diffusion of lithium ions is governed by the free spaces in between molecules. The

free spaces between molecules should be larger than the radius of the lithium-ion.
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Figure 1.5. Illlustration of the strong ion interactions resulting in a decreased energy barrier.

Reprinted with permission from Ref.["Yl copyright © 2017, Nature Communications.

The term “vacancy mechanism’ describes how ions are transported by hopping to the next
available vacancy. lon transit can continue along this cycle since the moved ions will cause new
openings in the initial place. Since vacancies are necessary for lithium ion transport, various
strategies such as doping with various valence ions have been applied to boost the vacancy ratio

and increase the ionic conductivity.
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Figure 1.6: Lithium-ion transportation mechanisms in the inorganic region (a) types of point

defects in ICSSE, (b) Vacancy diffusion mechanism, (c) direct interstitial mechanism, (d)
interstitial mechanism, and (e) direct exchange and ring mechanism. Reprinted with permission

from Ref." copyright © 2020, Chemical Society Reviews.

However, in actual situations, the lithium ions transport mechanism may be more complex,
including numerous ions ready to diffuse or to combine several methods of diffusion, e.g., the

interstitial substitutional exchange mechanism.

1.5.2 Solid Polymer Electrolytes

SPEs are flexible, simple to make, and have strong electrolyte-to-electrode interfacial
contact. Li-ion conduction is achieved by solvating different lithium salts (LiClO4, LiPFs,
Li[N(SO2CFz)2], etc.) in the polymer matrix to form a heterogeneous system because of the
imbalance ratio of polymer and ionic salt mixture. SPEs can be considered polymer-rich or

polymer-poor depending upon the concentration of salts added to the polymer matrix. Differnet
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types of polymer matrix includes PEO,I"3761 PAN poly(acrylonitrile),[’” 71 PMMA poly(methyl
methacrylate),[® PVDF poly(vinylidene fluoride),% 8 etc. (Figure 1.7). Gel polymer electrolytes
(GPEs) and SPEs are two categories into which polymer-based SSEs can be divided, based on the
facts that LEs are involved or not.[% 8 |n GPEs, a small quantity of liquid is employed in the
polymer to improve the adaptability, interfacial contact, and ionic conductivity. GPEs are widely
used because their ionic conductivity may reach that of LEs. However, liquid in GPEs may raise
safety issues when used with metallic Li anodes. SPEs are desirable alternatives to LEs because
they are nonvolatile and noncombustible, have low density, are flexible, and have strong
processing performance. Compared to ISEs, SPEs provide greater advantages in processability,
flexibility, interfacial contact, lightweight, and affordability. Whereas, poor mechanical strength
and less ionic conductivity are some drawbacks of SPEs. [
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Figure 1.7: Chemical structures of polymer matrices used in solid-state electrolytes. Reprinted with

permission from Ref.[®4 copyright © 2017, Journal of The Electrochemical Society.
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PEO with continuous oxygen vinyl group (CH2CH20) are emerging as the best candidates
to be employed in SPEs because of their ion transport capabilities and direct connections to the
alkaline salt. Because of its resistance to clumping and diffuse charge distribution, LiTFSI remains
the best choice to be added to PEO electrolytes compared to other salts (LiClOa, LiPFg, LiBF4, and
LiSOsCFs (LiTF).[™ The usual coordination number of an individual Li-ion in PEO is 4-5 oxygen
atoms. A distance of 0.255 nm typically separates the Li-ion and these oxygen atoms. Generally,
lithium ions and their counterions are both moveable, making the system a dual-ion conductor.
There is a strong coordination of Li-ion with the ether oxygen of PEO, which makes the Li-ion
less mobile than the counterions. In the polymer matrix, Li-ions connect with oxygen at Lewis
basic sites and hop between oxygen groups of the same chain (intrachain diffusion), different
chains (interchain diffusion), or shifts. Such frequent interchain diffusion increases Li-ion
conductivity.[®® One can infer from the mechanism that the conductivity will depend on how easily
Li-ions can separate from the polymer chain. A further significant element that affects ion
conductivity is the mobility of the polymer chain. Polymers having low molecular weight and
higher amorphous regions exhibit a greater conductivity; however, in most cases, the ionic

conductivity is less than 0.1 mS cm™ at RT.[

1.5.2.1 Mechanism of Lithium-lon Transport

PEO and the complex lithium salts make up the majority of the SPEs. The coordination
between Li-ion and ether oxygen drives the Li-ion. During PEO chain segmental movement, Li-
ion may continue to oscillate by coordinating with the oxygen on the same chain at one moment
or a different chain at the next moment (Figure 1.8a). Repeating this procedure allows the lithium

ions to move through the polymer electrolytes above the glass transition temperature (Tg) in an
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amorphous phase.!®! Figure 1.8b shows the movement of Li-ion in crystalline PEOs-LiAsFs. Li-
ions move through the cylindrical tunnels created by pairs of PEO chains, which are folded
together due to their interaction with Li-ions. Li-ion migration only occurs along the cylindrical
tunnels. Thus, no segmental motion of the polymer chains happens in the crystalline phase of

polymer electrolytes. 6l

Figure 1.8: Schematic representation of (a) Li-ion transport in the amorphous phase, and (b) in the
crystalline phase. Reprinted with permission from Ref.[® copyright © 2005, Journal of the

American Chemical Society.

PEO is known for its ability to form stable solid complexes as a host polymer compared to
other solvating polymers. Despite this advantage, solid-state LIBs based on SPEs still provide low

RT ionic conductivity and a suboptimal Li anode/SPE interphase, which results in the batteries
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falling short of the required theoretical specifications. Figure 1.9 shows the ionic conductivities of

different SSEs as a function of temperature.
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Figure 1.9: lonic conductivities of various SSEs. Reprinted with permission from Ref.[¢7]

copyright © 1994, Journal of Power Sources.

The crystallinity of SPEs significantly impacts the ionic conductivity of PEO. At

temperatures lower than the Tg, crystalline phases are more prevalent in PEO, which slows down

Li-ion movement and results in small ionic conductivity of 107 S cm™, which is insufficient for

most practical applications. ]

1.5.3 Composite Solid-State Electrolytes

CSSEs are a combination of SPEs and ICEs. Such electrolytes can be categorized into

ceramic in polymer or polymer in ceramics, depending on the amount of ceramic filler supplied to
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the polymer. In most CSSE systems, the oxygen atom of polymer (e.g., PEO) tends to share its
lone pair of electrons classified as a Lewis base, whereas the filler accepts that pair of electrons
and is named as Lewis acid. The advantages of both SPEs and ICEs are combined in one frame.
Therefore, CSSEs are more adaptable, stable, and interfacially compatible with the Li metal anode.
Additionally, CSSEs have higher ionic conductivity and improved processability compared to

SPEs.[5"- 81 Inorganic fillers can be passive or active, as described in the subsections below.

1.5.3.1 Passive Fillers

In a CSSE system with passive filler, there is no conduction of Li-ion through such fillers,
e.g., TiOz, SiO2, AlbOs, and ZrO», because the ceramic particles are not ion conductive. In
composite electrolytes containing PEO and passive filler, Li-ion conduction happens in one of two
ways shown in Figure 1.10. Path 1 involves segmental mobility of PEO molecular chains via the
PEO, while Path 2 involves PEO/passive filler interactions. Since fillers can significantly increase
the ionic conductivity of SPEs, path 2 is the primary cause of enhancing Li-ion diffusion. Capuano
et al.[® discovered in 1991 that inorganic fillers increase the ionic conductivity, stability, and
mechanical strength of SSEs. Kumar and Scanlon®1 proposed that connecting surfaces of polymer
and ceramic serve as the fastest routes for Li-ion transport and increase conductivity. Depending
on their particle size, surface type, and concentration of such fillers in the CSSEs, such fillers affect
the overall ionic conductivity of electrolytes differently. Ceramic particles also can increase
amorphous regions by reducing PEQO’s crystallinity, which is another factor responsible for

increasing ionic conductivity.®7]
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Figure 1.10: Possible transport channels of Li-ion in (a) PEO-passive fillers composite, (b) PEO-
active fillers composite, (c) Effect of passive fillers distorting the regularity of PEO chains, (d)
Lewis acid-base interactions between PEO and passive ceramics. Reprinted with permission

from Ref.[® copyright © 2021, Nano Convergence.

The filler functions also as the cross-linker of the polymer. As a result, PEO would have
more amorphous structures, and the recrystallization process would be suppressed.[® Tan et al.[*?]
studied PMMAV/ LiTFSI SPEs containing SiO2 and Al>Os as passive fillers. Al,Oz increased the
ionic conductivity from a low 1.36 x10° S cm™ to a high value of 2.05 x 10 S cm™. This may be
attributable to the OH surface nature of alumina, which gave the oxygen atom in PMMA more
coordination sites for the conduction of ions. Croce et al.[®®l further support the findings that the
acidic surface nature of alumina increased the conductivity of SPE. Contrarily, no interaction was
found between the basic Al>O3 surface and salt anion or polymer, which ultimately affects the

conductivity, resulting in a low 7.3 x 10% S cm™ ionic conductivity at 30 °C. In addition to size,
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the morphology of the ceramic filler also affects the performance of CSSEs. With increased
performance in lithium batteries, the 3D-structured SiO2 nanofibers CSSEs showed greater

mechanical strength and flexibility.

1.5.3.2 Active Fillers

Active fillers are the ones that contain lithium ions. LizLasZr,O12 (LLZO), LisN,
Liz+xAlxTi2x(PO4)s (LATP), LiaxLaz3xTiOs (LLTO), Li1+xAlxGe2x(POs)3 (LAGP) and LiAlO; are
some examples of materials that are frequently utilized as active fillers in CSSEs.[® Li;LasZr,012
(LLZO) has a structure like garnet. It is the most stable towards lithium metal among the inorganic
active fillers and is preferred because of its large electrochemical window (>5 V vs. Li*/Li).[*4
Keller et al. developed a CSSE by adding LLZO in PEO/LITFSI SPE, showing an improved
interfacial contact of an electrolyte with the electrode and higher electrochemical performance.®
Cha et al. 1 added LLZO inorganic filler and PEG/DME plasticizer in PEO-LiTFSI SPEs and
improved the electrochemical performance of CSSE alongside increased lithium ionic
conductivity and transference number. However, LLZO is unstable at ambient temperature,

making it reactive to moisture.!

Introducing LLZTO in SPEs is another strategy to improve ionic conductivity and Li-ion
transference number. The corresponding values of high Li-ion conductivity and transference
number after adding LLZTO in PPC/LiTFSI are 0.520 mS cm™at 20 °C and 0.75, respectively.[®”]
Similarly, another inorganic material that can be utilized as a nano-filler in SPEs is LAGP. It is
also inert towards lithium metal electrodes like LLZO.[® W. Liu et al.[** demonstrated that adding
random conductive nanowires (NWs) increases the composite electrolyte's ionic conductivity more

than adding nanoparticles. The improved ionic conductivity value is 6.05 x 10° S cm™ at 30 °C.
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The schematic representation of regions that act as a pathway for conducting Li-ions on the
surfaces of inorganic nanoparticles (NPs) and NWs (Figure 1.11). The authors also demonstrated
that ionic conductivity can be enhanced more if NWs are added in a well-aligned arrangement

typical to the direction of electrodes in polymer electrolytes rather than added randomly.
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Figure 1.11: Li-ion transport channels in CSSEs (a) NPs, (b) random NWs, (c) aligned NWs, and
(d) the surfaces of NPs and NWSs. Reprinted with permission from Ref.[!®lcopyright © 2017,

Nature energy.

Because aligned NWs in composite electrolytes may offer more continuous rapid transport
channels for ions and electrons, leading to enhanced conductivity and improved overall
performance of the electrolyte (Figure 1.11c). In general, ICEs exhibit greater ionic conductivity
than other types of SSEs, with some even being similar to LEs. However, the use of inorganic-

based electrolytes is severely hindered by the fragile nature of solid particles and high interface

21



resistance at the electrolyte/electrode surfaces. Recent studies have shown that lithium dendrites
can develop along grain boundaries and finally penetrate the ICEs, causing electrode contact.[*%%
Such challenges must be overcome to use inorganic electrolytes in large-scale commercial

production.

1.6 Challenges to SPEs for LIBs and Motivation

The development of ideal SSE materials satisfying all the requirements still needs a long
way to develop. SSE development is paying close attention to SPEs because a flexible polymer
matrix shows good processability and interfacial wettability. Particularly, PEO-based electrolytes
transport lithium ions using the segmental motion of polymers.[”41 However, in crystalline PEO,
Li-ions are found inside cylindrical tunnels formed by folded PEO chains that are ether oxygen-
coordinated. Thus, no segmental motion of the polymer chains is present within the cylindrical
tunnels. Li-ion migration only occurs along the cylindrical tunnels resulting in low conductivity at
ambient temperature. Due to the crystal structure of the PEO matrix, the poor RT ionic
conductivity of 108-107 S cm™ of PEO/LITFSI is a significant drawback of such SPEs.['%%]
Optimizing the ionic conductivity in solid polymer electrolytes directly impacts the efficiency,
safety, and commercial viability of lithium-ion batteries, making them more suitable for

widespread real-world applications across various industries.[*%l

The major issue of poor RT ionic conductivity and Li-ion transference number of SPES can
be handled by modifying the polymer host or adding some inorganic fillers or plasticizers to a
polymer.['%! Polymer hosts can be modified by copolymerization, grafting, crosslinking, and
blending with a second polymer to boost salt dissociation and inhibit recrystallization. Whereas,
the inorganic fillers, including passive oxides (SiO2, TiO2, Al20s3, and ZrOy), active oxides
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(perovskite, NASICON, and garnets), sulfides (LGPS and LSPS), and metal-organic framework
(MOFs) can be added to SPEs to increase Li-ion transport pathways. Also, different types of
plasticizers, including liquid such as ethylene carbonates (EC), polyethylene glycol (PEG), diethyl
carbonate (DEC), dimethyl carbonate (DMC), glycerol and solid plasticizers including
succionitrile (SN) can be added to solid polymers to increase lithium salts dissociation and
decrease glass transition temperature to increase Li-ionic conductivity and transference number. [
1951 Hence, polymer blending or adding a plasticizer in SPE is a simple, reasonable, and an efficient

way to increase ionic conductivity.[104 106.107]

1.7 Research Objectives

Li-ion batteries built on SSEs are a new type of energy storage system. SPEs low room
temperature ionic conductivity has to be improved. There are different techniques available, such
as modifying the polymer host and adding a plasticizer in modified solid polymer electrolytes.
Creating new materials or changing the properties of existing materials is frequently labor and
time-intensive, and it depends heavily on human intuition. Research and development (R&D) of
new solid electrolyte materials can be considerably accelerated by using computational methods
to forecast the properties of novel materials. Thus, desired qualities of materials can be developed
by rational design methodologies based on numerical simulation. Additionally, it might be
challenging to properly characterize the intricate atomistic mechanisms of ion transport and
dynamics in experiments. Computational modeling can supplement experimental investigations
by offering a special perspective on the underlying mechanisms taking place in electrolytes of

solid-state LIBs. [108]
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This study aims to comprehensively explore the dynamic behaviors of Li-ions in PBSPEs
under different operating conditions. For achieving high ionic conductivities (~10~ and higher) of

PBSPE, the research objectives of this study include:

e to develop a generalized model of PBSPEs with the ability to predict lithium ionic
conductivity and transference number.

e to reveal the effects of varying salt concentration, polymer blending ratio, plasticizer
concentration, and operating temperatures on the dynamic properties of ions through CMD

simulations using PEO/PVDF/SN/LiITFSI PBSPE as a case study.

24



Chapter 2.  Literature Review

2.1 Computational Technique to Study Electrolyte Systems

Computational techniques play a pivotal role in understanding and analyzing electrolyte
systems, providing valuable insights into their behavior and properties at the molecular level. Due
to the rapid evolution of computer technologies, various tools, theoretical algorithms, and
simulating codes including CMD, ab initio molecular dynamics (AIMD), density functional theory
(DFT), and Monte Carlo simulation (MCS), have been devised.l!l By employing these
computational techniques, researchers can explore various aspects of electrolyte systems,
including ion transport mechanisms, solvation behavior, interface stability, and the impact of
electrolyte composition on battery performance. These simulations aid in the design and
optimization of electrolyte materials, contributing significantly to the advancement of energy

storage technologies like lithium-ion batteries.[*%°]

2.1.1 Classical Molecular Dynamics

CMD simulations are frequently employed in computational materials science to determine
a molecular-level understanding of the properties of ions in electrolytes. Simple electrolyte
systems can be simulated using the time-dependent Schrédinger equation. The state functions of
guantum-mechanical systems are described by the time-dependent Schrédinger equation, which
explains how systems change over time. The system's dynamic evolution may be seen with this
technique, which allows atoms and molecules to interact for a specified duration. The trajectories
of atoms and molecules can be calculated by quantitatively solving Newtonian equations of motion
at predetermined time steps. The forces between the particles and their potential energy are
calculated using interatomic potentials or molecular mechanics force fields.*%
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CMD has been used to show different mechanisms in which the Li-ion diffusion coefficient
contributed to the movement of the polymer matrix. In PEO electrolytes, Muller-Plathe*'%]
investigated the transit of Li-ion and I-ion and their clustering characteristics. Neyertz and Brown
investigated the local structure and kinetics of Na-ion and I-ion in PEO electrolytes.*'? These
preliminary MD simulations illuminate PEO's structure and ion transport processes. Borodin and
Smith's many-body polarizable force fields for polyelectrolyte systems with different anions later
provided fundamental insight into the many mechanisms impacting Li-ion transport MD
simulations and investigated the ion transport in polymer nanocomposites comprising TiO>
nanoparticles within a PEO polymer electrolyte. Their findings indicated that the inclusion of

nanoparticles reduced cationic mobilities compared to the pristine PEO matrix.[**!

2.1.2 Basic Working Principles of CMD Simulations
Structural information and dynamic properties of electrolyte systems can be extracted by
resolving the total energy (Etwotar) for all the particles in the system using molecular models in MD

simulation. The governing equation can be described as follows:

Etotar = Ekin + Epot (2.1)
The potential energy E,,; accounts for the interactions between particles in the system and
is usually calculated using a force field or potential energy function that describes the interactions
between atoms or molecules. This potential energy function typically includes terms for bonded

interactions and non-bonded interactions.

Epot = Epondea T Enonbondea (2.2)

The bonded energy Epongeq 1S Often decomposed into three main components: the bond
energy (Epong ), the angle energy (Egngie), and the dihedral energy (Egipearais)- These
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components represent the energetic contributions associated with different types of bonded

interactions between atoms or molecules within the system.
Bond Energy (Epond):

This term accounts for the energy associated with covalent bonds between atoms. It
typically includes contributions from bond stretching, where the bond length deviates from its

equilibrium value according to a potential energy function describing bond stretching interactions.

Angle Energy (Egngie):

The angle energy represents the energy associated with bond angles formed by sets of three
atoms. This energy arises from deviations of bond angles from their equilibrium values, and it is

described by a potential energy function that accounts for angle-bending interactions.
Dihedral Energy (E gihedrals )-

The dihedral energy captures the energetic contributions arising from torsional rotations
around chemical bonds. It accounts for the energy changes associated with the relative orientations
of bonded atoms or groups of atoms, often described by a potential energy function that considers

dihedral angle rotations.

Hence, the total bonded energy EponqeqiS the sum of these three contributions:

Ebonded = Ebond + Eangle + Edihedrals (2-3)

In molecular dynamics simulations, particularly when dealing with complex molecular
systems, it's common to include another term known as improper energy (Eimproper)- The
improper energy accounts for the energy associated with improper torsions or out-of-plane

deformations, which are important for maintaining the proper geometrical arrangement of
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molecular structures. The improper energy term, Ejnproper, typically arises when dealing with
molecules containing certain functional groups or ring structures, where it's necessary to ensure
that specific atoms maintain a particular spatial orientation relative to each other. For example, in
a ring structure, it's important to maintain the planarity of the ring, and improper torsions help to
enforce this planarity. So, the total bonded energy, E;,:q: , including the improper energy term, is

given by:

Ebonded = Ebond + Eangle + Edihedrals +Eimproper (2-4)

This equation encompasses all the major contributions from bonded interactions in the
system and is crucial for accurately modeling the behavior of molecular systems in molecular

dynamics simulations.

In molecular dynamics simulations, the non-bonded energy (E,on-pondeqa) typically
includes two main components: the van der Waals energy (E,4u) and the electrostatic energy (E.;).
These components represent the energetic contributions associated with non-bonded interactions

between atoms or molecules within the system.
Van der Waals Energy (E,qw):

This term accounts for the attractive and repulsive forces between atoms or molecules due
to van der Waals interactions. VVan der Waals forces arise from fluctuations in electron distributions,
resulting in temporary dipoles and induced dipole-induced dipole interactions. The van der Waals
energy is typically described by a potential energy function that includes terms for attractive

(dispersion) and repulsive (steric) interactions.

Electrostatic Energy (E):
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The electrostatic energy represents the energy associated with electrostatic interactions
between charged particles, such as ions or polar molecules. These interactions arise from the
Coulombic attraction or repulsion between charged particles. The electrostatic energy is described
by Coulomb’s law and includes terms for both short-range (ionic) and long-range (dipole-dipole)

interactions. The total non-bonded energy (E,onbondeq) 1S the sum of these two contributions:

Enonvondea = Evaw + Ees (2-5)

The kinetic energy E};;,, accounts for the motion of particles in the system and is determined
by their velocities. In CMD simulations, the kinetic energy is often calculated using the velocities

of particles according to their masses and speeds:
1
Exin = Emiviz (2.6)
Where m; is the mass of particle i and v; is its velocity.

By analyzing the total energy E;,;q; and its components during MD simulations, the
valuable information about the structure, dynamics, and thermodynamic properties of electrolyte

systems, such as solvation structures, diffusion coefficients, and phase behavior can be extracted.

The chemical classes employed to establish the parameters are subject to a certain force
field. All-atom force fields can explain the properties of a system's atoms, whereas united-atom
force fields treat groups of atoms as particles. For organic compounds, force fields parameterized
using experimental data or from calculations based on ab-initio quantum mechanics contain all the
details of each atom’s bond order and hybridization, listed by particular atom types. A schematic

representation of the MD simulation procedure is shown in Figure 2.1.
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Figure 2.1: Schematic representation of MD simulation procedure.

OPLS-AA,M4 OPLS-UA M COMPASS, M8 DREIDING,™ and CHARMM 8 are a
few examples of frequently utilized force fields. Additional force fields have recently been
considered for modeling more intricate and sophisticated amorphous linear and branched PEO.
Many simulation programmes, including CHARMM, !l GROMOS,*?1 AMBER,*?!] and

GROMACS,*?21 can be used to perform CMD simulations for SSE systems.

2.2 PEO-based SPEs

SPEs have been extensively investigated as SSEs ever since Wright et al. discovered in
1973 that the combination of PEO and alkali metal salt resulted in an ion conductive complex.
Since then, SPEs have been observed to accumulate traditional lithium salts, e.g., LiClO4, LiPFe,
Li[N(SO2CF3)2]. A typical lithium salt used in PEO-based SPEs is LiTFSI, which has high

chemical stability. Lithium salts can be separated by the ether coordination sites present in the
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PEO chain. Most LiTFSI in PEO matrices is dissociated.[*?®] However, the degree of anion
aggregation increases with temperature and salt content. The macromolecular chain flexibility of
PEO aids in Li-ion transfer. Li-ions traveling alongside PEO chains often exhibit higher diffusion
than the Li-ions that hop in between two or more PEO chains, as explained by Borodin et al.[**®]
In PEO-based SPEs, the length of polymer chains affects their segmental motion, and as a result,
decides the diffusion of ions. Longer chains have more robust mechanical stability and lower
segmental motion. In comparison, shorter chains are often more adaptable and allow ions to diffuse
more along PEO chains resulting in higher diffusion coefficients. However, the application of
PEO/LITFSI electrolytes is still hindered by their poor ionic conductivity at ambient
temperature.[!?®] Researchers presented different techniques to prepare modified ASSPEs for real-

life applications in LIBs. Some of them will be explained in the subsequent sections.

2.3 Methods to Improve lonic-Conductivity of SPEs

2.3.1 Adding Two or More Salts in SPEs

An effective way to enhance the ionic conductivity of SPEs is to incorporate two or more
salts into a single polymer matrix. When two or more salts are combined in proper ratios keeping
the total weight the same as that of a single salt, desirable results can be attained. In a mixed salt
electrolyte system, more free ions are available for conduction as compared to an electrolyte
containing a single salt, and the chance of ion aggregation will be lower in the former situation.
Additionally, a decrease in Tq and crystallinity of the polymer is seen in an electrolyte with more
than one salt.l*?l Tao and Fujinami explained the increase of ionic conductivity of up to 5 x 10
S cm™at 30 °C when lithium aluminate and lithium borate salts were mixed in PEO-based SPEs.[!?°]

Zhao et al. have investigated the effects of primary, secondary, and tertiary salts in PEO/halloysite
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nano clay (HNC) composites. They reported a slight increase in room temperature ionic
conductivity (~5.62 x 10°S cm™) when a second salt lithium bis(oxalate)borate (LiBOB) was
added to PEO-LIiTFSI-HNC SPEs. Figure 2.2 shows the lithium ionic conductivity regulation by

utilizing more than one salt in the prepared SPE. 18]
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Figure 2.2: Lithium-ion conductivity regulation of PEO SPE. (a) single salt (LiTFSI) SPE with
different ratios of LiTFSI, (b) dual salt (LiTFSI and LiBOB) SPE electrolyte with different ratios

of LiBOB, (c) trinal salt (LiTFSI, LiBOB, and LiNO3) SPE with different ratio of LiNOs3, (d) 78
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Poulsen et al.'?71 also reported that a PEO-based polymer electrolyte having a single salt
has lower conductivity than one based on a combination of both PEO-CaBr,-Cal; in a ratio of
30:1:1. Similarly, the conductivity of PEO electrolytes with zinc bromide (ZnBr2) and lithium
bromide (LiBr) salt combination has also been enhanced.[*?®] However, the ionic conductivity
decreases to ~1.99 x 10"° S cm™ on adding a third salt, LiNOs, with improved mechanical strength
and glass transition temperature from -47.02 to -40.48 °C. Each salt (LiTFSI, LiBOB, and LiNO3)
plays a unique role, with LiTFSI serving the primary role in ionic diffusion. Each salt has

complemented the other and improved the electrochemical stability and performance of LIBs.[*¢]

2.3.2 Modifying Polymer Host

The low conductivity of SPEs is often attributed to the crystalline nature of the polymer
matriX. Nevertheless, the abovementioned problem can be minimized by minor modifications to
the structure of the host polymer. One potential approach involves introducing various functional
groups to the chemical structure of PEO to induce changes and modifications. Another way is to
transform the linear chain of a PEO-based electrolyte into a hyper-branched structure. Jing et al.[*?°]
has created hyper-branched PEO/LITFSI SPE grafting with another PEO having linear chains to
increase the ionic conductivity without reducing mechanical strength. The schematic
representation of the design and synthesizing process of two types of hierarchical HB, PEO-based
polymers are illustrated in Figure 2.3. Such arrangement decreases the crystallinity of linear PEO,
increasing ionic conductivity. The reported value of improved ionic conductivity for HB
electrolytes is ~3.5 x 10° S cm®, which is ~50% higher than that of HB-80nm-1k and 10 times

higher than the corresponding PEO macromonomer electrolyte, L2k (Figure 2.4)
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For the HB-80nm-1k electrolyte, the equivalent linear chain electrolyte, L1k, does not
crystallize and therefore has a higher room-temperature conductivity than the HB polymer.
Lehmann et al.1*3% synthesized an SPE (PEO/PEI/LiTFSI) by crosslinking PEO with poly(ethylene
oxide) (PEI) in 2016 and reported an improved higher ionic conductivity of 3.90 x 10° S cm™ at
40 °C from 1.50 x 108 S cm™ which is in case of only PEI having a same molecular mass (M =
600 g mol?) and salt (LiTFSI). T also increased from -65 °C to -33 °C. The reported improved
tensile strength value was 0.47 MPa, and the transference number was 0.76 at 40 °C. Calvo et
al.®! conducted a systematic study on an electrolyte prepared by crosslinking poly(ethylene

glycol) diacrylate with PEO as shown in Figure 2.5.
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Figure 2.5: (a) Self-standing SPEs with different DVB concentrations, and b) Schematic of UV-
induced preparation of semi-interpenetrated network based on PEO matrix. Reprinted with
permission from Ref. [129] copyright © 2021, Frontiers in Chemistry.
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The authors studied the concentration effect of divinyl benzene (DVB) in a PEO/PEGDA/
LiTFSI SPE. The reported values of Li-ion conductivity, transference number, and a higher
electrochemical window were 0.14mS cm™, 0.21, and 4.30 V, respectively, when the

concentration of DVB was 10% mol (Figure 2.6).
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Figure 2.6: Temperature-dependent ionic conductivity of SPEs containing different DVB %.

Reprinted with permission from Ref. [12°1 copyright © 2021, Frontiers in Chemistry.

Recent research by Tsai et al.['*? shows how solute diffusion affects the crosslinking
material density. The author has shown that polymer crosslinking significantly affects the
regulation of solute diffusivity and the mechanical characteristics of polymers. The compatibility
of the electrolyte and the electrode connecting surfaces must be considered while improving the
performance of the PEO-based SPEs through blending, copolymerization, grafting, etc. The
instability of LiCoO> when coming in contact with PEO-based SPEs limits their use in high-
energy-density batteries. Fu et al. created an ultrathin PEO-based SPE containing double-salt and

a cross-linked network,[*31 which significantly boosts the amorphous area and ionic conductivity
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of the SPE at RT. Also, it can effectively prevent the breakdown of PEO chain segments at the
connecting surface of the electrolyte and the cathode. The resulting SPE is also chemically stable
at the electrode and provides a satisfactory capacity retention rate and cycle performance of the
LIB. This strategy of modifying polymer enables the use of PEO-based SSEs in high-voltage,

solid-state rechargeable lithium batteries at RT.[*3% 134]

2.3.3 Blended Solid Polymer Electrolyte

Blending two or more polymers is the most reasonable and practical way to create flexible,
highly ion-conductive SPEs with good mechanical strength. It is more cost-effective than the other
methods mentioned before because they use additional materials like initiators, linker agents,
radiation sources, etc., in their production.**¥! This method prepares a solution of two or more
miscible polymers and a salt with a suitable solvent. The following are some benefits that the

proper selection of polymers can attain to blend and use as an electrolyte in LIBS;

e |ow Tg,
e improved Li-ion conductivity,
e good thermal stability, and

¢ increased mechanical strength

The literature shows a large number of studies on the blending of PEO-based SPEs with
PVDF,*%1 PMMA, ¢ polystyrene (PS),1**1and polyvinylpyrrolidone (PVP),[*8to enhance the
conductivity of SPEs. The high dielectric constant, the strong electron-withdrawing ability of
fluorine present in the functional groups, and the good electrochemical and thermal stability of
PVDF make it a good choice to create membranes in SPEs.[*3 1401 According to Fan et al.,[t44

combining PEO and PVDF can reduce the crystallinity of PEO, enhance ionic conductivity, and
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increase the mechanical strength. He et al.[**?] created a flexible garnet-based CSSE composed of
LLZO, PEC, (P(VdF-HFP), and LiFSI. High t* approaching to a value of 0.82 and a good
electrochemical stability window of 5.0 V vs. Li/Li+ at 55 °C have been demonstrated. Patla et
al.*¥1examined the mixing of PEO host polymers and PVDF membranes doped with ammonium
iodide (NHg4l) salts. When mixed in the right proportions (8:2), they can enhance the amorphous
portion of the polymer matrix and obtain ionic conductivity of up to 1.01 x 1023 S cm™. Also,
including PVDF improves the ion-polymer interaction, leading to an increased ion-ion dissociation.
Another research work™*®! used a blending approach in combination with a grafting technique to
prepare SPE using PEG and sulfonated polyether ether ketone (SPEEK) as the polymer hosts and

LiClOq4 lithium salt. (Figure 2.7)

Figure 2.7: The Schematic representations of the Li-ion transport in SPEEK-g-PEG. Reprinted

with permission from Ref. 2431 copyright © 2017, Electrochimica Acta.
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The reported ionic conductivity in the case of combining blending of polymers with
grafting is higher (~10° S cm™) as compared to ionic conductivity (~10% S cm™at 30 °C) attained
by SPE prepared by straightforward blending of two polymers (Figure 2.8). Thus, grafting of

polymers can reduce the crystallinity of PEG more effectively than blending.
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Figure 2.8: Temperature dependence of ionic conductivity for SPEEK/PEG blends (a) with
different PEG molecular weights, and (b) with various the grafting ratio of PEG. Reprinted with

permission from Ref. [143] copyright © 2017, Electrochimica Acta.

Sengwa et al.**4 discussed the impacts of the preparation procedure of blended SPE on
ionic conductivity. They prepared an SPE by mixing PMMA and PEO polymers in a 1:1 ratio and
LiTFSI as salt using four different techniques. They concluded that ionic conduction is different
in each preparation procedure. The highest ionic conductivity is 1.99 x 10°S cm™ attained by
PMMA/PEO polymer blends prepared by microwave irradiation, and the lowest is 0.11 x 10° S
cm in the case of ultrasonication. Similarly, Liu et al.'*%! separately cross-linked the polyether

amine and polyetherdiamine with (3-glycidyloxypropyl)trimethoxysilane (GLYMO) and
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poly(ethylene glycol) diglycidyl ether (PEGDGE) and reported improved results of ionic
conductivity of 0.120 mS cm™ at 30°C and 0.830 mS cm™ at 80°C using blending and crosslinking
routes together. The Ty is also increased to -43.6 °C in a LiFePOu/Li battery. According to the
literature,[*46: 2471 solid electrolytes made by copolymerizing or combining several polymer

electrolytes can improve the performance of SPEs.

2.3.4 Adding a Plasticizer in SPEs

The addition of plasticizer is another possibility to increase the ionic conductivity of
SPE.[104 148,141 Djfferent plasticizers affect the ionic conductivity of SPEs differently depending
on their characteristics. For example, EC has a high dielectric constant, which helps in salt
dissociation and improves ionic conductivity by reducing the ion-ion interactions and formation
of ion clusters. Low viscosity is another characteristic of a plasticizer that governs ion mobility.

Additionally, adding a plasticizer to an electrolyte allows for more space for ion transit.[*48: 14°]

Adding a low molecular weight PEG in the PEO-KI electrolyte can achieve higher ionic
conductivity. PEG served as a plasticizer rather than a secondary polymer in such cases. lons can
also migrate through PEG alongside PEO segmental motion. Thus, increased ion transport
channels are responsible for the enhancement of ion conductivity. The ionic conductivity of pure
PEO is about 10° S cm™ at room temperature which increases sharply to 107 S cm™ in PEO with
5 wt.% Kl salt and to 10 S cm™ in PEG blend PEO with 5 wt.% KI salt. For all compositions of
the PEO blend PEG with KI salt shown in Figure 2.9, the ion conductivity increases with the
increase in temperature. This increase has occurred in all the blend electrolyte films.[** However,
due to their volatility and flammability, liquid plasticizers pose safety concerns in practical

applications, limiting their suitability for real-world usage.[*>!]
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A different strategy is to use a solid plasticizer in polymer electrolytes to reduce the
crystallinity of PEO and increase ion-ion dissociation. SN is a typical molecular plastic crystal
material that can serve as a flexible and plastic medium for dissolving different lithium salts
(including LiTFSI, LiBF4, and LiSCN) and facilitating lithium ion movement.[**?The melting
point of SN is 58.1 °C, and it also has good electrochemical stability. Below 40 °C, the monoclinic
crystal structure of SN has a predominately gauche conformation, but beyond that temperature, a
conformational change from monoclinic to a body-centered cubic (bcc) plastic crystal has occurred.
The high degree of polarity and plasticity of SN provides an opportunity to make a plasticized
solid polymer electrolyte (PSPE) system in which SN plastic crystal serves as a solid plasticizer.[*]
In the literature, it has been shown that adding the SN to a polymer and lithium salt mixture
significantly improved the ion conductivity and worked well to separate the Li-ions.[*>* 1551 Above

all, safety concerns associated with using liquid plasticizers might be avoided by using SN.
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Because of the high dielectric constant (55 at 25 °C), SN strongly tends to dissolve lithium salts,
increasing the concentration of free charge carriers (Li*) and interaction between Li-ion and nitrile
groups which is required to improve lithium-ion conductivity.[**®! Recently, many authors reported
using succinonitrile as a flexible addition to polymer electrolytes.*>”- 1581 Figure 2.10a depicts the
temperature dependence of ionic conductivities for the (x) PEO-(y) SN-5% LiTFSI electrolyte
films. The conductivity of the 25% SN samples was about 1 x 10 S cm™ at 30 °C, approximately
10 times the magnitude of 95% PEO-5% LiTFSI film at the same temperature. It is also observed
for the lower temperatures (Figure. 2.10b) that the ionic conductivity first increases with increasing
content of SN, reaching a maximum value at 25% of SN followed by a decrease in ionic

conductivity with further increase in SN content, (157 1581
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Figure 2.10: (a) DSC curves for pure PEO, SN, and (x) PEO-(y) SN-5% LiTFSI electrolyte films.
X +y = 95%. (b) The ionic conductivities of the (x) PEO-(y) SN-5% LiTFSI as a function of SN
content at different temperatures. Reprinted with permission from Ref. [*57 1581 copyright © 2006,

Electrochemistry Communications.
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As evidenced by DSC (Figure 2.10a), there exists after the maximum (beyond 25%) some
amount of unreacted SN. As SN is a non-ionic plastic crystal, the unreacted amounts of SN could
act as an insulator blocking ion motion similar to that observed for the case with oxide filler
resulting in a decrease of ionic conductivity. R. Yang et al.'>® made a PEO-LiTFSI-SN SPE by
using the solution casting technique. The ionic conductivity of SPE improves to a value of 7.0 x10°
4 S cm?at RT, which is significantly greater than the value without the addition of SN. Zha et
al.1% reported that ionic conductivity increases from 1.9 x 10° S cm™to 1.22 x 10* S cm™ at
30 °C when SN, a solid plasticizer was added into the LLZTO/PEO CSSE, and high Li-ion
transference number to 0.410. The discharge capacity of Li/LiFePOs (LFP) cell using
LLZTO/PEOQ/SN plasticized CSSE was 151.1 mAh g when operated at 0.5 C and 60 °C. Because
of the high dielectric constant of SN, it maintains its single plastic phase in a temperature range

varying from 35 to 62 °C.[160

Another study shows an ultrathin (15 nm) CSSE membrane made of LLZTO/PVDF-
HFP/LIiTFSI/SN with a small amount of liquid electrolyte, giving a high ionic conductivity of 6.53
x 10 S cm™ and Li-ion transference number 0.55 at 30 °C.1*61 Similarly, the author reported 9.10
x 10° S cm™ ionic conductivity at 25 °C for a PEO-based CSSE comprising PEO/LiTFSI-
1%L GPS-10%SN.1621 While PEO-LITFSI shows a 15-fold increase in ionic conductivity, its main
characteristics are a wide electrochemical range (0-5.5V) and excellent metallic lithium
compatibility. Although the ionic conductivity of SPEs can be increased by adding SN, the
mechanical property has been severely compromised, because the addition of SN decreases the
crystallinity of the polymer and increases molecular bond mobility.[*5¢! Different methods can be
applied to make the electrolyte membrane to avoid the loss of mechanical properties of SPEs.

Wang et al.[**® proposed a PEO/PVDF blended SPE system with SN as a plasticizer and LiClO4
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salt. Microporous PVDF film in PEO acts as the support layer and increases the mechanical
strength of the PEO/PVDF/LiICIO4/SN blend. The improved Li-ion conductivity and transference
number, in addition to SN, are approximately 1.7 x 102 S cm™ at 80 °C and 0.367, respectively,
and the maximum stress that PEO/PVDF/LiClIO4/SN SPE can bear is 3.37 MPa, which is 10 times

higher than the SPE without PVDF film (Figure 2.11).
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Figure 2.11: The stress-strain curves of conventional ASPE without PVDF supporting layer (blue)

and with PVDF supporting layer (red). Reprinted with permission from Ref.[*>8 copyright © 2020,

Journal of Electroanalytical Chemistry.

He et al. %31 used a photopolymerization technique with the photo-initiator bis(2,4,6-
trimethyl benzoyl)-phenyl phosphine oxide but without a solvent to create a film comprising a
polymer PEGDA (of large My = 6000 g mol* ) and LiTFSI. They added SN in the PEGDA/LITFSI
electrolyte as a plasticizer. A crosslinking network in PEGDA, LiTFSI, and SN increases the
amorphous region of the polymer, which increases the room temperature ionic conductivity to a

value of 1.10 x10 S cm™, along with a 4.80 V electrochemical stability window. The mechanical
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strength of the electrolyte prepared by the above-mentioned technique has also been improved to
a high tensile strength (0.24 MPa) with 84% elongation at break. Chen et al.'62l created
PEO/LiGePS/SN SSE using a solution casting method. They discovered an increase in ionic
conductivity of up to 9.10 x 10° S cm™ at 25 °C, which is 15 times more than the reported ionic
conductivity without SN addition. By suitably optimizing the content of SN, researchers have
discovered two polymer electrolytes ((PVDF-HFP)/LiTFSI/SN and P(VDF-HFP)/LiBETI/SN)
with high ionic conductivity (0.35 mS cm™ at 30°C) and excellent mechanical stability. Here, SN
is utilized as a dispersant, and the PVDF helps build the network with outstanding mechanical
properties. Additionally, SN particles can frequently create a channel for the movement of ions in

the interphase, which improves ionic conductivity.[®5 164

Although numerous experimental research has been conducted to comprehend how SN
affects ionic conductivity in SSEs, the mechanics at the molecular level still need to be further
investigated.[!5* 158 164, 1651 There js a particular need to understand the variables affecting ion
dynamics and transport in SN-loaded composite systems. CMD is a method for gaining an insight
physical understanding of the ion-transport pathways at the atomistic level. Hence, it would be
helpful to conduct atomistic molecular dynamics simulations for the explanation of the dynamic

properties of Li-ion in SN-based SPEs.

2.4 Summary

Selecting the optimal electrolyte for practical LIBs can present a formidable challenge,
owing to the unique advantages and disadvantages inherent in each available option when applied
to real-world scenarios. PEO with continuous oxygen vinyl group (CH2CH20) emerges as the best

candidate in the preparation of SPEs because of its ion transport capabilities and direct connections
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to the alkaline salt. However, low room temperature ionic conductivity (~10°to 10%S cm™) of
PEO-based solid polymer electrolytes is a critical issue that needs to be resolved. By thoroughly
reviewing the literature, different methods are available to improve the RT Li-ion conductivity of

the polymer electrolytes.

The study's objective is to create a novel solid polymer electrolyte (SPE) using a
combination of polymer blending and plasticizer addition, employing CMD simulation techniques.
PEO and PVDF polymers were blended by adjusting PVDF weight percentages within the PEO
matrix. Subsequently, an SN plasticizer was introduced into the prepared PEO/PVDF/LITFSI
blended solid polymer electrolyte. GROMACS, an established molecular dynamics simulation
package, was used to design and analysis of ion dynamics and transport properties within the

prepared PBSPE system.
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Chapter 3.  Simulation Section

3.1 Preparation of Computational Models of Electrolyte Materials

3.1.1 Molecular Structure of PEO

In the present study, PEO is the host polymer with a methyl terminal group having the
chemical structure CHs-[CH2-CH2-O]-CHs. According to the available literature, PEO chains
featuring methyl end groups exhibit superior lithium ionic conductivity compared to hydroxyl
groups.[®® The molecular structure of the PEO repeating unit (ethylene oxide) and methyl as a

terminal group (differentiated by colors) is shown in Figure 3.1.

e
H4C ~CH,

Figure 3.1: Molecular structure of PEO (EO as a repeating unit and CH3 as an end terminal) used

in this research work

Initially, two SPEs with varying chain lengths in this work. Short-chain PEO (S-PEO)
molecular system consists of 18 ethylene oxide monomer (CH3-[C2H40]1s-CHz3) with a molecular
mass of 792.9 g mol™ and a long-chain PEO (L-PEO) molecular system consisting of 90 ethylene
oxide monomer (CHs-[C2H40]s0-CHs) having molecular mass 3964.5 g mol™ is used. Such models
were built to account for the effect of the molecular mass of polymer chains on the dynamic
properties of the ions (Li* and TFSI"). Because the properties of PEO-based structures depend

strongly on the molecular weight of each chain. Lower molecular weight structures tend to be more
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flexible and enable larger ionic diffusion coefficients, albeit with reduced mechanical stability.*6®

167]

Further LPEO having a molecular mass of 3964.5 g mol™? is used to study the impact of
polymer blending and plasticizer addition on ion dynamics. Because with adequately large
molecular weights, both the diffusion coefficient and mechanism become independent of chain
length and the specific nature of polymer end groups.!*% To construct a simulation cell consisting
of a polymer/salt mixture, the initial molecular structure of PEO was built by repeating the EO
monomer shown in Figure 3.1. The end groups are set as CHz groups to avoid end-group interaction

with each other, plasticizer, and nanoparticles.

3.1.2 Molecular Structure of PVDF

PVDF polymer is used for blending in host polymer (PEO) because of its good
compatibility with PEO.[*% As a non-coordinating polymer, PVDF has no known atomic groups
that can interact with Li cations directly. As a non-coordinating polymer, PVDF has no known
atomic groups that can interact with Li-ions directly. Whereas, PEO has oxygen atoms in its
monomer which can directly interact with the Li-ions and cause the lithium ions to hop.[t% The
high dielectric constant ( € =~ 8.4) and strong electron-withdrawing ability of fluorine in the
functional groups of PVDF efficiently dissociates lithium salts to produce charge carriers for ionic
conduction. This will improve the Li-ion conductivity.!**®! The molecular structure for PVDF (F-
[C2F2H:]-H) with the naming convention is shown in Figure 3.3. The molecular mass for a single
PVDF chain is 2323.85 g mol™. Initially, PVDF polymer (Mw = 2323.85 g mol™?) is mixed in PEO
with a fixed ratio of 1:2.5 and varying lithium salt concentration in the PEO/PVDF blend to select

the Li: EO ratio, giving maximum ionic conductivity and lithium transference number.
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Figure 3.2: Molecular structure of (a) PVDF CFsCHs, and (b) PVDF chain with CF.-CH: as

repeating unit having F as left terminal atom and H as right terminal atoms.
3.1.3 Molecular Structure of LiTFSI

LiTFSI has been successfully used as a lithium-ion-containing salt for commercial lithium
metal batteries based on SPEs. It has significantly superior chemical and thermal stability than
other salts (such as LiCIO4/PEQ).X™ The molecular structure of LiTFSI salt with the naming
convention drawn and used in this simulation work is shown in Figure 3.4. Its molecular mass is
287.09 g mol™. The effect of salt concentration will also be studied by mixing the LiTFSI salt with
varying concentration ratios in PEO polymers of different molecular mass and PEO/PVDF

polymer blends.

49



Figure 3.3: The initial molecular structure of (a) LiTFSI with the naming convention, and (b)

LiTFSI molecule.

3.1.4 Molecular Structure of SN

SN is a solid plasticizer used as a promising electrolyte additive. Because of its strong
polarity, SN can dissolve a variety of salts to boost ionic conductivity, and the solid nature of SN
can match the requirement of SPEs. It has a plastic crystalline structure that is stable between 233
K and 331 K and is considered as a highly adjustable solid plasticizer.[*** SN plasticizer has a
chemical structure [CN-CH,-CH2-CN] and a molecular mass of 80.09 g mol™. The molecular
structure is shown in Figure 3.5, which is built by the MS and optimized at the DFT level using
Gaussian-191711 software. This optimized structure was further utilized in PEQ/PVDF polymer

blends.
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Figure 3.4: Molecular structure of (a) SN with the naming convention and, and (b) SN molecule.
The color code for each molecule used in this work is given in the following Table. 1.

Table 1: Color code for each molecule used in this work.

Atom name | Color code
C grey

H white

0] red

S yellow

F Light blue
N Dark blue
Li purple

3.2 Computational System Details
CMD simulations will be performed by using GROMACS (Groningen Machine for
Chemical Simulations) software. GROMACS is a free, full-featured, easy-to-use molecular

dynamics simulation package. It is available under the GNU Lesser General Public License
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(LGPL). The ‘MSI-ANTEC computer system, having an Intel(R) Core (TM) i7-12700KF*20

processor with 64 GB RAM and a 64-bit Operating System will be used for CMD simulation.

3.3 Force Fields

CMD simulations will be conducted to investigate the dynamics and transport properties
of Li-ion in PEO/PVDF/SN/LITFSI, a PBSPE system. In this research work, the interaction
potential between atoms of PEO, PVDF, LiTFSI, and SN is given by the OPLS-AA force field.[*14
The OPLS-AA force field was chosen as it is optimized for a variety of biomolecules and organic

solvents.[!72174 The general form of interaction potential employed in the OPLS-AA force field is:

(r) = Ubonded(r) + Unon—bonded(r) (3.1)

1 1 L
Ubonded(r) = Zbondszkr(r - ro)z, + Zanglesgke(e - 90)2 + ZtorSionsE ?1=1 Cn[l +

(=D cos(nd)] 3.2)

ynon-bonded (1) — Y 4¢_ I(r£>12 ~ (2)61 4y -Gz (3.3)

ij rij ATEQTjj

where Eq (3.2) gives the interactions arising from bond stretching, angle bending, and torsions
respectively, and Eq (3.3) gives the non-bonded interactions. The 1% half of Eq (3.3) is the van der
Waals interactions and is modeled with the Lennard-Jones (LJ) potential, whereas the 2" half is
the electrostatic interactions and quantified by the Coulombic electrostatic potential. The values
for nonbonded LJ parameters o and ¢ are given by Lorentz—Berthelot’s geometric mixing rules and

the general form of the equation is;
&j = \/?61 Ojj = ﬁ (3.4)
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The LJ parameters for PEO, PVDF, LiTFSI, and SN are also taken from the OPLS-AA
force fields. The nonbonded intramolecular interactions related to atomic pairs spaced by three
bonds will be calculated using a scaling factor of 0.5, and no scaling factor will be employed for
nonbonded intramolecular interactions for pairs of atoms placed beyond three bonds. The charges
assigned to the atoms of the polymers PEO, and PVDF are the default ones within the OPLS-AA

force field given in Table 2.

Table 2. LJ parameters and partial atomic charges for PEO using OPLS-AA force field

Sr# Atom type q(e) o(A) & (KJ/mol)
PEO
1 C 0.140 3.500 0.276
2 H 0.030 2.500 0.126
3 0 -0.400 2.900 0.586
4 C -0.180 3.500 0.276
5 H 0.060 2.500 0.126
PVDF
6 C1(t) 0.36 3.550 0.293
7 cL(r) 0.24 3.550 0.293
8 c2 (1) -0.18 3.550 0.293
9 c2(n -0.12 3.550 0.293
10 F -0.12 2.950 0.222
11 H 0.06 2.500 0.125

Here, (t) stands for terminal, and (r) stands for repeating.
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In the case of SN, the structure has been optimized at the DFT level using Gaussian-19074
software. The partial atomic charges are recalculated using the electrostatic potential (ESP) method

as given in Table 3.

Table 3. LJ parameters from the OPLS-AA force field and partial atomic charges for SN were

calculated by DFT using the ESP method.

Sr# Atom type q(e) o(A) e (KJ/mol)
1 N -0.445 3.250 0.711
2 C 0.317 3.550 0.293
3 C -0.071 3.550 0.293
4 H 0.100 2.500 0.125
5 H 0.100 2.500 0.125
6 C -0.081 3.550 0.293
7 H 0.102 2.500 0.125
8 H 0.102 2.500 0.125
79 C 0.321 3.550 0.293
10 N -0.445 3.250 0.711

3.3.1 Charge Rescaling

In atomistic MD simulations, the charge rescaling approach is frequently used to reproduce
the structural and transport properties of alkaline salts in organic electrolyte systems.[*">781 |t is
an alternative method to the use of the more complex polarizable force fields which are
computationally expensive. The charge rescaling will be employed because of the limitation of LJ
models, which produce inconsistent results compared to experimental ones when fully charged

ionic species are used.[!® 8% |n simulations of polymer electrolytes, a scaling factor between 0.5
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and 0.85 has been commonly used for salt ions in recent years,[*”> 18-181 which has been shown
to better reproduce the experimental diffusivities.[*8¥ It is worth highlighting that a smaller charge
rescaling is expected to shift the g(r) peak closer to the value obtained with polarizable forcefields.
However, it can further underestimate the conductivity and, therefore, worsen the comparison
between the computed and experimental conductivity. Based on the success of the previous
studies, 168 175, 180, 185191 the | j-jon charge is reduced to +0.7 to imitate the effects of induced
polarization indirectly, and to neutralize the LiTFSI system. The scaling factor will be also applied
to TFSI. A charge rescaling of 0.7, as adopted in this work, is deemed a reasonable compromise
to reproduce the experimental structural and transport properties of the system. The DFT-
optimized structure of TFSI" using B3LYP exchange-correlation functional with the “tier2”
standard basis set in the literature will be used. The partial atomic charges of LiTFSI are given in

Table 4.1192

Table 4. LJ parameters from the OPLS-AA force field and the partial charges for LiTFSI

Sr# Atom type q(e) o(A) g (KJ/mol)
1 Li 0.70 2.130 0.076
2 F1 -0.0445 2.950 0.222
3 C2 0.0312 3.500 0.276
4 F3 -0.0506 2.950 0.222
5 F4 -0.0496 2.950 0.222
6 S5 0.5046 3.550 1.046
7 06 -0.2940 2.960 0.879
8 o7 -0.3030 2.960 0.879
9 N8 -0.2987 3.150 0.711
10 S9 0.5475 3.550 1.046
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11 010 -0.2930 2.960 0.879
12 011 -0.3165 2.960 0.879
13 C12 -0.0380 3.500 0.276
14 F13 -0.0165 2.950 0.222
15 F14 -0.0359 2.950 0.222
16 F15 -0.0430 2.950 0.222

3.3.2 Parameters Settings for Simulation
Different parameters need to be defined to run each simulation. Leap-frog integrators will

be used to integrate Newton’s equation of motion with a time step of 0.5 and 1 fs, depending upon
the size of the molecular system.[1?0: 1221981 The h-bond lengths are constrained using the LINCS
algorithm with some tolerance up to which bond lengths and angles between two bonds for each
molecule can rotate. The algorithm is inherently stable, as the constraints themselves are reset
instead of derivatives of the constraints, thereby eliminating drift. Because of its stability, LINCS
is especially useful for Brownian dynamics.[*®® 1% The pressure in each simulation will be kept
close to atmospheric (103216 Pa) by weekly coupling with a coupling constant of 0.5 ps and 2.5
ps using Berendsen (in the equilibration run) and Parrinello-Rahman barostat (in the production
run), respectively.!*8! The particle coordinates and the box dimensions are changed in this case.
As this is an equilibrium molecular dynamics simulation, the isothermal compressibility will be
kept the same (4.5 x 10 KJ mol* nm™) in all directions. V-Rescale ensemble with a coupling
constant of 0.2 ps will be used to maintain the reference temperature.!*%! The center of mass (COM)
motion is automatically removed by GROMACS. The long-range VdW interaction potential is
truncated at 1.1 nm.[*%! To avoid the effects of truncating potential energy after a certain radius, a

VVdW modifier will be employed to shift the truncation radius to another specified value (1.095 nm
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in this work) and smoothly decrease the interaction potential to zero after that specified value.
Dispersion correction for long-range interactions will be adopted. The PME [ method is applied
to calculate the electrostatic interactions with a truncating radius of 1.2 nm. The values of

trajectories of coordinates and velocities will be stored after each 0.5 ps.

3.4 Simulation Procedures

3.4.1 Topology Generation

First, the topology files for all molecules (PEO, PVDF, LiTFSI, and SN) are generated
using GROMACS. This needs the protein data bank (PDB) format file as an input which contains
the information on the initial coordinates of all the atoms in the molecule. This will result in three
output files with extensions gro, rtp, and posre. The rtp file contains the information for the OPLS-
AA force-field data, whereas the posre file contains the atoms whose positions need to be
restrained. The information in the rtp file is then rearranged to form a new file with the extension
topol named the topology file. This individual topology contains information for force field

parameters of all types of atoms.

3.4.2 Coordinate Generation
After topology file generation, the number of molecules needed to add to a simulation box
must be specified in the topology file. A new gro file containing information on the physical

location of each atom in all molecules is generated.

3.4.2.1 PEOJ/LITFSI System
For the initial PEO/LITFSI SPE system, PEO chains and lithium salt LiTFSI configuration

are randomly added to prepare a less dense simulation box system by Packmol software.[%] In the
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case of the S-PEO electrolyte system, pure 75 chains of S-PEO will be mixed with different
numbers of Li and TFSI ions to generate five PEO/LITFSI systems (SPE1-SPE5) corresponding
to the different salt concentrations of [Li: EO] = 0.02-0.20 by adding ions randomly into the
simulation box. Similarly, 15 chains of L-PEO are solvated with LiTFSI in concentrations varying
from [Li: EO] = 0.02-0.20, making another SPE system (SPE6-SPE10). For both S-PEO and L-
PEO electrolyte systems, the details of the total number of atoms, the operating temperature, and

the concentration ratio corresponding to each SPE system are given in Table 5.

Table 5. Total atoms for SPEO and LPEO loaded electrolyte system.

Model | No. of PEO Simulation No. of Li | No. of TFSI [Li: EQ] Total number
No. chains Temperature (K) molecules of atoms
S-PEO
SPE1 27 27 0.02 9888
SPE2 54 54 0.04 10320
SPE3 75 363 108 108 0.08 11184
SPE4 162 162 0.12 12048
SPE5 270 270 0.20 13776
L-PEO
SPE6 27 27 0.02 9888
SPE7 54 54 0.04 10320
SPES 15 363 108 108 0.08 11184
SPE9 162 162 0.12 12048
SPE10 270 270 0.20 13776

The initial density will be kept low to easily dissolve LiTFSI molecules in the PEO

matrixes and to avoid the potential energy trap caused by contact of ions with other atoms.
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3.4.3 Workflow Diagram for MD Simulation on GROMACS
The general procedure required for MD simulation in this work is shown in Figure 3.6.
Each procedure is explained in detail in the following subsections. The screen captures are taken

at the end of each procedure using the OVITO software.
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Figure 3.5: Workflow diagram for MD simulation in this work.
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3.4.3.1 Energy Minimization (EM)

Energy minimization is an iterative procedure in which the coordinates of the atoms and
possibly the cell parameters are adjusted so that the total energy of the structure is reduced to a
minimum (on the potential energy surface). Minimization results in a structural model which
closely resembles the experimentally observed structure.[**® Two commonly used EM methods,
the steepest descent (sd) and conjugate gradient (cg) methods, are employed to minimize forces
and PE of initial randomly constructed systems with a step size of 0.005 nm. The force and energy
tolerance must also be specified to stop EM at some level. When the greatest force between two
atoms is less than 10 kJ mol™® nm™ or there is no change in energy between two successive

minimization steps, the EM is considered to be converged (Figure 3.7).
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Figure 3.6: Energy minimization curve for PEO-LITFSI system.
The sd method is not the most effective, but it is a reliable and simple one for reaching
minimized energy levels.’®1 During EM, the position of the solute (PEQO) has been initially

restrained by the positioned restrained theorem. In contrast, the ions are set free and allowed to
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solvate around the polymer equally. Then, the position restrictions on PEO chains are removed,

and all atoms are allowed to relax.

3.4.3.2 Equilibration of the molecular system (NVT)

After the EM, the temperature and pressure of the simulation system are defined under two
equilibration procedures: constant volume equilibration under NVT (isothermal-isochoric) and
constant pressure equilibration under the NPT ensemble. The reference temperature is specified in
the input file for NVT, and the minimized structures are used for a short NVT employing a
Berendsen thermostat with a coupling constant of 0.2 ps for 50 to 55 ps, depending upon the size
of the molecular simulation system. In this stage, the system is slowly heated to the initial
simulation temperature of 363k. The high temperature 363 K is selected to observe the dynamics
of Li-ion in PEO-LITFSI SPE. This rather high temperature is chosen to make the dynamics of
ions in the simulated system clear. Substantial changes occurred in the diffusivity of the electrolyte
components around temperatures close to the melting temperature (Tm) of neat PEO (ca. 360 K).
Moreover, at 363 K and lower, a direct comparison between the trends for the simulated and
experimental conductivity can be presented since data exist for this temperature range.[2°0-20%
According to the theorem of the thermostat, such small oscillations are acceptable if the average
value obtained at the end of NVT is close to the target value. Figure 3.8 shows the convergence of
the equilibration procedure toward the desired temperature. Equilibration of the SPE system under
NVT essemble is achieved by using position restraints of polymer, and the salt is free to move

about it. In such a case, the polymer can move but is energetically constrained.
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Figure 3.7: Temperature curve for PEO-LiTFSI system in NVT (MD) run.

3.4.4 Molecular Dynamics Equilibration Run (NPT)

The second phase of equilibration of the SPE system is to bring the initial less dense system
of polymer chains close to experimental density. This is done under the NPT (isothermal-isobaric)
ensemble in which pressure is maintained to a reference value along with the number of particles
and temperature of the system. This is a continuation process of the 1% phase of equilibration
under NVT. NPT simulation will be carried out using a Berendsen thermostat and barostat for 15
to 30 ns depending on the size of the simulation system. Equilibration of the SPE system in two
different phases ensures the systems’ useability for long production runs of more than 150 ns to
analyze the transport properties of ions. The system smoothly tried to reach the actual value in the
first 5ns of simulation time for the S-PEO electrolyte system, where L-PEO takes a longer time to
reach the equilibrium value (~10 ns to 12 ns) and then oscillates with a small amplitude for the rest

of the simulation period (Figure 3.9). In the equilibration system, the final values of all the
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parameters are important to consider for further use. The simulation-derived densities and

experimental densities exhibit good agreement.[2%4
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Figure 3.8: Density variation of PEO-LITFSI system in NPT (MD) run.

3.4.5 Molecular Dynamics Production Run (MD)

In the long production run, a 150 to 250 ns long simulation is carried out under an NPT
essemble to reach diffusive regimes because the analysis of ionic conductivity and transport
properties of ions could only be valid if the SPE systems reach diffusive regimes and Li-ion needs
a lengthy timescale to reach such diffusive regimes in the case of long polymer chain electrolyte
systems. The final trajectories saved after the production run are used for further dynamic analysis.
An equilibrated PEO/LITFSI SPE is shown in Figure 3.10. A summary of all procedures (NVT,
NPT, and MD) and the equilibration densities after the long MD production run is listed in Table

6 for all SPE systems (SPE1-SPE10) with varying salt concentration ratios.
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Figure 3.2: Snapshot of an equilibrated PEO-LITFSI SPE system at 363 K with a concentration

ratio of Li: EO =0.12.

Table 6. Summary of the simulation setup and the average densities in each SPE system.

NVT run time NPT run time | MD runtime | Equilibrated Density

Model No. 3

(ps) (ns) (ns) (Kg/m?)

SPE1 1086.19

SPE2 1137.75

SPE3 15 150 1223.47

SPE4 1293.42

SPE5 1402.57
50

SPE6 1123.11

SPE7 1175.73

SPES 20 200 1262.27

SPE9 1331.66

SPE10 1438.68
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3.4.6 PEO/PVDF/LITFSI System

The PVDF polymer chains are randomly dispersed in bulk PEO/LiTFSI matrix to prepare
a BSPE system. The variation effect of salt concentration on ionic diffusion is also analyzed in the
BSPE (PEO/PVDF/LITFSI) system. The salt concentration ratios [Li: EO] =0.02, 0.04, 0.08, 0.12,
and 0.20 in BSPE are the same as in SPE. The number of particles in each PVVDF-loaded system
is shown in Table 6. To study the effect of changing the weight percentage of PVVDF on the ionic
conductivity of the BSPE system, a simulation setup is prepared by changing the weight percentage
of PVDF in PEO/LITFSI from 10, 20, 30, and 40 wt%. The initial density of the BSPE system is
kept low to easily dissolve PVDF chains in the PEO/LiTFSI SPE and to avoid the potential energy
trap caused by contact with PVDF chains and ions. The simulation setup and the equilibrated
densities obtained after long MD runs in each PVDF-loaded BSPE system are shown in Table 7.
The same simulation procedure (EM, NVT, NPT, and MD run) will also be repeated for the

PEO/PVDF/LITFSI electrolyte system at RT (298.15K).

Table 7. The total number of atoms for the PVDF-loaded BSPE system in this work.

No. of PEO No. of Equilibrated
. Temperature . Total No. of a .
chains PVDF [Li: EQ] Density
. (K) Molecules 3
chains (Kg/m?)
0.02 12182 1188.43
0.04 12614 1227.29
15 10 363 0.08 13478 1294.58
0.12 14342 1349.15
0.20 16070 1438.33
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Table 8. Simulation setup for PVVDF loaded BSPE system in this work.

No of : Equilibrated
. Temperature | PVDF Loading | Total No. of g .

PEO | [Li: EQ] (K) (Wt%%) Molecules Density
chains (Kg/m®)
0 12162 1378.62
10 13252 1405.46
15 0.12 298.15 20 14778 1420.41
30 16522 1435.23
40 18920 1446.38

The trajectories after the final MD run are used to further calculate the mean square

displacements (MSDs) of Li and TFSI ions in a diffusive regime. The calculated MSDs are used

to find the ionic conductivity and Li-ions transference number. After studying the dynamic

properties of PEO/LiTFSI and PEO/PVDF/LITFSI electrolyte systems, a blended polymer/salt

electrolyte system giving high RT ionic conductivity and transference number is selected for

further research work.

3.4.7 PEO/PVDF/SN Plasticized Blended SPE System

To study the effect of adding plasticizer on the ionic conductivity and transport properties,

the SN plasticizers are then dispersed randomly in bulk PEO/PVDF/LITFSI SPE systems at

different loadings of 5, 7.5, 10, 15, 20, and 25 wt% at RT (298.15K). The number of particles in

each SN-loaded SPE system and simulated densities for each system are shown in Table 9.
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Table 9. Simulation setup for each SN-loaded PBSPE system in this work.

No. of | No. of Simulation SN Total Equilibrated
PEO PVDF [Li: EQ] Temperature | loading | number Density
chains | chains (K) wt% of atoms (Kg/m?)
0 14778 1420.41
5 15668 1390.53
7.5 16138 1375.54
15 12 0.12 298.15 10 16658 1361.57
15 17738 1331.75
20 18978 1302.34
25 20378 1237.78

The initial density of the PBSPE system is kept low to easily dissolve SN molecules in the
PEO/PVDF/LITFSI SPE system and to avoid the potential energy trap caused by contact with SN
molecules and other atoms. The same simulation procedure will also be repeated for
PEO/PVDF/LITFSI/SN electrolyte system at room temperature to see the effect of SN loading on
the diffusion coefficients of Li and TFSI ions. The details of the simulation setup and equilibrated
densities are given in Table 10. The trajectories after the final MD run are used to further calculate
the MSDs of Li/TFSI ions in a diffusive regime. The calculated MSDs were used to find the ionic
conductivity and Li-ion transference number. The effect of temperature on the density and
dynamic properties of polymers and ions in the PBSPEs was also studied by repeating the

simulation procedure for different temperatures.
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Table 10. Simulation setup for SN-loaded PBSPE system at different temperatures.

No. of No. of SN loadin Temperature Equilibrated

PEO PVDF [Li: EO] Wi%) g '?K) Density

chains chains (Kg/m?3)
298.15 1302.34
303.15 1297.31
333.15 1263.62

15 10 0.08 30

343.15 1252.48
353.15 1241.8
363.15 1231.08

3.5 Structural and Dynamic Properties of SPEs

3.5.1 Radial Distribution Function (RDF) and Coordination Number (CN)

Lithium coordination with other atoms of the molecules has been studied using the radial
distribution function to better understand the local solvation environment of Li-ions in PEO
polymer structures. RDF was also represented as g(r) and defined as the possibility of the presence
of one particle at a radius r from another. The RDF is a crucial tool for describing the changes in
structures that occurs because of microscopic interaction between different types of particles in the

electrolyte systems. It can be computed using the following equation:

dN
p4mrZdr

g(r) = (3.5)

In this Eq. (3.5), p is the density of the simulation system, and N is the number of particles present

within r, the radial distance from one specified atom or molecule to another.
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The CN is another method to study Li-ion interactions with other particles in the electrolyte
systems. It can be calculated from the integration of their g(r) to the first minimum (rmin). Hence,
only the first coordination shell has to be included. The general expression for CN can be

represented as follows:

CN = éLTrpfrr g, r2dr (3.6)
3.5.2 Mean Square Displacement (MSD)
MSD is a specific tool that is used to track the particle (Li and TFSI ions) motion in the

SPE systems and calculated by the following expression:

MSD = + 3N d[r;(0) - r;(0)]? (3.7)

where r;(t) shows the vector position of the particle i at time t and N is a total number of atoms.

3.5.3 Diffusion coefficient (D)
The D is also used to investigate the diffusion behavior of the ions and polymer chains in

SPE. It can be calculated by using Einstein’s relation using MSDs.

D

1(1 MS
D= —{23Nd[r(®) - r(0)} =22 (38)
The MSDs for calculating diffusion coefficients are obtained from long trajectories
ensuring that the particles have reached their diffusive regimes because Einstein’s equation can be

valid only in the diffusive regimes achieved at longer timescales (ideally t — ).

3.5.4 lonic conductivity (o)
lonic conductivity is another critical parameter to determine the performance and
efficiency of an electrolyte to be used in the real-time application of a battery system. It can be

calculated from the Nernst-Einstein equation, ensuring that the ionic motion is diffusive. The ionic
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conductivity (o) is directly proportional to the diffusion coefficient of ions. Its general expression

is represented as follows:

__ ng?D
T kpT

(3.9

Where n is the number density of ions in m™, g is a charge on ion in C, D is the diffusion coefficient
of ions in m?s, ky is the Boltzmann constant given as 1.38 x 102 J K, and T is the temperature
of the electrolyte system in K. Because of the dissociation of lithium salt into Li* and TFSI" ion,

the above equation can be expressed as:

o=o0"+ 0" (3.10)
o= L (n*D* + n" D) (3.11)
KT

Where o*, n* and D* are the cationic conductivity, number density, and diffusion coefficient, and

o~,n~ and D™ are the anionic conductivity, number density, and diffusion coefficient respectively.

3.5.,5 Transference number (t%)
The transference number defines the fraction of cation participation in the total ionic
conductivity. Based on the self-diffusion coefficients of ions, the general expression for the lithium

transference number is:

o DT (3.12)

DY+ D~

Where, D*, and D~are the cationic and anionic diffusion coefficients, respectively.

3.6 Summary

This chapter delves into the intricate molecular structures of materials and the techniques

employed in creating a PBSPE for LIBs. Furthermore, a comprehensive explanation of the
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fundamental concepts and physical conditions requisite for conducting MD simulations of PBSPE,
utilizing GROMACS software, is provided. Finally, an overview of the parameters essential for

analyzing the structural and dynamic properties of an electrolyte system is presented.
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Chapter 4.  Results and Discussion

4.1 Computational Model Validation

4.1.1 Time Trajectory Analysis

MD calculation is performed on PEO/LIiTFSI electrolytes to investigate how the molecular
mass of polymers and lithium salt concentration variation affect the dynamic properties of the ions
and polymers. Figure 4.1 shows the snapshots of simulation trajectories of the PEO/LITFSI
electrolyte cells taken during the equilibration procedure. These snapshots depict the interaction

between PEO chains and LiTFSI salt in the simulation cells.

(a) (b)

(d)

Figure 4.1: Conformations of the PEO-LITFSI system in equilibration at different simulation times.
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According to the data presented in Figure 4.1, it is apparent that during the process of NPT
equilibration, the free volume of the simulation box decreases while the density increases. This
results in a higher density of the polymer, which is in close agreement with experimental values.[2%!

Also, no breakage of the polymer chains has been observed from the visuals of the trajectories.

4.1.2 Density

To validate the force field and charge parameters, the comparisons with experimental values are
presented for density over various salt concentration ranges. The validation procedure is completed
in the following order to support the hypothesis. The density of pure PEO is calculated and
compared with the values reported in the literature.[2% 2% Since no charge rescaling is applied for
pure PEO, it can be utilized to study the dependence of densities on lithium salt concentration.
After validation of the simulation setup, the densities of PEO-LIiTFSI SPE are calculated and
compared with experimental data in the literature. With a predicted density of 1075.75 kg m3,
pure PEO with Mw~3965.4 g mol™ agrees with the literature.[®® %61 The calculated densities of
PEO-LITFSI SPE at 363 K are shown in Figure 4.2a. A monotonic relationship between the
densities and the salt concentrations can be observed, similar to the variation pattern described in
the literature.[*8! It shows how to calculate the charge scaling factor and validates the force field
parameters for both polymer and lithium. There may be a marginal discrepancy in the density
values obtained in this study compared to the reference simulation work. Such variation can be
attributed to differences in the molecular mass of the polymer and the duration for which pressure
ensembles are applied during the NPT run in the molecular dynamics simulation. The densities of
PEO/PVDF are also computed for varying salt concentrations and compared with pure

PEO/LITFSI SPE, and the same conclusion can be obtained (shown in Figure 4.2b).
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Figure 4.2: The density variation of (a) PEO-LiTFSI and, (b) PEVDF/LITFSI electrolyte at 363 K

Similarly, the density variation of changing wt.% of SN and temperature of PBSPE are
calculated with results shown in Figure 4.3. With the increase in mass percentage of SN and
temperature of PBSPE, the density of the simulation box decreases. With the increase in the
number of molecules and temperature, the energy of the atoms increases, and they vibrate with a
large amplitude, applying large forces on each other. Also, with increasing SN particles, more
molecules need a larger space to adjust in the simulation box. Hence, more volume will be required
to accommodate all atoms with deficient potential energy, which decreases the density of the

system.
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Figure 4.3: Density variation of PEO/PVDF/SN/LITFSI electrolyte system (a) with varying wt%

of SN, (b) increasing temperature.

4.1.3 Diffusion Coefficient and lonic Conductivity

With varied salt concentrations, D* and D™ and ionic conductivity of SPE are calculated at
363 K (Figure 4.4), which agrees well with the reported IS experimental and simulation results in
the literature.[*%% 1152071 The high values of D* and D and ionic conductivity for short-chain PEO
(~Mw = 0.8 kg mol?) than for long-chain PEO (~M = 4 kg mol™?) agree well with the description
provided in the literature. The longer chains have lower segmental motion, while shorter chains
are often more adaptable and allow ions to diffuse more along PEO chains resulting in higher
diffusion coefficients.[?%1 The coordination of lithium ions with ether oxygen (Opeo), which slows
the mobility of the Li-ion carrying segments and, therefore, D*, is the cause of the decreased Li-
ion diffusion coefficient as compared to TFSI-ion. Meanwhile, the coordination of TFSI-ion with

Oreo is absent, allowing it to move freely.
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Figure 4.4: Variation of (a) Diffusion coefficients of Li* and TFSI", and (b) ionic conductivity of

PEO/LITFSI SPE with different My, of PEO and salt concentration at 363K

Despite the lack of coordination for anion with PEO, D+rsi decreases with increasing salt
concentration after 0.08. This behavior of the anion is connected to the long-distance coupling
between the anion and cation, forming Li*-TFSI" aggregates. Having validated the MD simulation
process and force field parameters through comparison with the simulated and experimental
densities, diffusion coefficients, and ionic conductivity of ions in PEO/LiTFSI SPE systems with
varying My of PEO and salt concentration, the structural and dynamics analysis of the Li-ion in
PEO/PVDF/LITFSI (BSPE) system and PEO/PVDF/SN/LITFSI (PBSPE) system can now

proceed.

4.2 Structural Properties
The visualization of the PEO/LiTFSI system shows that PEO’s helical structure is still in
an amorphous state even after long MD runs (Figure 4.5a). The increase in temperature and salt

concentrations in PEO/LiTFSI SPEs do not decrease the contact between Li-ion and Opgo atoms.
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Initially, the RDF and CN for pure PEO/LiITFSI SPE are computed. In the PEO/LITFSI electrolyte,
the radial distribution function and coordination number at salt concentration ratio [Li: EO] =0.12
are shown in Figure 4.5b. The Li-ion local coordination environment and Li- Opeo RDF observed
for PEO-LITFSI in this work are well-aligned with that obtained through experiments??°® and
calculated by simulation available in the literature.?%l The 0.212 nm peak of the initial

coordination agrees with the 0.21 nm peak seen in a neutron scattering analysis. [ 2141

2 25
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Figure 4.5: (a) Helical structure of PEO after long MD runs, and (b) RDF and CN at [Li: EQO] =

0.12.

It shows the bonding between Li-Opeo. Depending on the integral distance cutoff setting,
the CN ranges from 4.9 to 6, as per the expected results of experiments.[2°%2%2 Figure 4.6 illustrates
a Li-site ina long chain PEO (N = 90) with a salt concentration of [Li: EO] = 0.12. One Opeo atom
coordinated with Li-ion at a distance of 1.901 A. The other two polymer Opeo atoms lie at Li-O
interatomic lengths ~of 2.1 A and a fifth Opgo atom at ~2.391 A. The Li location reflects an intra-

atomic segmental motion if the Opeo atoms are part of a single polymer chain.
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Figure 4.6: Li-ion coordination with Opgo in the PEO/LITFSI system

The essential interaction between Li* and oxygen atoms within the ionic solvation sheath
structure was examined using the Radial Distribution Function (RDF). For all concentration ratios,
the first peak of RDF at ~2.1 A explains the strong association between Li-Opeo and verifies the
simulation procedure developed in this work. The peak height at ~2.1 A shows the density of Li*
in the first solvation shell from the ether oxygen (Figure 4.7a). The small changes in the first peak
height for different salt concentrations correspond to the small changes in the number of
coordinated oxygens around Li*. A second small peak at r ~6 A was also observed, which
corresponds to the small coordination of Li* and oxygen molecules from the TFSI-anion to form
static ion clusters.?®! Figure 4.7b) depicts the RDF between the Li* and TFSI-ions in PEO/LiTFSI
SPE. For lower salt concentrations, the initial minimum was discovered to be at ~10 A this value
served as the cutoff point for detecting if LiTFSI is dissociated. The minor peaks detected below
6 A are similar to that observed in the structure of P(EO)-LiTFSI indicating the fewer interactions
between Li* and TFSI- ions in the low salt concentration SPE system.[?*2l This implies that both

Li* and TFSI ions are well dissociated and free to migrate.
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Figure 4.7: (a) Li-Opeo coordination and (b) Li-TFSI coordination for PEO/LITFSI with different
salt concentrations.

This is consistent with the observation in the MD simulation by Zheng et al.[?*3 At higher
salt concentrations (0.20 in this work), the tetra-modal Li-Orrsi peaks (at ~2.3 A, ~3.5 A, ~4.5 A
and ~7 A) appeared, which corresponded to the change in the structure of ion clusters and the
presence of Li* interactions with different atoms of TFSI". The g(r) peak at ~2.3 A explains that
there direct coordination of Li* with oxygen atoms in the TFSI™ anion. Whereas the appearance of
two peaks at ~4.5 A and ~3.5 A in the g(r) of Li*-TFSI" explains the possible Li* interaction with
nitrogen atoms in TFSI™ in both a bidentate and a monodentate manner or slightly more extended
Li*-O coordination environments. Because, TFSI-anion has extensive charge delocalization (i.e.,
multiple resonance structures). The anion is flexible and can adopt a configuration in which its
nitrogen atom faces away from the lithium center or towards the lithium center.[?*4l A bidentate
arrangement is one in which the nitrogen atom is consequently located nearer to a different lithium
center. The above g(r) peaks show the possibility of finding the nitrogen atom pointing away from

one lithium center, verifying the bidentate arrangement. The g(r) peak at ~0.7 is likely an indicative
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of the second coordination shell or more distant solvation environment around the Li* ions. It
reflects interactions involving Li* ions and TFSI™ anions that are not directly coordinated but are
part of the structured ionic network in the polymer. It can also represent the spatial arrangement
of multiple TFSI™ anions and Li* ions within the polymer matrix, showing the organization of the
ions beyond the immediate coordination sphere. The Li-ion solvation shell deduced from MD

simulation in this work also agrees well with DFT computations in the literature.[2%4]

The distribution of CNs for Li-ion with the Opgo is shown in Figure 4.8. CN is the number
of nearest atoms that a central atom holds and can be calculated as a function of distance by
integrating the g(r) up to its first minimum. The CN will be 0 at a lower distance (r < 2 A) because
no molecules can come closer to the diameter or VAW radii of the reference molecule, i.e., g(r) =
0 when r<o (o is molecular diameter). The interaction between particles is repulsive for small

distances.
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Figure 4.8: Oxygen coordination rate of Li ions.
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If particles strongly repel each other at very short distances, they cannot get too close, and
the CN will be zero. At this distance, there will be no interaction between Li* and the oxygen atom
of PEO. Atr=2 -3 A, the Li* atom directly coordinates with the oxygen (sum of radii of Li* and
an oxygen atom) in the first solvation shell and shows the sharp peak at this distance. At a distance
(3A <r<5.5A), the Li* atom weakly coordinated with the oxygen atom because the average no.
of Li* in the second and third solvation shells is fewer because of the weakening of electrostatic
interaction. Therefore, the peak did not show any remarkable increase. Further, with an increase
in distance (r > 5.5 A), the oxygen present in the bulk will be counted as coordinated with Li*, and
the coordination number increases rapidly. These results also relate to the one explained by RDFs.
The decrease in CN at high salt concentrations resulted from static clustering. As a result of the
preceding discussion, all systems may be divided into two distinct regions with a limit of [Li: EQ]
= 0.12, which has different ionic interactions. The quantity and size of Li* and TFSI" ion clusters
substantially impact the transport properties of Li ions.?*®1 LiTFSI is defined as a cluster with a
distance of 5 A or less between Li and TFSI ions.[*8] The size of LiTFSI clusters is defined by the
number of Li* or TFSI™ within the defined distance. The quantity of Li* or TFSI" ions contained
within the specified distance determines the size of LiTFSI clusters. Two oxygen atoms of the
same TFSI-ion are seen to coordinate with the Li-ion to form a cluster of size one (Figure 4.9a).
In Figure 4.9b, nine oxygen atoms of three different TFSI-ion coordinate with Li-ion to form a
cluster of size three. Six oxygen atoms from three different TFSI-ions coordinated with Li-ions
with a distance of ~2.1, one oxygen at ~3 A, and two oxygen atoms show coordination at ~4.2 A
distance. This is also clear from a small g(r) peak of Li-TFSI at a distance of ~2.2 A following a

rise of the coordination line at around ~3 A and ~4 A after the first minimum (Figure 4.7b).
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Figure 4.9: Clusters of Li and TFSI ions in PEO/LiTFSI at a concentration ratio [Li: EO] = 0.20.
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The ion-ion contact and subsequent ion association are directly impacted by the change in
salt content. To attain a better comprehension of interactions, different properties of SPE are
examined at varying concentrations of salt. The Li-Oan RDFs are first calculated with lithium ions
as the reference particles and all of the oxygen atoms as the observed particles. All representatives
Li-Oa, Li-Opeo, and Li-Otrsi RDFs at [Li: EO] = 0.02, 0.04, 0.08, 0.12, and 0.20 are shown in
Figure 4.10. Li-Opeo RDF is similar to that of the Li-Oan, which indicates that Li-ions are primarily
attached to the Opeo. The flat curve for Li-Ovesi at around r ~2.3 A for salt concentrations 0.02-

0.08 shows no ion-ion interactions. This means LiTFSI salts are well dissociated.

Moreover, a difference in the peak height for Li-Oanand Li-Opeo and an increase in Li-
Orrsi has been observed as salt concentration (> 0.08) increases because of more interactions in
Li-TFSI in concentrated SSEs. This behavior of Li-Oan also supports the concept of cluster
formation at higher salt concentrations.!”® Regarding ASSPEs, ion transport is primarily a
function of the amorphous area above the T4, whereas the ionic conductivity in the crystal region
is minimal. The ion conduction mechanism for polymers like PEO and PAN has been fairly well

understood. In which lithium ions travel by coordinating with ether oxygens of polymer chains.
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Figure 4.10: Representative RDF for Li-O coordination with Opgo, Otesi, and Oa at different salt

concentrations
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However, PVDF does not have any coordinating group along its chain that interacts with
the lithium ions and helps lithium ions move from one place to the next. In this case, the lithium
ions could hop from one TFSI-stabilized site to the next as the salt clusters create a percolating
network (Figure 4.11).[2%61 The green dashed arrows point toward Li-ions, while the blue dotted

arrows suggest a TFSI-ions potential mobility when local relaxation is present.
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Figure 4.11: Mechanism of the Li and TFSI ions transport path- Reproduced with permission from

Ref. 2181 copyright © 2022, Journal of Energy Chemistry

The RDFs between Li-ion, Opreo, and TFSI-ion are calculated to study the effect of PVDF
addition in SPE shown in (Figure 4.12). Figure 4.12a shows that the strong Li*-Opeo coordination
causes a sudden rise in the peak of g(r) for 20 wt.% as compared to 10 wt.%. Further addition of
PVDF leads to g(r) increases smoothly with the highest peak observed at 40 wt.% of PVDF.
Moreover, the highest peak of g(r) for Li*-TFSI was also observed when 40 wt.% PVDF were
added (Figure 4.12b). This shows that there is a strong connection present between Li*- Opgo, and
Li*-TFSI" at this concentration of PVDF in BSPE, creating more transport channels for lithium-

ions to diffuse into BSPE.
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Figure 4.12: Representative RDFs between (a) Li* and O atoms in PEO and (b) Li* and TFSI" in

BSPE systems.

A similar trend to the g(r) (tetra-modal Li-Ovesi peaks at ~2.3 A, ~3.5 A, ~45 A and ~7
A) of lithium-ion (Li-Ovrsi) were seen in Figure 4.12b as in higher salt concentrations. Which
corresponded to the change in the structure of ion clusters and the presence of Li* interactions with
different atoms of TFSI". The increasing height of g(r) as wt.% of PVDF in PEO-LIiTFSI increases
explains the strong ion-ion interaction in the form of moving clusters. Figure 4.13a shows the MSD
behavior of Li* and TFSI" in BSPE. MSD can undergo different regimes (ballistic, sub-diffusion,
Einstein diffusion). The equation of diffusion coefficient could only be applied to the linear
diffusive regime of the MSD curve. The diffusion behavior may deviate from a simple MSD = 6Dt
expression in nonlinear regions. Specifically, the exponent of t can change, causing small errors in
the values of D. Figure 4.13a shows that the MSD of Li-ion batteries rises in all systems as

simulation time goes on. The rate of increase in MSD and diffusion coefficient of Li* is less when
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30 wt.% PVDF is added in comparison to 20 wt.% and 40 wt.%, which shows that lithium-ion

diffuses at a slower rate at 30 wt.% of PVDF.
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Figure 4.13: (a) MSD of Li-ion, and (b) Diffusion coefficients of Liand TFSI" in BSPE systems.

This behavior of lithium-ion is also clear from Figure 4.13b, from which we can see a low
increase in D of lithium-ion in comparison with the D at other weight percentages. The movement
of lithium ions can slow down due to changes in the polymer matrix's structure and characteristics.
At specific weight percentages, the interface between PEO and PVDF could change, influencing
the interactions between the polymers and the lithium ions. The change in lithium ion-conducting
pathways might initially hinder ion diffusion but, upon reaching an optimized concentration, could
facilitate better ion transport.[*8% 2171 The effect of wt.% of PVDF on Li-ion conductivity is studied

for lithium salt concentration ratio [Li: EO] = 0.12 (Figure 4.14) in BSPE.
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Figure 4.14: lonic conductivity with varying wt.% of PVDF in PEO/LiITFSI SPE.

The linear increasing trend was observed for lithium ionic conductivity with the addition
of PVDF in BSPE, with a small discrepancy observed when 30 wt.%. The decrease in ionic
conductivity at 30 wt.% of PVDF is related to a decrease in diffusion of lithium-ion at this weight
percentage. Because ionic conductivity is directly related to the diffusion of ions through the
Nernst-Einstein relation. The Nernst-Einstein relation suggests that if the ions in SPE are
completely uncorrelated, the ionic conductivity of polymer electrolyte increases correspondingly
with diffusion coefficients of anion and cation and vice versa. Thus, a decrease in lithium-ion
diffusion caused a deviation from the expected linear trend in the increase of ionic conductivity at

30 wt.% of PVDF in BSPE.

Figure 4.15a shows the RDFs of Li*-Opgo in PBSPE with varying wt.% of SN in BSPE.
Li*-Opeo exhibits a strong peak at a wavelength of about r ~2.3 A, consistent with the literature.**>

1561 The highest peak of Li*-Opgo can be obtained when the mass fraction of SN is at 25 wt%,
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whereas the Li*-Orrsi peak is at its lowest. This shows that increasing SN wt.% helps in LiTFSI

salt dissociation increases, causing the ions to move freely.
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Figure 4.15: Representative RDFs between (a) Li* and O atoms in PEO and (b) Li* and TFSI" in

PBSPE systems.

The trend for g(r) of Li*-TFSI" is shown in Figure 4.15b which is similar to the variation
trend of Li*-TFSI" in higher salt concentrations of the SPE system. Four peaks were observed at
lower SN weight percentages at a distance of ~2 A, ~3.5 A, ~4.5 A and ~7 A corresponding to
lithium ion coordination with Opeo, Ntrsi, and Orrsi. As wt.% of SN increases the peaks at a
distance of ~3.5 A, ~4.5 A, and ~7 A starts to disappear showing that increasing SN wt.% helps to
dissociate LiTFSI salt. The small peak at ~2 A shows that lithium ions are still coordinated with

ether oxygen causing the lithium ions to hop along the PEO chain.

Figure 4.16a shows the RDF of Li*-SN in PBSPE. As the wt.% of SN increases, the excess
SN molecules are coordinated to the Li-ion. The SN molecules fluctuated between the trans and

gauche conformations, giving three different peaks at r ~2.2 A and ~3 A with the following broad
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peak at ~5 A. The large peak at ~2.2 A likely corresponds to the direct coordination of Li* ions
with the nitrogen atoms in the cyano groups (-C=N) of succinonitrile. Succinonitrile has two nitrile
groups, and the lone pairs of electrons on the nitrogen atoms are highly electronegative and can
strongly coordinate with Li* ions. The distance of 0.2 nm is typical for strong ionic or coordinative
interactions between Li* and nitrogen atoms. A small peak at 0.3 A could represent either a slightly
more extended interaction within the first coordination shell or a second coordination interaction

involving the polymer chains (PEO/PVDF) or the oxygen atoms of the PEO matrix.

The small broad peaks of g(r) for TFSI"-SN in Figure 4.16b show that the SN molecule
does not directly coordinate with the TFSI™ anion. Because of the presence of highly negative
nitrogen atoms, SN is anticipated to interact strongly with Li-ions.*®21  The large peak of g(r) at
a distance ~2.2 A shows that the strong interaction of Li-ions with Opeo outweighs the SN-Li*
coordination, letting SN effect more strongly towards the TFSI-ions, thus helping to separate the

ions from their counterions.
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Figure 4.16: Representative RDFs between (a) Li* and SN and (b) TFSI"and SN in PBSPE systems.
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The CNs of Li around SN (Li*-SN), SN around Li (SN-Li*), TFSI around SN (TFSI™-SN),
and SN around TFSI (SN-TFSI") are given in Figure. 4.17. Two peaks at around r ~2.5 A and r
~3.5 A for corresponding coordination numbers for Li*-SN shown in Figures 4.17(a and b) reflect
the coordination of Li* with SN in the first and second coordination shells. The rapid increase in
CN of TFSI around SN is because the SN present in the bulk will be counted as coordinated with
TFSI™ in PBSPE systems. It can be seen in Figure 4.17(c and d) that increasing the wt.% of SN,

the coordination of SN around TFSI anion increases but not around Li-ions. This indicates that SN
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affects more to the TFSI™ helping in separating the ion pair. As a result, ionic mobility and

conductivity increase.
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Figure 4.17: CNs of (a) Li around SN (Li*-SN), (b) SN around Li (SN-Li"), (c) TFSI around SN

(TFSI™-SN), and (d) SN around TFSI (SN-TFSI°) in PBSPE systems
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4.3 Dynamics Properties
Figure 4.18 shows the MSD-t relationship of Li-ion and TFSI-ion over a range of [Li: EO]=

0.02 to 0.20 at 363 K in PEO/LITFSI SPE. The increasing MSD of both ions with the simulation
time shows that they diffuse more in the SPE system, which agrees well with the results reported
in the literature.l204 218 2191 However, with increasing salt concentrations, the rate of MSDs
decreases. Because more salt has been mixed with the polymer matrix, there are fewer available
sites for ions to move freely. The shape of the MSD plot depends on the diffusion regime in which
the particle is at that moment. Lithium-ion can be in sub-diffusive (given by the cure) or diffusive

(linear) regions throughout its journey.
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Figure 4.18: MSD-t relation of a) Li-ion and b) TFSI-ion with varying salt concentration at T =

363k.

The GROMACS code computes the MSD of atoms from a set of initial positions. The non-
linear regions of the MSD curve at the beginning and end are the result of how the calculation is

done by the GROMACS code. MSD accuracy decreases as a function of the lag-time t because for
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large t there are fewer pairs of time slices of interval t to average over, thus giving an irregular
behavior of MSD at the start and end of the simulation (at around 150000-200000 ps). Similar
curves can also be seen in the literature.?2l According to the MSD results shown in Figure 4.18,
the motion of the TFSI-ions transforms from the subdiffusive to the diffusive zone at the beginning
of the simulation time (0-50 ps). However, the Li-ion maintains a subdiffusive state for a

substantially longer timescale (0-50 ns).

This explains that the anion (TFSI) diffuses more quickly than the cation (Li*). The
outcome is adequately explained by the substantially stronger connection of Li-ions with the
oxygen atoms of the PEO polymer as compared to the TFSI anions interaction. The literature also
noted the same pattern for both Li and TFSI ions.[2%% 221-225] Fickian diffusion refers to the diffusion
process characterized by a linear relationship between the square root of time and the distance
traveled by the diffusing species. In this regime, the movement of particles is governed by
Brownian motion, where particles move randomly due to thermal energy, resulting in a gradual
spreading of the diffusing species. To find the Fickian diffusive regime,?*®lthe In-In slope for the
MSD-t graph is plotted. It is a region where this slope is nearly unity. The Fickian’s diffusion

regime for Li-ion MSD-t is shown in Figure 4.18.
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Figure 4.19: MSD-t (In-In) graph for Fickian’s d(itzflfsive region at [Li: EO] =0.08 and T =363 K.

The MSD-t relationship of Li* at various temperatures is depicted in Figure 4.20a. In all
systems, the MSD of Li-ion batteries rises as simulation time elapses. The rate of increase varies
depending on the temperature. Furthermore, at higher temperatures, the beginning of diffusive
regimes occurs over a significantly shorter duration. The MSD-t relationship of TFSI" is given in
Figure 4.20b It can be seen that TFSI ions quickly travel toward the diffusive zone when the
temperature rises. The non-linear regions of the MSD curve at the beginning and end of the curves

are because of the calculation method done by the GROMACS code.??"]

The MSD-t relationship of Li* at various SN wt.% in PEO/PVDF/LIiTFSI SPE is depicted
in Figure 4.21a. The increasing trend was observed for all wt.% of SN in PBSPE. The rate of
increase in MSD is higher for Li* when 20 wt.% of SN were added in PBSPE than the lower wt.%
of SN showing that lithium ions move faster at this SN concentration. Whereas Figure 4.22b shows
the MSD-t relation of TFSI™ with increasing wt.% of SN. The addition of SN causes the

subdiffusive region to convert more quickly into the long-lasting linear diffusive region.
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Figure 4.20: MSD-t relation of a) Li-ion and b) TFSl-ion in PBSPE system with varying

temperature at [Li: EO] = 0.12.

4.0

o
wn

Li-ion MSD (nm?)
B =

=

o
n

0.0

Figure 4.21: MSD-t relation of a) Li-ion, and b) TFSI-ion in PEO/PVDF/SN/LiTFSI BSPE system

with varying temperature at [Li: EO] = 0.12.
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The variation trend for both D" and D" is the same as in PEO/LiTFSI SPEs, decreasing with
increasing salt concentration ([Li: EO] = 0.02 to 0.2), regardless of the polymer species (Figure
4.22a). According to research conducted by Bruce et al.,*?®] the movement of anions involves
hopping from an occupied site to an available space that can accommodate the anion. Conversely,
the movement of cations is characterized by the formation and breaking of coordinate bonds while
transitioning between coordinating sites.*?® Thus, having more than one mode of transport may
affect the diffusion coefficients of Li and TFSI ions, giving a nonlinear behavior for diffusion
coefficients. The results indicate that BSPEs exhibit higher D* and D" values than their non-
blended counterparts, thereby enhancing ionic diffusion and conductivity for BSPEs (Figure
4.22b). There is a good qualitative agreement with the trend of previously published experimental
and simulation results for SPEs %! This pattern has been observed in numerous SPEs with salt-

rich compositions and can be interpreted in various ionic motion modes.[10% 1241
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Figure 4.22: (a) Computed D*and D", and (b) ionic conductivity as a function of salt concentration

at 363 K.
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Initially, the ionic conductivity increases with increased salt concentrations due to more
Li-ions available for coordinating with the polymer chain, which increases polymer segmental
motion. The maximum ionic conductivity reaches salt concentrations of 0.08 and 0.12 for SPE and
BSPE, respectively. Further, an increase in the salt concentration decreases the ionic conductivity.
The smoothness of ionic conductivity can be attained by getting the data for more salt

concentration ratios in SPE and BSPE systems.

The diffusivities of Li and TFSI ions are significantly impacted by the addition of SN, as
shown in Figure 4.23(a). With an increase in SN weight percent, the diffusivities of Li-ion and
TFSI-ion also rise. However, a significant rise was seen in the diffusivity of TFSI-ion as compared
to Li-ion with an increasing amount of SN in PBSPE, with the highest value at 25 wt.%, which
supports the concept that the addition of SN greatly influences the motion of TFSI-ions. The
diffusion coefficient of Li and TFSI ions increases from 0.13 x 10® and 2.25 x 108 cm? st with 0
wt% of SN to 2.11 x 10® and 4.73 x 10 cm? s respectively, when loaded with 25 wt% of SN.
Additionally, ions move more quickly at high temperatures, and the diffusivities of both the Li and
TFSI ions increase exponentially with temperature (Figure 4.23b), in line with the trends shown
in MSD curves (Figure 4.20). As temperature increases, the thermal motion of PEO segments
becomes more erratic, and the transmission of Li-ions is inversely proportional to this segment
motion. As a result, the temperature directly impacts the D of ions. The diffusion coefficient for

TFSI-ion is larger than that for Li-ions because of size differences. Given that TFSI-ions are larger
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than Li-ions, they have unevenly dispersed charges compared to Li-ions. As a result, the TFSI-

ions engage with counterions less frequently.
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Figure 4.23: D* and D" at different (a) wt% of SN, and (b) Temperature at [Li: EO] = 0.12 in

PEO/PVDF/SN/LITFSI.

As a result, TFSI-ions naturally have a more significant and smoother trend for diffusivity
than Li-ions. Whereas, lithium ions have PEO, TFSI" and SN to interact with. Each species of
lithium-ion has a different mode of transport affecting more on the diffusion of lithium ions. Also,
with increasing temperature, the energy barrier between gauche and trans isomerism is lowered,
which results in a greater number of SN molecules transforming from the gauche to the trans phase.
The trans phase induces a higher degree of disorder, leading to faster dynamics giving an
exponential increase in diffusion of TFSI (Figure 4.23b).%1 Figure 4.24(a-d) shows diffusivity
per mole of Li and TFSI ion at 10, 15, 20, and 25 wt.% of SN in the PBSPE system respectively.

In a complex system like PEO/PVDF/SN/LITFSI, diffusivity per mole of Li and TFSI ions refers

100
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to the rate of movement of these ions within the polymer matrix. Figure 4.24a shows that lithium-
ions move faster than the TFSI-with the highest diffusivity of 5 x 108 cm? s for the 18" Li* when
10 wt.% of SN were added. The diffusivity of TFSI- has the highest value up to 2 x 108 cm? s,
In the case of 15 wt.% of SN, TFSI diffuses more than Li* reaching a value of as high as 20 x 10

8 cm? st by 150" TFSI molecule (Figure 4.24b).
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Figure 4.24: (a-d) Diffusivity per mole of Li-ion, and TFSl-ion in PBSPE system.
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Further increasing the SN wt.% in BSPE increased the diffusivity of both Li* and TFSI
with the highest values of diffusivity 20 x 10® cm? s and 10 x 10® cm? s respectively (Figure
4.24c¢). In the case of 25 wt% of SN, an exceptional rise in diffusivity of 72" TFSI-was observed
(Figure 4.24d). These ions with the highest diffusivities per mole were the determining factors of
change in lithium-ion transference number in the PBSPE system. Thus characterizing the
diffusivity per mole of Li and TFSI ions aids in understanding the material's transport properties.
This facilitates the optimization of the right concentration of plasticizer in SPEs for a better
understanding of ionic conductivity and transference number. Figure 4.25 shows that the
conductivity increases with increasing SN mass fraction, with the highest values of 0.145 mS cm’

L at room temperature when 25 wt.% SN was added to the PBSPE system.
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Figure 4.25: Simulated ionic conductivity at different (a) wt% of SN, and (b) Temperatures in

PBSPE system.
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Moreover, with the increase in temperature, the ionic conductivity increases to a value of
1.37 x 10® S cm™ compared to that without SN (1.74 x 10* S cm™ ) at 363.15 K. Because the
polymer electrolyte is prone to expansion in response to temperature changes, leading to an
augmentation in the available space, consequently resulting in an elevation in its conductivity. The
motion of the polymer backbone is strongly governed by the Tg of the system, and the free volume
available, which can be influenced by different salt concentrations, fillers, and plasticizers will
affect the free volume of the polymer. Systems following this type of mechanism often follow the
Vogel-Tamann-Fulcher (VTF) behavior with temperature, which is characterized by a curved line
in the Arrhenius plot and is typically found in polymer electrolytes based on PEO. Whereas
traditional Arrhenius behavior is often seen in systems where the conductivity is believed to be
due to hopping mechanisms of the ions between adjacent vacant sites. This behavior is represented

by a straight line in the Arrhenius plot.

A nearly linear relationship between log and T in Figure 4.25b shows that the conductivity
follows the Vogel-Tamman-Fulcher (VTF) equation and Arrhenius theory. Such trends were also
observed in the literature.[4% 154 164 Moreover small deviations of ionic conductivity are seen at
around T = 333.15 K. Because ¢ In this stage, the system is suddenly heated to the reference
temperature at the start and then tried to oscillate around the reference value. The final average
simulated temperature of the system is underestimated (up to 2 or 3 points) than the reference value
causing small errors in the final calculations of ionic conductivity. Similar curves can also be seen

while simulating PEO in literature. 2]

Another important parameter that is directly affected by salt concentration and diffusion

coefficients of ions is the lithium-ion transference number (t). Figure 4.26 shows that the lithium
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transference number calculated in this work ranges from 0.18 to 0.26 at 363 K as salt concentration
increases from 0.02 to 0.20 in a pure SPE system. Nerneset-Einstein (NE) equation is used to
calculate the Li* transference number from the diffusion coefficients of ions. The diffusion
coefficients of ions were strongly affected by the addition of salt which further affected the t*. In
the NE equation diffusion coefficient of TFSI" (D) lies in the denominator, and thus has an
opposite changing effect on t*. The true transference number in PEO/LIiTFSI mixtures may vary
from those obtained using approximate methods such Bruce-Vincent method™®?dl and given

vibrational spectroscopic results.[?2¢]

From Figure 4.2643, it is clear that t* increases up to a value of 0.24 as salt concentration
increases to 0.04, owing to an increase in the number of lithium-ion charge carriers in PEO/LITFSI
SPE. On further addition of salt, t* decreases to a value of 0.20 because the addition of salt may
slow down the segmental motion of polymer chains. This can reduce the mobility of the ions,
particularly the cations, which are coordinated with the ether oxygens in PEO. Further increase of
t* after salt concentration 0.08 corresponds to a decrease in anion mobility (D) because of a
reduction in free volume with increasing ion density. Mutual diffusion coefficients and
transference numbers are also affected by the state of dissociation of the salt. A small decrease in
t" from the highest value 0.26 to 0.245 was also observed. This decrease in t* can be attributed to
Li-TFSI cluster formation at a high salt concentration of 0.20. The Li-TFSI cluster formation can
also be seen in Figure 4.9b at a salt concentration ratio of 0.20 in PEO/LITFSI SPE. The non-
monotonic dependence of the mutual diffusion coefficient and transference number on salt
concentration can be attributed to the fact that it is affected by more than one factor. These findings

are also in line with the literature.[?27: 2281
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Figure 4.26: Lithium-ion transport number, t* with (a) varying salt concentration in SPE system,

and (b) varying PVDF wt. % in the SPE system.

In the PEO/PVDF/LITFSI BSPE, the transference number increases from 0.36-0.33 at RT
while adding PVDF in the PEO/LITFSI system (Figure 4.26b). It is noted that blending with P\VDF
has a positive effect on cation transference numbers for a certain composition range. At lower
concentrations of PVDF, the addition of PVDF may initially improve the structural integrity and
provide additional pathways for ion migration.[?'®1 This could initially enhance lithium ion mobility,
leading to an increase in the transference number. As the weight percentage of PVDF continues to
increase beyond the optimal range (20 wt.% in this work), excessive PVDF might start hindering
the mobility of lithium ions. The decrease of t* for PVDF fraction at 30 wt.% in the PEO/PVDF
blended SPE indicates a notable alteration in the transport properties of the solid polymer
electrolyte. This could be because of the interaction between PVDF and other components within
the blend, leading to the disruption of lithium ion-conducting pathways. 2 This is clear from the
slow increase in the diffusion coefficient of lithium-ion as compared to TFSI ion in Figure 4.13,

which causes a decline in the lithium transference number at 30 wt.% of PVDF in PEO/LITFSI.
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Further small increase in t* at 40 wt.% of PVDF can be explained, because of the formation of new
conductive pathways, reconfiguration of the polymer network, or altered ion-polymer dynamics.
This is also supported by strong peaks of g(r) for Li*-Opeo and Li*-TFSI" at 40 wt. % of PVDF in

Figure 4.12 for lithium-ion in PEO/PVDF/LiTFSI BSPE.

Figure 4.26 shows the lithium-ion transference number dependence on SN mass fraction
variation in PBSPE systems at RT (298.15 K). The highest t" achieved is 0.45 at RT when 10 wt.%
of SN is added to the PBSPE system. SN helps in LiTFSI salt dissociation, which means that in
PBSPE systems, Li-TFSI salt clusters may not be the dominant source of lithium-ion transfer. This

is clear from the exponential rise in diffusion coefficients of TFSI- as compared to Li* (Figure

4.23a),
0.48
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Figure 4.27: Li-ion transference number (t*) with varying SN wt.% at room temperature in PBSPE

system.

As the transference number is directly linked with the diffusion coefficients of ions, the

increase in cationic motion has a positive effect on the transference number whereas an increase
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in anions motion impacts negatively on the transference number thus decreasing its value.
Therefore, the large diffusion coefficient of TFSI-ion at 15 wt.% of SN is responsible for the
decrease in t*, because D" is involved in the denominator of the equation for calculating the lithium-
ion transference number. The slight increase in t™at 20 wt.% of SN can be attributed to the sudden
increase in lithium-ion diffusion because more lithium ions move with high values of D as
compared to lithium ions when 20 wt.% of SN is added to the PBSPE system (Figure 4.24). There
are 10 wt.% and 20 wt.% of SN in the PBSPE system with the highest value of lithium-ion
transference numbers of 0.41 and 0.45 and ionic conductivity values of 2.63 x 10° S cm?and 9.13
x 10° Scm?at T = 298.15 K, respectively. Overall, the results indicate that SN molecules have a
significant impact on improving the mobility of Li* in PEO-based electrolytes which leads to a
greater selection of PEO-based solid polymer electrolytes with high lithium ion conductivity and

transference number for use in commercial applications.
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Chapter 5.  Conclusion

5.1 Contributions to Knowledge

This study explores the structural and dynamic properties of PEO/PVDF/SN/LITFSI
PBSPEs for lithium-ion batteries by CMD simulations. First, the concentration effect of PVDF on
lithium ionic conductivity in pure SPE was studied. The highest Li* conductivity of up to 1.85x10
5 S cm™ can be achieved at 40 wt.% of PVDF. The concept of lithium ions hopping from one TFSI-
stabilized site to the next as the salt clusters create a percolating network, is clear from the sharp
peak of RDF between Li*and TFSI"at 40 wt.% of PVDF. A solid plasticizer, SN was added to the
PEO/PVDF/LITFSI system to increase the ionic conductivity and lithium transference number.
High lithium transference numbers of 0.45 and 0.41 were obtained at 10 wt.% and 20 wt.% of SN
in the PEO/PVDF/LITFSI system with RT ionic conductivities of 2.63 x 10S cm™and 9.34 x10-
4S cm, respectively. The ionic conductivity can increase up to 1.37x10°3 Scm™ at T = 363.15 K.
The CN-Li*and CN-TFSI" interactions between SN and lithium salt were also studied through the
MD simulation, proving the existence of a solvate-like structure of SN-LiTFSI. From the above
results, it is clear that SN plays an important role in dissociating LiTFSI salt, thus increasing RT
ionic conductivities and lithium transference number of solid polymer electrolyte systems.
Furthermore, this study explores the non-monotonic dependence of lithium transference number
on wt.% of PVDF and SN in SPE, which shows that not only the ionic conductivity but the lithium

transference numbers must also be considered when selecting an SSE for LIBs.

5.2 Suggestions for Future Study
In this work, a facile blended polymerization technique was used to prepare polymer blends

in which SN plasticizers were added to enhance the ion dynamics in blended SPE. Other techniques
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of modifying the host polymer through copolymerization, grafting, or crosslinking can be used in
the future to change the lithium-ion hoping channels which may result in the improvement of
lithium-ion dynamics. Furthermore, the increase in LiTFSI salt dissociation by adding SN in
PEO/PVDF/LITSI SPE in this work paves the way for future research to increase the lithium-ion

transference number by regulating the PEO: PVDF ratio in PBSPE system.
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Appendix A. GROMACS Programs

This information is based on the GROMACS reference manual and user guide.!*]

GROMACS program

Description

Output

gmx pdb2gmx

gmx editconf

gmx insert-molecules

gmx grompp

to introduce a new residue into

an existing force field

to move the molecule a little bit
off center

inserts n copies of the system
specified in the input file into a
new or existing system

Reads the topology file, checks
the validity of the file, expands
the topology from a molecular
description to an atomic
description. Also checks the

parameters used for MD run.

generates coordinates (.gro)
and topology (.itp) file in
GROMACS format

Rescaled structure files

(.pdb, .gro)
Structure files with new
added number of molecules
(.pdb, .gro)
Abinary file is produced that
can serve as the sole input

file for the MD program

139



gmx mdrun

gmx energy

gmx convert-tpr

gmx rdf

It is the main computational
chemistry engine in gromacs.
It can conducts MD
simulations, e.g.  energy
minimization or n equilibration
run of a system under
isothermal-isobaric or
isothermal-isochoric
conditions.

Extracts energy components
from an energy file (.edr) by
making the user select which
energy component to be
studied.

Modifies the number of steps

in a run input file.

Calculates radial distribution

functions in different.

A new set of files that
describes the newly

simulated system

xvg file (used for plotting
graphs) of selected energy
configuration and displays
averages of the selected
energy.

Modified run input file, so
the simulation can be
extended by further
simulation steps

Returns the RDF over time

in a .xvg file.
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gmx msd

gmx make_index

It computes the mean square
displacement (MSD) of atoms

from a set of initial positions.

It ca generate the index file of

all atoms and molecules.

Returns the MSD over time
in a .xvg file. This also
provides diffusion constant
using the Einstein relation.

An index file with default
groups of a complete system

and individual molecules
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Appendix B.  GROMACS Code and Simulation Setup

| utilized GROMACS (version 2022.5) to perform the molecular dynamics simulations. The
source code can be found on the official GROMACS website.[?*° Below is the code snippet used

to set up the simulations.
B.1 Energy Minimization

; Parameters describing what to do, when to stop, and what to save

integrator =steep ; Algorithm (steep = steepest descent minimization)

emtol =10.0 ; Stop minimization when the maximum force < 10.0 kJ/mol/nm
emstep =0.0005 ; Minimization step size

nsteps = 500000 ; Maximum number of (minimization) steps to perform
constraints = none

nstenergy = 500

; Parameters describing how to find the neighbors of each atom and how to calculate the

interactions

nstlist =10 ; Frequency to update the neighbor list and long range forces

cutoff-scheme = Verlet ; Buffered neighbor searching

ns_type =grid ; Method to determine neighbor list (simple, grid)
coulombtype =PME ; Treatment of long range electrostatic interactions
rcoulomb =1 ; Short-range electrostatic cut-off

rvdw =1 ; Short-range Van der Waals cut-off

pbc =xyz ; Periodic Boundary Conditions in all 3 dimensions

B.2 Equilibration Run
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; Preprocessing

;define = -DPOSRES ; defines to pass to the preprocessor

; Run Control
integrator =md ; md integrator
tinit =0 ; [ps] starting time for run
dt =0.001 ; [ps] time step for integration
nsteps = 25000000 ; maximum number of steps to integrate, 0.001 * 25000000 =

25ns

; Output Control
nstxout =500 ; [steps] freq to write coordinates to trajectory
nstvout =500 ; [steps] freq to write velocities to trajectory
nstfout =500 ; [steps] freq to write forces to trajectory
nstlog =500 ; [steps] freq to write energies to log file
nstenergy =500 ; [steps] freq to write energies to energy file
nstxout- =500 ; [steps] freq to write coordinates to xtc trajectory
compressed
compressed- =500 ; [real] precision to write xtc trajectory
X-precision
compressed- = System ; group(s) to write to xtc trajectory
X-grps
energygrps = System ; group(s) to write to energy file

: Neighbor Searching
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cutoff-scheme = Verlet

nstlist =10 ; [steps] freq to update neighbor list

ns_type =grid ; method of updating neighbor list

pbc =Xyz ; periodic boundary conditions in all directions

rlist =12 ; [nm] cut-off distance for the short-range neighbor list
Vdw

vdwtype =cut-off  ; twin-range cut-off with rlist where rvdw >= rlist

rvdw =11 ; [nm] distance for LJ cut-off

vdw-modifier = Potential-shift ; Smoothly switches the potential to zero between rvdw-switch

and rvdw.
rvdw-switch ~ =1.095 ; switching interaction energy to zero over last 0.5 A
DispCorr = EnerPres ; apply long range dispersion corrections

: 7.3.10 Electrostatics

coulombtype =PME ; Particle-Mesh Ewald electrostatics

rcoulomb =12 ; [nm] distance for Coulomb cut-off
: 7.3.13 Ewald

fourierspacing =0.12 ; [nm] grid spacing for FFT grid when using PME
pme_order =4 ; interpolation order for PME, 4 = cubic

ewald_rtol =1le-5 ; relative strength of Ewald-shifted potential at rcoulomb

; 7.3.14 Temperature Coupling

tcoupl = V-rescale ; temperature coupling with Berendsen-thermostat
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tc_grps = system ; groups to couple seperately to temperature bath
tau_t = 0.2 ; [ps] time constant for coupling
ref t =298.15 ; [K] reference temperature for coupling

; Pressure Coupling

pcoupl = berendsen ; pressure coupling where box vectors are variable
pcoupltype = isotropic  ; pressure coupling in x-y-z directions

tau_p =05 ; [ps] time constant for coupling

compressibility = 4.5e-5 4.5e-5 4.5e-5 ; [bar™-1] compressibility

ref p = 1.01325 ;bar ; [bar] reference pressure for coupling

refcoord_scaling =com

; 7.3.17 Velocity Generation

gen_vel =no ; velocity generation turned off
: Bonds
constraints = h-bonds : convert all bonds to constraints

constraint_algorithm = LINCS ; LINear Constraint Solver

continuation = yes ; apply constraints to the start configuration

lincs_order =4 ; highest order in the expansion of the contraint coupling
matrix

lincs_iter =1 ; number of iterations to correct for rotational lengthening

lincs_warnangle =30 ; [degrees] maximum angle that a bond can rotate before

LINCS will complain
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B.3 Production Run

; Preprocessing

;define = -DPOSRES ; defines to pass to the preprocessor
: Run Control

integrator =md ; md integrator

tinit =0 ; [ps] starting time for run

dt =0.001 ; [ps] time step for integration

nsteps = 250000000 ; maximum number of steps to integrate, 0.001 *

250000000 = 250 ns

; Output Control
nstxout =500 ; [steps] freq to write coordinates to trajectory
nstvout =500 ; [steps] freq to write velocities to trajectory
nstfout =500 : [steps] freq to write forces to trajectory
nstlog =500 ; [steps] freq to write energies to log file
nstenergy =500 ; [steps] freq to write energies to energy file
nstxout- =500 ; [steps] freq to write coordinates to xtc trajectory
compressed
compressed- =500 ; [real] precision to write xtc trajectory
X-precision
compressed- = System ; group(s) to write to xtc trajectory
X-grps
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energygrps = System ; group(s) to write to energy file

; Neighbor Searching

cutoff-scheme = Verlet

nstlist =10 ; [steps] freq to update neighbor list

ns_type =grid ; method of updating neighbor list

pbc =Xyz ; periodic boundary conditions in all directions

rlist =12 ; [nm] cut-off distance for the short-range neighbor list
Vdw

vdwtype = cut-off ; twin-range cut-off with rlist where rvdw >= rlist

rvdw =11 ; [nm] distance for LJ cut-off

vdw-modifier = Potential-shift  ; Smoothly switches the potential to zero between rvdw-
switch and rvdw.

rvdw-switch  =1.095 ; switching interaction energy to zero over last 0.5 A

DispCorr = EnerPres ; apply long range dispersion corrections

: 7.3.10 Electrostatics

coulombtype =PME ; Particle-Mesh Ewald electrostatics

rcoulomb =12 ; [nm] distance for Coulomb cut-off
; 7.3.13 Ewald

fourierspacing =0.12 ; [nm] grid spacing for FFT grid when using PME
pme_order =4 ; interpolation order for PME, 4 = cubic

ewald_rtol =1le-5 ; relative strength of Ewald-shifted potential at rcoulomb

; 7.3.14 Temperature Coupling
147



tcoupl = V-rescale
tc_grps = system
tau_t = 0.2

ref t =298.15

; Pressure Coupling

; temperature coupling with Berendsen-thermostat
; groups to couple seperately to temperature bath
; [ps] time constant for coupling

; [K] reference temperature for coupling

pcoupl = berendsen ; pressure coupling where box vectors are variable
pcoupltype = isotropic ; pressure coupling in x-y-z directions

tau_p =05 ; [ps] time constant for coupling

compressibility — =4.5e-5 4.5e-5 4.5e-5 ; [bar*-1] compressibility

ref p =1.01325 ;bar  ; [bar] reference pressure for coupling

refcoord_scaling =com

; 7.3.17 Velocity Generation

gen_vel = yes

: Bonds

constraints = h-bonds

constraint_algorithm = LINCS

continuation = yes
lincs_order =4
matrix
lincs_iter =1
lincs_warnangle =30

; velocity generation turned off

: convert all bonds to constraints
: LINear Constraint Solver
; apply constraints to the start configuration

; highest order in the expansion of the contraint coupling

; number of iterations to correct for rotational lengthening

; [degrees] maximum angle that a bond can rotate before

LINCS will complain
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